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Abstract. This study develops a network-based model for transport vehicle
movement in petroleum product logistics under market economy conditions.
Simulation-based approaches are commonly employed to distribute various types
of petroleum products from supply facilities over a specified period in accordance
with demand. However, these methods do not adequately address key issues such
as route selection under multiple scenarios, minimization of transportation costs
across regions, inventory estimation, and the coordination of vehicle movements.
Existing inventory management approaches rely on diverse modeling techniques,
while logistics algorithms typically assume that different types of petroleum
products can be transported by a single vehicle. Furthermore, most simulation
models focus on the interaction between oil refineries and oil depots, without
fully incorporating the broader distribution network that includes fuel filling
stations. In addition, they do not account for the relocation of vehicles between
depots and stations across different regions. As a result, the vehicle fleet is not
explicitly represented as a parameter in logistics models, despite its direct role in
transportation processes.

To overcome these limitations, an extended Colored Petri Net-based model for
transport vehicle movement in petroleum product logistics is proposed. The
model is formally defined using sets of places and transitions, with input, output,
and incidence functions represented in matrix form. The structural properties of
the model are analyzed, the sequence of admissible transitions from the initial
state is determined, and a rule base describing causal relationships is constructed.
In addition, a graph-based representation of vehicle movement is developed.

Keywords: network model, petroleum product logistics, petroleum products,
Colored Petri nets, transport vehicles, oil depots
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Under market economy conditions, meeting consumer demand for petroleum products
in a wide assortment, in required quantities, with safety and minimal cost, necessitates
the development of efficient and competitive logistics systems. Petroleum product
logistics represents a complex hierarchical network that integrates financial, material,
and information flows. Recent studies on petroleum product distribution and supply
chain optimization highlight the importance of integrated modeling approaches in
complex logistics systems [1, 12]. This system comprises oil companies, refineries,
petroleum product supply facilities (oil depots), their associated fuel filling stations,
and other related infrastructures.

Oil depots are enterprises consisting of a complex of facilities and structures
designed for the reception, storage, transportation, and servicing of consumers with
crude oil and petroleum products [2]. The primary function of oil depots is to ensure
the uninterrupted supply of petroleum and petroleum products, in the required
quantities and assortments, to industrial enterprises, transport systems, agricultural
sectors, and other consumers. In addition, they aim to minimize losses occurring during
the processes of receiving, storing, and transporting petroleum products.

Distribution oil depots are intended to supply consumers with crude oil and
petroleum products. Compared to transshipment (loading-unloading) oil depots,
distribution depots are smaller in scale and are established to serve specific regions. In
general, they perform loading and unloading operations and provide short-term storage
of petroleum products. Typically, the volume of petroleum products received by
distribution oil depots within a day is approximately equal to the volume distributed
during the same period. These depots receive petroleum products via tankers, pipelines,
and rail transport, and distribute them using rail transport, small barges, small-capacity
containers, and road transport vehicles [18].

According to the nature of their operations, distribution oil depots are classified
into regional and district depots, as well as rail, water-rail, and water-based facilities.
In order to ensure high-quality service to consumers, their location must comply with
sanitary and fire safety regulations. Furthermore, it is essential to minimize the
transportation routes of road vehicles between consumers and the oil depot.

Distribution oil depots also include deep depots and facilities connected to trunk
pipelines. The first type of depots is located at a considerable distance from railway and
water transport systems; therefore, the transportation of petroleum products is mainly
carried out by road vehicles. The second type of depots is situated in proximity to trunk
pipelines [12]. In this case, petroleum products are supplied periodically through
pipelines, while their distribution to consumers is performed by road transport [13].
The integration of innovative technologies enables the effective coordination of
logistics processes. Computerized management systems allow real-time regulation of
vehicle routes, reducing time losses and ensuring the timely delivery of products to their
destinations. This contributes to improved cost efficiency and operational performance.
Consequently, modeling the movement of transport vehicles constitutes a key strategic
task in petroleum product logistics.

Simulation modeling methods are widely used to distribute various types of petroleum
products from supply facilities over a specified period in accordance with the demand
of fuel filling stations [16, 15]. However, these approaches do not adequately address
issues such as the determination of distribution routes under different scenarios,
minimization of transportation costs across regions, inventory estimation, and the



coordinated movement of transport vehicles. In many studies, inventory management
is modeled using different approaches, while logistics algorithms often assume that
multiple types of petroleum products can be transported by the same vehicle [11, 17].
In practice, most simulation models focus on the “oil refinery-oil depot” chain and do
not fully incorporate the “oil depot-fuel filling station” distribution network [6, 8, 9].
Moreover, they do not consider the relocation of transport vehicles between depots and
stations across different regions. As a result, the vehicle fleet is not explicitly included
as a parameter in logistics models, although vehicle movement along the “oil depot-
fuel filling station” route is considered. These limitations highlight the need for the
development of new logistics models based on systematic representation and dynamic
modeling tools [7, 11, 20].

