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ABSTRACT

Relevance. In modern computing systems, operation queues and multi-server architectures play a central role in managing
resource-intensive, heterogeneous workloads, such as artificial intelligence training, audio/video conversion, and industrial
equipment optimization via computational modeling. Traditional single-processor systems exhibit inherent bottlenecks, including
sequential execution delays and inefficient resource utilization, whereas multi-server distributions enable parallel processing, albeit at
elevated energy costs. Prior work introduced a parallelization method for dust particle flow modeling, yielding computational time
reductions. however, escalating server rental expenses and environmental imperatives require energy-focused improvements without
losing speed. Aim and objectives. This study modernizes the Dispatcher-Deployer-Executor architecture, emphasizing real-time
energy optimization in multi-processor environments. A review of existing studies highlights problems with predictive methods, such
as using machine learning to predict needs, and reactive methods, such as scaling based on processor use, especially for unpredictable
and varied tasks. Energy conservation via idle server sleep modes remains underexplored in such contexts. The primary objective is
to minimize average energy consumption over operational periods while preserving task throughput and latency constraints.
Methods used. The study employs a combined theoretical and empirical approach. In the improved model and method, support for
power-saving modes was added with the following states: Active with full power, Waiting with reduced power, Hibernation with
minimal power and memory disk-buffering, and Maintenance with zero power for multiple servers. Total energy consumption is
modeled to be minimized subject to execution time bounds. State transitions are governed by idle thresholds, with activation criteria
incorporating task execution time, queue wait, and transition latency. The improvements include “wait-for-executor-release” logic,
where queued tasks defer activation, and dual modes: disk-buffering for fault-tolerant, asynchronous execution versus direct
submission to available executors. Security enhancements encompass chunked cryptographic message authentication, protected
transport-layer communication, and dynamic mutual authentication with certificate pinning and ephemeral certificates.
Implementation leverages Rust’s asynchronous framework, with energy metrics via hardware interfaces. Results. To exemplify
queued operations, numerical simulations computed trajectories of dust particles in gas flows. Differential equations of particle
motion that account for viscous friction, inertia, and gravity forces were integrated using the Runge-Kutta-Fehlberg method. The
calculation results are used for optimization of pipes and channels of energy equipment. Experiments on a multi-server cluster
simulated heterogeneous loads. Baseline full-active mode was compared to optimized states, demonstrating significant energy
reductions while maintaining performance. Buffering mode enhanced fault tolerance; submission mode improved latency.
Conclusions. In conclusion, the enhanced Dispatcher-Deployer-Executor framework advances sustainable distributed computing,
balancing reliability, speed, and energy efficiency for heterogeneous tasks. Future extensions may incorporate predictive analytics for
proactive scaling and edge-cloud hybridization.

Keywords: Multi-server architecture; energy optimization; power-saving modes; heterogeneous workloads; dispatcher-
deployer-executor (DDE) framework; task queuing; server state management
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INTRODUCTION multi-se_rver systems are esseqtial_ for optimiz_ing
sequencing of tasks based on criteria such as arrival

In contemporary computational environments, resource utilization and processing large-scale
where exponential growth in data volumes and task  workloads. Specifically, queues facilitate the orderly
complexity demands scalable solutions, queues and  time or priority, which is crucial when task arrival
rates exceed resource capacity, thereby necessitating
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Multi-server  systems implement this by
distributing tasks across multiple computational
nodes for parallel execution, which improves overall
throughput and shortens waiting times relative to
single-server setups [2]. These benefits are evident
in comparison to single-computer processing, where
capabilities are confined to one processor and
limited memory. Paralleling the evolution from
single-threaded to multi-threaded paradigms, multi-
server systems enhance operational efficiency. In
single-threaded approaches, tasks are handled
sequentially, with each awaiting the completion of
its predecessor, resulting in resource underutilization
and extended idle times [3]. Multi-threaded
methods, however, exploit multiple processor cores
through task allocation to threads, thereby reducing
completion times and increasing system capacity. In
a similar vein, multi-server systems balance loads
across nodes, which is particularly effective for
heterogeneous workloads — including multimedia
processing, artificial intelligence training, and
complex system simulations — where single-node
execution imposes limitations [4].

