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The rapid evolution of multiplayer gaming has led to increasingly complex virtual environments that require precise
synchronous movement mechanics to be competitive. One of the main challenges of interacting with large numbers of users in real-
time in a multiplayer environment is the effect of network delays on character movements. In addition to the constant component,
network delays have a variable component that is random and at the same time can be different on different network segments
when the server interacts with different clients. The article examines the operation of a computer game server and proposes a
model of advanced character movement control for multiplayer environments that provides smooth transitions between animation
states through the concept of client-side prediction. The model is based on the state transition diagram of the server and describes
fts operation during a multiplayer game. To analyze the processes implemented by the server, we defined its five states: listening
state, packet delay check state, mobility check state, client data update state, and preauthorization data update state. The object of
modeling is a random process characterized by discrete states and continuous time, the model of which is presented as a system of
differential equations. The results of solving this system of equations are analytical expressions for estimating the probabilities of a
computer game server being in each of the possible states depending on the intensity of transitions between states. The presented
mathematical apparatus describes the influence of incoming requests of different intensities on maintaining the necessary quality of
system operation. The resulting formulas can be used for further analysis of the server's operation in various scenarios. Based on
them, recommendations for improving data exchange algorithms in the system can be developed.
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MOJAEJIb KOMII'IOTEPHOI'OII'POBOI'O CEPBEPA B
BATATOKOPUCTYBALBKUX CEPEJOBUIIIAX

LBuaka eBosoLis 6araTtoOKOpUCTYBaLbKUX [FOp NPU3BENIa A0 AEAA/I  CKASAHILLMX BIPTYasIbHUX CEpEAOoBULY, SKi
oTPEBYIOTL TOYHOI CUHXPOHHOI MEXaHIkn pyxy, LUo6 OyTu KOHKYDPEHTOCITPOMOXHMY, OBHIED 3 OCHOBHUX IPO6/IEM B3aEMOLIi 3
BE/MKOIO KIJILKICTIO KOPUCTYBAYIB Y PEXUMI PEasibHOro 4acy B 6araToKOPUCTYBaLbKOMY CEPEAOBULLI € BII/INB MEPEXKEBUX 3aTPUMOK
Ha pyxul MEPCOHAXIB. Ha J0AaTOK A0 MOCTIIHOI CKIIaA0BOI MEPEXEBI 3aTPHUMKU MatOTb 3MIHHY CK/Ia40BY, SKa € BUNAAKOBOK | MOXeE
OyTV DI3HOIO HAa PIBHUX CErMEHTaX MEPEXI, KO/ CEPBEP B33EMOLIE 3 PpI3HUMMU KIiEHTamu. Y CTarTi [AOCAKeHO poboTty
KOMITIOTEPHOrO  irpoBOro CcepBepa Ta 3afporiOHOBAHO MOAENL  BAOCKOHA/IEHOIO  YIIPAB/IHHS — PyXOM  [IEPCOHaXa A/IS
6araToKOPHCTYBALIbKMX CEPEAOBULY, 5IKa 330E3reYye IaBHmi NEPEXis MK aHiMaLiiHumMy CTaHamu 3aBASKU BUKOPUCTaHHIO
KOHLENUIT KITIEHTCLKOro nepeabayveqHs. Mogesib 6a3yeTbcs Ha giarpami MepeEXoaiB Mk CTaHamMu CeEpBEPA Ta OITUCYE HOro poboTy g
4ac 6araToKoOpUCTyBaLbKoi rpu. LLo6 ripoaHanizyBatv rpouecy, peanizoBaHi CEPBEPOM, MU BU3HAYM/IM HMOro NSt CTaHiB: CTaH
1IPOC/TYXOBYBAaHHS, CTaH IEPEBIPKN 3aTPUMKU 1GKETIB, CTaH EPEBIPKN MOBI/IbHOCT], CTaH OHOBJIEHHS AAHUX KITIEHTa T CTaH
OHOB/IEHHSI faHuX MOMEPEAHbOI aBTopm3aLlli. Ob'EKTOM MOAE/IOBaHHS € BUITAAKOBMI MPOLIEC, IO XaPaKTEPUIYETLCS ANCKDETHUMU
cTaHamu 1@ GE3NEPEPBHNM HYACoM, MOAE/b SIKOIO MPEACTABAEHa y BUITISAI CUCTEMU ANDEDEHLIATbHUX DIBHSHb. Pe3y/ibTaToM
PO3BA3aHHS LIfEI CUCTEMN DIBHSIHb € aHa/IITWYHI BUPA3u AJ15 OLiHKM VIMOBIDHOCTEN nepebyBaHHs CepBeEpa KOMMIOTEPHOI rpu B
KOXKHOMY 3 MOX/IMBUX CTaHIB 33/IEKHO Bl IHTEHCUBHOCTI NEPEXORIB MK CTaHamy. [IpeacTaBieHmi MaTeMaTnyHmi anapar oncye
BI/MB BXIAHUX 33IUTIB PI3HOI IHTEHCUBHOCTI Ha IMATDUMKY HE0OXIAHOI SKOCTI pobotw cuctemu. OTpuMaHi @opMy/m MOXHa
BUKOPUCTOBYBATU fJ151 104a/IbLIOIO aHan3y pobotw cepBepa B pPi3HuUX cuyeHapiax. Ha ix ocHoBi MOXyTb Oytv po3pobrieHf
PEKOMEHAALIII LLYOAO BAOCKOHA/IEHHS 3/ITOPUTMIB OOMIHY AaHNMU B CUCTEM.