To address these challenges, a transport vehicle movement model for petroleum product
logistics has been developed.

2 Transport Vehicle Movement Model in Petroleum Product Logistics

The transport vehicle movement model in petroleum product logistics is designed to
ensure the efficient transfer of products between different points of the supply chain.
The model aims to reduce logistics costs, minimize product losses, and maintain high
safety standards by organizing vehicle operations, including routing, speed, and
loading-unloading processes [3].

The model is developed by considering multiple operational factors. At the initial stage,
transportation routes and scheduling conditions are defined. These routes determine the
most efficient paths for delivering products from supply sources to customers or storage
facilities. During route planning, factors such as weather conditions, road quality, traffic
intensity, and other external influences are taken into account, as they may significantly
affect transportation performance [22, 25].

Particular attention is given to the regulation of vehicle speed and handling times.
Vehicles are dispatched in a manner that ensures timely arrival at their destinations,
while loading and unloading operations are organized to achieve efficient utilization of
available resources. These processes are structured to be carried out with minimal time
and resource consumption, even under time-critical conditions.

The system also incorporates safety requirements into the organization of vehicle
movement. Loading and unloading processes are managed with due consideration of
fire safety and other potential hazards. In addition, automated monitoring and response
mechanisms are introduced to address incidents such as product leakage and other
emergency situations. The model is supported by digital control tools, including GPS-
based tracking systems that enable real-time monitoring of vehicle routes and
movements [9, 12]. Continuous data transmission to a centralized control system allows
deviations and anomalies in logistics operations to be promptly identified, supporting
timely decision-making.

Another important factor in reducing logistics costs is the loading efficiency of
transport vehicles [6, 21]. Higher loading levels enable vehicles to travel longer
distances while carrying sufficient quantities of products, thereby improving overall
operational performance. This approach ensures both efficient use of resources and safe



cargo transportation. In addition, transport vehicles should be insured against potential
risks, which enhances the reliability and cost-effectiveness of transportation operations.
Overall, the proposed model represents a comprehensive approach that enables faster,
safer, and more cost-efficient logistics operations. Its implementation leads to reduced
transportation costs, minimized product losses, and improved operational efficiency.
The automation of the model also supports environmental protection and promotes the
rational use of available resources, contributing to more stable and sustainable
transportation processes.

The model constitutes a strategic framework aimed at optimizing and effectively
managing the transportation of petroleum products. It incorporates vehicle types,
loading and unloading locations, and route selection. In developing the model, the
characteristics, volume, and safety requirements of the transported products are taken
into account. The primary objective is to minimize transportation costs, preserve
product quality, and ensure reliable supply to consumers.

The selection of optimal routes contributes to reduced fuel consumption and lower
carbon emissions, thereby supporting environmental sustainability. Furthermore, the
integration of artificial intelligence and big data analytics enhances forecasting and
decision-making processes [12, 24]. In addition, the technical condition of transport
vehicles is continuously monitored to ensure operational reliability.

The petroleum product logistics model considers several possible scenarios for the
movement of transport vehicles (TV):

1. Initial movement of a transport vehicle (TV) from the vehicle fleet (VF) to an oil
depot (OD). In this case, an empty-capacity TV is dispatched from its assigned VF to
an OD in order to serve the fuel filling stations (FFS) associated with that depot.

2. Reciprocal movement between the oil depot (OD) and fuel filling stations (FFS).
In this case, a predefined number of movements between the OD and the FFSs is
performed.

3. Movement of a transport vehicle (TV) from one oil depot (OD) to another via fuel
filling stations (FFS). In this scenario, the TV operates through FFSs while relocating
to another OD, without returning to the previously assigned OD.

4. Return of a transport vehicle (TV) from a fuel filling station (FFS) directly to the
vehicle fleet (VF) after completion of service. In this case, after servicing the final FFS,
the TV returns empty to its assigned VF. In the transport vehicle (TV) movement model,
the following constraints are considered:

A TV cannot leave the vehicle fleet (VF) more than once; each TV must be assigned to
a specific VF; a TV cannot enter an oil depot (OD) to which it is not assigned more
than once; a TV that enters another OD must return to its assigned OD; each TV must
satisfy the demand of every fuel filling station (FFS); and each TV must meet the
maximum service demand within a single working day.