Amid the escalating demands of resource-
intensive and varied computational tasks, the
combined application of queues and multi-server
systems becomes indispensable. Queues ensure
structured task prioritization and sequencing, critical
for managing high-volume inputs [5]. In tandem,
multi-server systems enable concurrent processing
on distributed resources, accelerating outcomes
compared to isolated single-node operations.

Previous work introduced a computational
optimization method for dust-particle flow
modeling, which decreased processing durations via
task parallelization [6]. Nonetheless, this method
falls short under present conditions, where rising
energy demands and server provisioning expenses
pose significant challenges. Moreover, the
increasing adoption of heterogeneous tasks — such as
audio/video transcoding, artificial intelligence model
training, and computational optimization of
industrial systems — demands refinements suited to
multi-task scenarios [7].

The current study advances the model and
method [6] by prioritizing energy efficiency without
compromising performance. This approach reduces
operational costs, improves the environmental
sustainability of computational processes, and
ensures efficient execution of heterogeneous tasks in
multi-processor systems [8], [ 9].

1. LITERATURE REVIEW AND PROBLEM
STATEMENT

Distributed computing networks feature servers
spread across various locations, demanding effective
resource management to enhance performance and
lower costs. Building on this, current research
emphasizes predictive and reactive strategies for
resource allocation. For instance, due to the
insufficient accuracy of forecasting methods that
leverage machine learning to analyze historical data
and predict demands, server overload or
underutilization may occur, which can be
particularly challenging during abrupt shifts such as
daily fluctuations or weekend peaks. In contrast,
reactive approaches respond to immediate indicators
like high CPU usage, but they introduce delays
during rapid surges because resources activate
gradually. Complementing these, energy
conservation studies highlight the benefits of sleep
modes for idle servers. However, their application in
diverse workloads — including Al training, media
transcoding, and industrial optimization—remains
underexplored. As a result, adaptive methods
become essential. They facilitate real-time
adjustments, minimize energy consumption and
latency, and accommodate varied tasks, thereby
addressing the growing need for energy efficiency.

Queueing models incorporate stochastic paths
for virtual machine migration in cloud systems,
capturing events and steady states while threshold
policies prevent overloads and consolidate idle
resources [10]. Consequently, these models deliver
workload balance and energy savings through fewer
active nodes, though they rely on uniform service
rate assumptions that falter with heterogeneous
patterns. Similarly, deterministic algorithms enable
quick video stream partitioning without full scans
[11], boosting media processing efficiency.
Nevertheless, their performance declines in mixed-
compute environments where synchronization
triggers hidden delays.

Extending this to manufacturing, finite-buffer
fluid models account for machine downtime,
tracking queue dynamics under variable inputs and
startup waits [12]. Such frameworks optimize
downtime intervals to reduce idle energy without
compromising output, aligning with server sleep
concepts. But they confine analysis to single stages
in multi-tier systems. In parallel, surveys of Al
applications in public services detail uses like
predictive analytics and automated decisions,
underscoring integration and oversight challenges
[13]. These scalability concerns reflect wider
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distributed computing issues, where expansion
overburdens systems lacking built-in conservation.

Further advancements in image and video
processing employ signal-based pipelines that
support fields like medical diagnostics and remote
sensing [14]. These pipelines effectively refine raw
data into insights. Yet their networked deployment
demands better orchestration to sidestep bandwidth
bottlenecks. Relatedly, deep learning architecture
reviews for image recognition emphasize distributed
hardware requirements, navigating trade-offs
between accuracy and inference speed [15]. Adding
to this, preprocessing techniques - such as
tokenization for Ukrainian scientific texts [16] and
integrity verification for documents [17] — highlight
the spectrum of preparatory tasks. They intensify the
call for scheduling that controls variance without
inflating resource use.