Kimo4yosi ¢ioBa. po3pobka 6aratoKOpUCTYBALIbKUX irop, KEPYBarHHs 6aratoKOpUCTyBaLbKMM CEPBEDPOM, PyX MEPCOHAXIB,
TE/IEKOMYHIKaLIVIHa MEDEXE, MOAESTb.

Introduction
The evolution of multiplayer gaming has introduced increasingly intricate virtual worlds that demand
precise movement mechanics to maintain immersion and competitiveness. In modern multiplayer gaming
environments, character movement is a critical aspect that significantly impacts player experience and gameplay
quality. Delays, inconsistencies, or inaccuracies in character movement can disrupt gameplay, leading to frustration
and loss of engagement among players [1]. To address this, modern movement control systems must integrate
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advanced prediction algorithms, adaptive error correction mechanisms, and efficient data handling strategies [2].
The importance of client predictability in multiplayer games and a new prediction algorithm that can be used for this
is shown in [3]. The article [4] presents the fundamental concepts of synchronization in multiplayer online games
and discusses typical approaches and algorithms used to support the synchronization of distributed game objects.

The player actions in multiplayer games need to be translated into responsive and realistic motion even in
the presence of network instability. In addition to the constant component, network delays have a variable
component that is random and at the same time can be different on different network segments when the server
interacts with different clients. Ensuring smooth and accurate control of character movement across networked
systems poses unique challenges, especially when considering the demands of real-time synchronization, network
latency, and computational resource optimization. These challenges necessitate the development of systems that can
handle the complex interplay between client-side prediction, server-side correction, and network communication [1].
This, in turn, requires improving existing data governance algorithms to provide new opportunities. The
synchronization problem in client-server gaming systems is considered in [4,5]. The paper [4] uses the probability of
interaction among participants and ranking of the delay among participants. The paper [5] presents fundamental
concepts of synchronization in multiplayer online games and discusses typical approaches and algorithms used to
support the synchronization of distributed game objects.

This research focuses on the design and implementation of an enhanced character movement control model
tailored for multiplayer environments. It leverages a modular approach to optimize real-time interaction between
players, incorporating elements such as network prediction, interpolation, and server-client synchronization. The
study aims to bridge the gap between theoretical advancements and practical application in character movement
systems by employing state-of-the-art techniques and frameworks like Unreal Engine.

The main contribution of this paper can be summarized as follows:

1. The state transition diagram of a computer game server that can be used to analyze its operation is

designed.

2. Based on the state transition diagram, the analytical model of the computer game server operation

process is proposed.

3. Mathematical expressions for determining the probability of a computer game server being in each of

its states due to the intensity of transitions between its states have been obtained.

A model of a computer game server

The character movement control system developed for multiplayer environments represents a sophisticated
software solution designed to ensure precise synchronization and smooth gameplay. This system is characterized by
its advanced integration of network prediction, collision detection, and adaptive response to varying network
conditions. Its modular structure and implementation within Unreal Engine as a plugin make it highly versatile and
suitable for a wide range of multiplayer projects.

A key innovation of this system is the Character Client Network Prediction (CCNP) mechanism. This
approach allows the client to estimate and predict the character's next position based on the player's input, current
velocity, and previously synchronized data from the server. The prediction algorithm compensates for network
latency by preemptively calculating positions before receiving server updates. This ensures that character
movements appear smooth and responsive, even in high-latency environments. In addition, CCNP utilizes real-time
error correction. When the server detects discrepancies between the predicted position and the actual state, it sends
corrective updates that are seamlessly integrated into the gameplay without noticeable jitter.