For modeling petroleum product logistics, the following requirements should be
considered:

1. Costs associated with planned consumption or demand.

2. Inventory levels maintained at the oil depot (OD).

3. Tariffs, penalties, and other costs defined by contractual agreements.

The possible movement routes of a transport vehicle (TV)-namely, from the vehicle
fleet (VF) to OD-1, from OD-1 to its assigned fuel filling stations FFS-1 and FFS-2 and
back to OD-1, then from OD-1 to another oil depot OD-2 and its associated fuel filling



stations FFS-3 and FFS-4, as well as movements to fuel filling stations assigned to other
depots-are structurally represented as shown in Fig. 1.

FFS1 FFS 3 FFS 4
4
oD 2 oD 3

:VF: FFS 5

Fig. 1. Structural diagram of possible movement scenarios of a transport vehicle (TV)

The movement model of the transport vehicle is represented in the form of an extended
Colored Petri Net (CPN) [5, 11]. Petri Net-based approaches have been widely applied
for modeling complex discrete-event systems and logistics processes [4, 5].

The extended CPN is formally defined as N = (P,T,Q,F,H, A, @, ¥, Uy R). The
extended Colored Petri Net is formally defined by sets of places and transitions,
together with input, output, and incidence functions, which provide a rigorous
mathematical framework for modeling system dynamics [5].

where

P = {p} - a non-empty finite set of places;

T = {t} - a non-empty finite set of transitions;

Q = {w} - a non-empty finite set of colors of places and tokens;
F:PxT-{01,2,..}and

H:P xXT - {0,1,2, ...} - are the incidence matrices of the sets of places and transitions,
respectively;

A+ PxQ — {0,1} - the function of color distribution over the places of the net;

@ (PxQ)xT—{0,1, ...} - the function of distributing the colors of tokens over the
input places of transitions;

v Tx(PxQ)— {0,1, ...} - the function of distributing the colors of tokens over the
output places of transitions;

Ho: PxQ — {0,1,2, ...} - the initial marking of the net.

The functions ¢ and 1 define the firing rules of transitions and determine the
distribution of token colors over places during the operation of the net. The functions
defining the distribution of token colors over input and output places determine the
firing conditions of transitions and the evolution of the system state [5, 10].

R - is a rule base consisting of production rules expressed in the form of IF-THEN. The
marking elements of places are represented in matrix form of dimension | P |X] Q |,
where each element corresponds to the number of tokens of color win place p [5].

As a result of firing any transition ¢, the marking u;(p, w)is replaced by the marking
Ui+1(p, w)according to the following expression:



tiv1 (0, w) = p; (p, w) — 8; (p,w) * F(p,t) + v (p,w) * H(t, p),

where

_(Lif (pw)€l(pt);
8i(p,w) = {0, otherwise.

_(1,if (p,w) € O(p, t);
ve(p,w) = {0, otherwise.

In the developed model, the movement states of the transport vehicle are described by
the following set of places. The set of places:

p1 - there is an empty transport vehicle in the vehicle fleet that meets the standard
requirements;

p» - there is an empty transport vehicle at the oil depot that meets the standard
requirements;

ps - the storage tank of the oil depot is in the mode of filling the transport vehicle with
petrole

um products;

P4 - there is a transport vehicle loaded with petroleum products at the oil depot;

ps - the fuel filling station is in the mode of receiving petroleum products;

De - there is a transport vehicle loaded with petroleum products at the fuel filling
station;

p7 - petroleum products have been unloaded into the storage system of the fuel filling
station;

ps - there is an empty transport vehicle at the fuel filling station;

Do - the service life of the transport vehicle has not expired;

P10 - the service life of the transport vehicle has expired;

P11 - there is a demand for petroleum products at the fuel filling station.

Possible events in the movement model are described by the following set of transitions.
The set of transitions:

t, - the process of transferring an empty transport vehicle that meets the standard
requirements to the oil depot is carried out;

t, - the process of loading petroleum products from the storage tank into an empty
transport vehicle that meets the standard requirements is carried out;

t3 - the process of receiving the transport vehicle loaded with petroleum products at
the fuel filling station is carried out;

t, - the process of unloading petroleum products from the vehicle tank into the
storage tank of the fuel filling station is carried out;

ts - the process of regulating the operating mode of the empty transport vehicle at the
fuel filling station is carried out;

te - the process of determining the demand for petroleum products at the fuel filling
station is carried out;

t, - the process of returning the empty transport vehicle to the oil depot is carried out;



tg - the process of returning the empty transport vehicle to the vehicle fleet is carried
out.