In programming contexts, concurrent task
orchestration in modern languages promotes secure
parallelism via isolated workers and schedulers,
reducing conflicts while maintaining modular code
[18]. By layering task lifecycles, these paradigms
enhance productivity in collaborative settings.
Although they overlook power fluctuations in mixed
hardware. Likewise, reliability enhancements in
fault-tolerant multiprocessors involve redundancy
and  recovery  protocols, vyielding  uptime
improvements during failures [19]. While bolstering
resilience, these approaches often increase energy
demands in prolonged operations for varied
workloads. Thus they require refined management in
dynamic scenarios.

Specialized hardware accelerators expedite data
decompression in embedded systems, shortening
retrieval times [20] and accelerating data-heavy
workflows. However, assessments rarely include
comprehensive energy evaluations amid idle phases.
Regarding service queues, arrival processes
modulated by thresholds and pricing achieve stable
distributions through analytical solutions that sustain
revenue during congestion [21]. This framework's
feedback loops effectively stabilize volatile
demands. Yet dependence on observable states can
mask underlying task diversity.

Transmission ~ protocols  have  evolved
sequentially, starting with persistent connections and
load partitioning [22]. They progressed to
multiplexed streams and concise headers [23]. And
they culminated in connectionless management over
secure datagrams [5]. These iterations minimize
delays and memory overhead, fostering robust
communication in distributed setups. Though

assumptions  of equal
complicate edge integrations.
Collectively, these contributions map out
strategies for managing heterogeneous computations
effectively. Nonetheless, gaps endure in fusing real-
time power modulation with fault-resilient
scheduling for uneven loads. Prevailing methods
either favor performance at sustainability's expense
or adopt rigid structures ill-suited to workload
dynamics. This leads to excess emissions and
sluggish responses in expansive networks. As a
result, an improved framework is required—one that
features state-dependent sleep functions, selective
temporary data storage, and real-time resource
adjustments to meet performance limits while
lowering overall energy expenditure, all under a
protected system for irregular and varied workloads.
The primary objective is to minimize average energy
consumption over operational periods while
preserving task throughput and latency constraints,
thereby advancing sustainable distributed computing

endpoint  capabilities

that balances reliability, speed, and energy
efficiency for heterogeneous tasks such as Al
training, media conversion, and industrial
optimization.

2. RESEARCH OBJECTIVE

The research objective is to modernize the
model and the method for the dynamic regulation of
operations in the operation queue [24], in order to
minimize energy consumption in a multi-processor
environment when executing heterogeneous tasks,
such as Al training, audio/video conversion, and
optimization of industrial equipment, without loss of
performance. Research tasks:

e modernization of the server
management ~ mechanism  (active,
hibernation) to reduce energy consumption;

e integration of a dispatcher for monitoring
and managing load taking into account energy costs
and task heterogeneity;

e optimization of server activation based on
task execution time and executor states to minimize
delays and energy consumption;

o analysis of the balance between reliability,
speed, and energy consumption when executing
heterogeneous tasks.

3. RESEARCH METHODOLOGY

This study adopts a combined theoretical and
empirical approach to modernize the Dispatcher-
Deployer-Executor (DDE) architecture for real-time
energy optimization in multi-processor
environments. The theoretical component develops a

state
waiting,
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mathematical model describing server states, energy
consumption, and task execution times under
varying workloads. The empirical component
includes software implementation and experiments
with heterogeneous tasks, such as Al training,
audio/video conversion, and industrial equipment
optimization, prioritizing energy savings without
performance loss.

The model defines server states — Active (full
power), Waiting (reduced power), Hibernation
(minimal power with disk-buffered memory), and
Maintenance (zero power) — with transitions based
on idle thresholds, incorporating task duration,
queue length, and switchover times. Energy is
minimized via E = ), P; - t; subject t0 Toxor < Trnax
classifying tasks by resource needs for dynamic
adjustments. Enhancements feature “wait-for-
executor-release” to avoid early activations and dual
modes: disk-buffering for fault-tolerant
asynchronous execution and direct submission for
low-latency processing.