Key features of the system include real-time position prediction, error correction mechanisms, and efficient
data synchronization between the server and multiple clients. These features address challenges such as latency,
packet loss, and discrepancies between client- and server-side states, ensuring seamless interaction among players.
The system is particularly effective in scenarios involving complex movement, such as climbing, swimming, or
traversing dynamic environments, as it ensures all clients maintain a consistent game state.

This innovative design not only mitigates the effects of network variability but also optimizes performance
in large-scale multiplayer games. For example, the system adapts movement behaviors dynamically, reducing the
load on the server by delegating non-critical calculations to the client through prediction mechanisms. By
minimizing redundant synchronization data and handling minor corrections locally, the system significantly reduces
the perceived latency and enhances the overall user experience.

As an object of further research, this system provides a foundation for exploring new algorithms and
methods to enhance character movement control. The primary focus is on improving accuracy, reducing the impact
of latency, and optimizing resource consumption in diverse multiplayer scenarios. To support such analysis, we
propose a detailed model of the primary component's operation, encompassing its interaction with network layers,
player inputs, and server-side logic. This model includes a feedback loop for continuous evaluation and adjustment
of prediction and correction strategies based on real-world latency patterns.

The task involves developing a comprehensive framework for evaluating the system's efficiency, exploring
potential optimizations, and validating its scalability in diverse multiplayer scenarios. This will contribute to the
advancement of character movement control technologies, addressing the growing demands of modern game
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development. By integrating and refining CCNP, the system not only meets current requirements but also sets the
stage for future multiplayer advancements in terms of both technical efficiency and player experience.

A model of a computer game server

To study the server operation in more detail, we developed a model that describes its functioning during a
multiplayer game. When studying different processes, different types of models are used, such as a model supported
by artificial intelligence [6], analytical [7,8], ontology [9], a simulation model [10], a timed Petri net model [11], a
game networking model [2,12], and others. The work [12] focuses on the challenges that arise when integrating
network solutions into gaming environments and approaches to solving them. It is valuable that it is devoted to the
choice of a network model for multiplayer games. The correct network model affects the gaming experience and
performance, and its choice depends on the specifics of the game and the expectations of the players. We will use an
analytical model similar to the one used in the article [13,14]. It considers the modeling object as a random process
characterized by discrete states and continuous time, and represents its operation as a system of differential
equations.

To analyze the processes occurring on the server, we have defined five of its states:

1. Listening state;

2. Packet delay check state;

3. Mobility check state;

4. Client data update state;

5. Pre-authorization data update state.

The server is in one of these states at any time and, when certain conditions are met, it transitions to another
state. The server's operation can be described by a transition diagram between its states, which for the states we have
selected has the form shown in Fig. 1.

.

T

Client n

4

Update data on all
clients except the one
that sent it to the server
jl=i

2

Network Latency
Check

3
Checking the
possibility of
movement

5

A7

Update customer
data to pre-authorized,

Fig. 1. Simplified diagram of server state transitions

The diagram demonstrates the process of the server when interacting with clients, focusing on data latency
control and client action management. Initially and by default during operation, the server is in a listening state
(standby, idle?) (state 1). In this state, it is constantly listening and ready to respond to client connection requests or
new data from already connected users. When a connection is initiated, the server goes into the connection quality
evaluation state (state 2), checking whether the data transfer delays do not exceed the set thresholds. If the delay is
too long, indicating network problems, the server returns to the listening state (state 1) in anticipation of a better
client connection.

If the delay corresponds to the acceptable parameters, the server goes to the next procedure (state 3) -
checks the possibility of performing actions by the client, in particular, moving a client’s controlled character. If
movement is allowed, the server begins the process of reproducing the client’s actions, synchronizing them with
other clients (state 4). To ensure the correct operation of the network, traffic data is transmitted to all clients, except
for the one that sent this data, which avoids duplication of information.

After successfully processing the move, the server returns to standby mode (from state 4 to state 1), ready
for new requests or actions from clients.