In the studied model, four colors are defined as W = (wy, w,, w3, w,):

w; - an empty transport vehicle (TV) that meets the standard requirements;

w, - the storage tank of the oil depot (OD);

w3 - a transport vehicle (TV) loaded with petroleum products;

w, - a fuel filling station (FFS) with demand.

Fig. 2 shows the graph diagram of the transport vehicle movement model.

Fig. 2. Graph-based representation of the transport vehicle movement model
The input and output incidence matrices of the set of places with dimension

(8 x 11),F (8 x 11), and of the set of transitions with dimension (11 X 8), H (11 X
8), are represented as follows [14, 23]:
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The color distribution functions over the input and output places of transitions are
represented by the matrices @ (8 X 4) and ¥ (8 X 4), respectively.

P8 x4) = Y(8x4) =
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The distribution of colors over places and the initial marking are represented by the
matrices A (11 X 4) and u° (11 X 4), respectively, as follows:
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The use of input and output incidence matrices allows the analysis of structural
relationships between places and transitions, as well as the evaluation of system state
changes [10, 22].

The obtained markings at different stages of the computational experiment reflect the
dynamic evolution of the system and confirm the correctness of the proposed model
[22].

Taking into account the input and output functions of transitions in the Colored Petri
Net, the rule base in the form of IF-THENconditions is defined as follows:

Rule 1. IF there is an empty transport vehicle in the vehicle fleet that meets the standard
requirements AND there is a demand for petroleum products at the fuel filling station,
THEN the process of transferring the empty transport vehicle to the oil depot is carried
out.

Rule 2. IF there is an empty transport vehicle at the oil depot that meets the standard
requirements AND the storage tank of the oil depot is in the mode of filling the vehicle
with petroleum products, THEN the process of loading petroleum products from the
storage tank into the transport vehicle is carried out.

Rule 3. IF there is a transport vehicle loaded with petroleum products at the oil depot
AND the fuel filling station is in the receiving mode, THEN the process of delivering
the loaded transport vehicle to the fuel filling station is carried out.

Rule 4. IF there is a transport vehicle loaded with petroleum products at the fuel filling
station, THEN the process of unloading petroleum products from the vehicle tank into
the storage tank of the fuel filling station is carried out.



Rule 5. IF there is an empty transport vehicle at the fuel filling station, THEN the
process of regulating the operating mode of the empty transport vehicle at the fuel
filling station is carried out.
Rule 6. IF petroleum products have been unloaded into the storage system of the fuel
filling station, THEN the process of determining the demand for petroleum products at
the fuel filling station is carried out.
Rule 7. IF the service life of the transport vehicle has not expired, THEN the process
of returning the empty transport vehicle to the oil depot is carried out.
Rule 8. IF the service life of the transport vehicle has expired, THEN the process of
returning the empty transport vehicle to the vehicle fleet is carried out.
The rule base defined in the form of IF-THEN conditions enables the formal
representation of system behavior and supports decision-making processes in the
logistics system [9, 10].

Through computer simulation, the structural elements of the transport vehicle
(TV) movement model, represented in the form of colored and timed Petri nets, have
been described using matrix representations. The problem of executing enabled
transitions under conflict conditions has been resolved, resulting in a reduction in the
number of places and transitions within the network. Consequently, the modeling
process has been simplified and accelerated. Furthermore, software has been developed
within the MATLAB and CPN Tools modeling environments, enabling the solution of
problems involving relatively large-scale matrices. This approach fully satisfies the
requirements for modeling complex distributed systems.

Conclusion. This study has examined the methods of transportation of petroleum
products, their operational characteristics, and the functioning of distribution oil depots,
thereby identifying the key advantages and limitations of existing logistics approaches.
Based on this analysis, a structural scheme representing possible variants of transport
vehicle (TV) movements in petroleum product logistics has been developed. In
accordance with this scheme, a formal model of TV movement has been constructed
using the Colored Petri Net (CPN) framework.

The structure of the proposed CPN model, including its places, transitions, and color
sets, has been systematically defined. The rules governing transition execution have
been formulated on the basis of the color distribution function, ensuring a consistent
and mathematically grounded representation of system dynamics. Computer simulation
has been performed to determine the trajectory of transition sequences within the TV
movement model, enabling the analysis of its dynamic behavior. In addition, a graph-
based representation of the model has been developed to enhance interpretability and
structural clarity.