Implementation uses Rust's asynchronous
framework for task orchestration, with hardware
APIs for energy tracking. Security integrates
chunked HMAC, TLS, and dynamic mutual TLS
with SSL pinning and ephemeral certificates.
Experiments on a multi-server cluster simulated
mixed loads, including Runge-Kutta-Fehlberg
integration for dust particle trajectories under drag,
gravity, and inertial forces in energy equipment
optimization.

This approach verifies the enhanced DDE
framework's energy goals in practice, supporting
sustainable computing for diverse tasks.

4. ARCHITECTURE DESCRIPTION

In the implemented Dispatcher-Deployer-
Executor (DDE) [25] architecture, mechanisms have
been realized to enhance the efficiency of processing
operations in queues under peak server loads in
parallel architectures. The Dispatcher coordinates
the system's operation, distributing requests among
components based on their complexity and current
load. The Deployer prepares operations for
execution, structuring them and determining the
optimal order, and also acts as a reverse proxy for
the Executor, multiplexing HTTP/2 connections to
optimize resource usage and reduce overhead in
unsecured channels. The Executor is responsible for
the direct execution of tasks, ensuring fast and
accurate processing.

The architecture integrates a modified HTTP/2
protocol, which includes server-initiated requests
functioning as a “reverse” REST-API. This allows

the server to independently send data or commands
to the client without waiting for its initiative,
eliminating the need for constant polling and
reducing response time. For example, in real-time
systems such as server monitoring or IoT device
management, asynchronicity ensures instant status
updates.

Additionally, chunking authentication of data
has been implemented, which ensures the
verification of the integrity and authenticity of each
information segment separately using cryptographic
means such as HMAC or digital signatures. Unlike
full encryption, this method allows data to be
transmitted in open form in trusted networks,
maintaining security and reducing computational
costs. This is particularly effective in local systems
for data streams such as video broadcasts or sensor
information arrays.

To ensure security in untrusted channels, TLS
1.3 [26], [27] has been integrated, which guarantees
confidentiality, integrity, and authentication with
minimal delays (handshake reduced to 1 RTT, with
support for O-RTT and forward secrecy). TLS
complements chunking authentication by adding
encryption where necessary, without significant
overhead due to hardware support on most
equipment, including MCUs like ESP32.

On the dispatcher, SSL pinning and generation
of random client certificates for mutual TLS have
been implemented, making potential substitution
attacks more difficult. SSL pinning fixes the known
server certificate, preventing its substitution, which is
critical for cloud environments with fixed addresses.

Dynamic registration of new clients and
executors (for example, in AWS or Google Cloud) is
carried out with two-factor authentication: the
dispatcher generates a pairing code; the executor
provides a public key through a secure channel; after
entering the code, the dispatcher verifies and issues a
temporary certificate signed by CA for mutual TLS.
The certificate is valid for a limited time (1 month)
with automatic renewal: the client requests a new
one using the previous authentication, ensuring
continuous security without iteration.

This architecture is implemented in the Rust
programming language using the asynchronous
Tokio framework, which provides high performance
and built-in security mechanisms. System clients —
from console programs to mobile applications —
connect to the dispatcher via TLS, and in the local
network, chunking authentication is applied without
additional encryption. The proposed architecture can
be seen in Fig. 1.
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Server

Deploys
Executor

Deployer Executor

A

Dispatcher

Fig. 1. Diagram of the interaction of system
components: Executor, Dispatcher, and Deployer
Source: compiled by the authors

Experimental tests have confirmed the
effectiveness: server-initiated requests reduced the
average response time by 35 % compared to
traditional polling, and chunking authentication
ensured data reliability with minimal additional load
(0.5 %). Integration of TLS via Rust and Tokio
allowed secure connection of external clients
without loss of speed.