If problems are detected during the movement possibility check (state 3) or motion playback the server
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updates the client data to pre-authorized data (state 5), operationally returns to inspect delays and, if possible,
eliminate the causes to ensure smooth and stable network operation.
The sequence of processes described above allows to the avoidance of failures and ensures the correct
operation of the program in real-time.
Let us denote by A; the transition intensity of the server from one state to another. Then, following Figure 1:
« Al —the intensity of the server's transition from the listening state to the delay checking state;
» A2 —the intensity of the server's transition from the delay checking state to the listening state;
» A3 —the intensity of the server's transition from the delay checking state to the movement possibility
check state;
* M — the intensity of the server's transition from the movement possibility check state to the pre-
authorize data update state;
« A5 —the intensity of the server's transition from the movement possibility check state to the client data
update state;
* )6 —the intensity of the server's transition from the client data update state to the listening state;
* A7 —the intensity of the transition of the server from the pre-authorize data update state to the listening
state.
The server can be described as a random process characterized by discrete states and continuous time,
so its mathematical model can be represented in the form of the following system of differential
equations:

dP;t(f) = =P (t) + A, P, (t) + AP (t) + A7 P5(t)
dﬁf)z-{az+zgﬂga)+Ad%@)

d";_:f) = —(A4 + A5)P5(t) + A5P5(t) M
dP;—Et) = —AePy(t) + AsP5(t)

PsO — 1 Po(t) + 1,Ps(t)

dt

To study the operation of the server in stationary mode, the system of equations (1) can be rewritten in the
form of a system of algebraic equations:

0 = —A1p1 + A2p2 + A6Ps + 47D
0=—(1; +2A3)p, + A1p1
0= —(A4 + A5)ps + 13D,
0 = —Aeps + Asp3
0 = —A;ps + Aups
: 2

The total probability that the system is in any of the discrete states is equal to 1, which gives the
normalization identity:

Zi=1 pe=1 3)

To solve the system, we will use the method of substitutions and represent all probabilities through the
probability ps. From the fifth equation of system (2), the probability p5 of the server being in the fifth state can be
written as:

Ps =3 Ds. 4)

The probability of the server being in the fourth state ps from the fourth equation of system (2) can be
written as:

p)
Ps = A_ZP& )

and from the third equation of system (2), we get the probability p. of the server being in the second state:a 3
TPEPTHOrO PiBHAHHS CUCTEMH (2) OTpUMAEMO IIMOBIpHICTb P2 epeOyBaHHs cepBepa y APYroMy CTaHi:
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_ ).4+2.5

D2 1 Ds. (6)

From the second equation of system (2) taking into account equation (6), we get the probability of the
server being in the first state pi:

_ (A2+23)(A4+2s) !

| = CEEI . )
Substitute (4) - (7) in (3):
(A2+23)(A4+25) Ag+A A A
2 /131/1: =ps + 4/13 Sps + p3 + A_§p3 + ﬁps =1 (8)
Let's find the probability ps of the server being in the third state due to the intensity of transitions between
states.
_ As | Mg (A4 +25)(A1+ A2 + 13)
ps=1/[1+ 2+ 2+ s | )
For simplicity, we mark:
_ As | Mg Aa+ )M+ Ay +43)] 2
B=[1+ Tt e ] (10)
and the probability of the server being in the movement possibility check state p;:
p3 = B. (11)
Using this notation we will find the probabilities of the server being in all its states. As a result, we get:
e the probability that the server is in a listening state:
Az + 23)(Ag+ A5)
py = (RS g, (12)
113
o the probability that the server is in a latency check state:
Ag+ A
P2 = %B: (13)
3
e the probability of the server being in the client data update state: 4
A
Ps = A_ZB; (14)
e the probability of the server being in the pre-authorized data update state:
A
ps = ﬁB. (15)

To verify the model, we will take the first equation of system (2), which was not used when finding the
probabilities of the server (11-15) being in its various states. Let’s define the right side of this equation:

Ay + A+ A Aot A p) A
dapy + Ay + Agpy + Ay = —Ay L2 T I T ) g Mt A 25,2 =
143 A3 Ae A
Ay + A + A Ao+ A
__ & 3/1(4 5)B+(/124 S 42y +A4)B =
3 3
— _(/12+13}?(l4+15) B +(lz +/13;(/14+/15) B =0. (16)
3 3

As expected, the right-hand side of the tested equation is equal to zero, confirming the proposed model's
correctness. So, the obtained analytical expressions (11)-(15) make it possible to estimate the probability of the
computer game server being in each possible state depending on the intensities of transitions between states.
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Conclusions

Computer game server is considered a stochastic system, the operation of which depends on many random
factors, both internal and external. An example of external factors is delays in the delivery of packets caused by the
data transmission network. Exceeding the delay above the permissible norms can lead even to the inoperability of
the application. To analyze the operation of the server, a representation of its functioning in the form of a state
transitions diagram is proposed. Due to this, the operation of the server is described by a system of differential
equations, as a result of which analytical expressions for the probabilities of the server being in all its states have
been obtained. The resulting formulas can be used for further analysis of the server's operation in various scenarios.
Based on them, recommendations for improving data exchange algorithms in the system can be developed.
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