Furthermore, a production rule base has been established to support the operation and
adaptability of petroleum product logistics models. The proposed approach contributes
to improving the coordination of transport processes and provides a flexible foundation
for modeling and analyzing complex logistics systems under varying operational
conditions.
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  H    ( 11 × 8 ) =  |          0  0  0      1  0  0      0  1  0        0  1     0  0  1      0  1     0  1  0      0  0     0  0  0         0   0      0   0      0   0      0   1     1   0      0   0      0   0      0   0     0   0      1   0      0   0      0   0        0   0      0   1      1   0      0   0     0   0      0   0      0   0      0   0        0   1      0   0      0   0      0   0     0   0      0   0      0   0      0   0     0   0      0   0      0   0      0   0 |


  D   ( 8 ×   11 )   =    |          − 1  1  0      0  − 1  0      0  0  0        0  0     0  0     0  0     0  1      1  0     0  0     0  0     0  0      − 1  − 1     1  0     0  0     0  0         0   1      0   0   1     0   1      0   1   0     0   0      0   0   0        0   0      0   0   0     0   0      1   0   0        − 1  1     1  0     0  0      0  0     − 1  0     0  0         0  − 1     0  0     0  0      0  0     0  − 1     0  0      0  0     0  0     − 1  0 |


  𝛷   ( 8 ×   4 )   a n d   𝛹   ( 8 ×   4 ) ,


  Φ  ( 8 × 4 ) =  |          1   1   0     0      1   0        0      0   1     0      0   1         0   1      0   1   1     0      0      0      0   0        1      0      0      0   0              0   0   1   0   0 |           Ψ  ( 8 × 4 ) =  |          1   0   0     0      1   0        0      1   0     0      0   1         1   1      0   1   1     0      0      0      0   0        0      0      0      0   0              1   0   1   0   0 |


  𝜆   ( 11 ×   4 )   a n d   𝜇 ⁰   ( 11 × 4 ) ,


  λ  ( 11 ×   4 ) =  |          1   1   0     0      0   1        0      0   0     0      0   0         0   0      0   0      1   1      1   1     0      0      0      0      0   0      0   0        1      0      1      0      0   0      0   0              0   1   0   1      0   0      0   0 |          μ 0  ( 11 ×   4 ) =  |          1   0   0     0      0   1        0      0   0     0      0   0         0   0      0   0      0   0      0   1     0      0      0      0      0   0      0   0        0      0      1      0      0   0      0   0              0   1   0   0      0   0      0   0 |


   μ 1  ( 11 ×   4 ) =  |          0   1   0     0      0   1        0      0   0     0      0   0         0   0      0   0      0   0      0   1     0      0      0      0      0   0      0   0        0      0      1      0      0   0      0   0              0   1   0   0      0   0      0   0 |                    μ 2  ( 11 ×   4 ) =  |          0   0   0     0      1   0        0      0   1     0      0   0         0   0      0   0      0   0      0   1     0      0      0      0      0   0      0   0        1      0      1      0      0   0      0   0              0   1   0   0      0   0      0   0 |


   μ 3  ( 11 ×   4 ) =  |          0   0   0     0      0   1        0      0   0     0      0   0         0   0      0   0      1   0      0   1     1      0      0      0      0   0      0   0        0      0      1      0      0   0      0   0              0   1   0   1      0   0      0   0 |                        μ 4  ( 11 ×   4 ) =  |          0   0   0     0      0   1        0      0   0     0      0   0         0   1      0   0      1   0      0   1     0      0      0      0      0   0      0   0        1      0      1      0      0   0      0   0              0   0   0   1      0   0      0   0 |


   μ 5  ( 11 ×   4 ) =  |          0   0   0     0      0   1        0      0   0     0      0   0         0   1      0   0      0   1      1   1     0      0      0      0      0   0      0   0        1      0      1      0      0   0      0   0              0   0   0   1      0   0      0   0 |                        μ 6  ( 11 ×   4 ) =  |          0   0   0     0      0   1        0      0   0     0      0   0         0   0      0   0      0   1      1   1     0      0      0      0      0   0      0   0        1      0      0      0      0   0      0   0              0   1   0   1      0   0      0   0 |


   μ 7  ( 11 ×   4 ) =  |          0   0   0     0      1   1        0      0   0     0      0   0         0   0      0   0      0   0      1   1     0      0      0      0      0   0      0   0        1      0      0      0      0   0      0   0              0   1   0   1      0   0      0   0 |                        μ 8  ( 11 ×   4 ) =  |          1   0   0     0      1   1        0      0   0     0      0   0         0   0      0   0      0   0      0   1     0      0      0      0      0   0      0   0        1      0      0      0      0   0      0   0              0   1   0   1      0   0      0   0 |