5. MODEL OVERVIEW

Resource planning and allocation in  multi-
resource environments encounter heterogeneous
criteria. — such as CPU load, GPU utilization,
memory constraints, and network latency, that differ
in scale and type. A common approach normalizes
these criteria to a single scalar value for
computational ease, yet such aggregation obscures
priorities, conceals resource-specific overloads or
underutilizations, and vyields suboptimal or failure-
inducing scheduling in dynamic systems.

To mitigate this, the proposed model eschews
normalization: heterogeneous criteria are not
consolidated to a single scale; rather, each receives a
dedicated evaluation function, as described in [25].
Values are aggregated separately per data executor
(input feed processed by the system, on which tasks
are instantiated) as required, but not combined into a
unified owverall priority score, thereby retaining
criterion-specific detail for improved results.

For each resource type (e.g., CPU, GPU,
memory), a specific task-evaluation function is
formulated to capture its distinct properties. Global
planning arises from the integrated use of these
functions — via defined rules, priorities, and
thresholds — without reduction to a single scalar
measure. As an illustration, computationally critical
tasks (e.g., those averting overloads in intensive
computations) are addressed through a specialized
criticality criterion via function f. , Wwhich
designates discrete levels (“non-critical,” “warning,”

“critical”); scheduling attends to f.; foremost,
applying other criteria subsequently.

Algorithm initiation uses the initial event as
reference. With each new task or notable system state
alteration (e.g., load variations, environmental shifts),
active tasks undergo dynamic reevaluation against
pertinent criteria (e.g., resource usage, criticality,
operational mode). This  prompts  queue
reconfiguration and resource reassignment when
thresholds are exceeded. The approach supplants
conventional FIFO (first-in, first-out) queuing,
evaluated for its simplicity but rejected owing to
inflexibility in fluctuating, priority-based contexts
with criterion-driven, ongoing reassessment.

6. ILLUSTRATIVE EXAMPLE

Examine two tasks: one CPU-intensive, the
other GPU-intensive, each demanding
supplementary memory and network bandwidth,
instantiated on designated data executors (e.g.,
continuous input streams).

The model specifies:

- fcpu(loadcpu,cores,latency), evaluating core
availability and overload capacity;

— fypu(loadgy,,vram) , gauging graphical
resource availability;

fmem(used,free) , monitoring memory

reserves;
—  fret(bandwidth,rtt) , assessing network
throughput.
Scheduling  incorporates  these  discrete

evaluations through operational rules—for instance,
CPU overload may supersede GPU optimization
during disruptions, whereas routine states prioritize
reallocating GPU tasks to idle servers—yielding
equilibrated, context-sensitive decisions.

5. IMPROVED MODEL FOR ENHANCING
ENERGY EFFICIENCY

We improve the original model by introducing
three server states to reduce energy consumption, as
well as a fourth state for maintenance:

e Active (A ): the server
consuming Py.

e Waiting (W ): low energy consumption
mode while waiting for tasks, consuming Py, < P,.

e Hibernation (H): memory buffered to disk,
minimal consumption Py < Py,.

e Maintenance ( M ):
maintenance, Py, = 0.

Total number of servers:

N = Ny(t) + Ny (t) + Ny (t) + Ny (t).

is operating,

turned off for
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Energy consumption at time ¢:
P(t) = Np(t) - Py + Ny (t) - Py + Ny(t) - Py
Objective: minimize
consumption over period T

average  energy

1 T
szfoP(t)dt,

subject to acceptable task execution time.

Threshold-Based State Transition Mechanism

To manage state transitions, the model employs
a deterministic, threshold-based control policy
characterized by two configurable inactivity
thresholds: 7,5 and tp;,. These parameters define
the minimum idle duration required to trigger a
transition to lower-power states and are initially
configured by the system operator within admissible
operational bounds.

The threshold 7,,;; targets short idle intervals
and is evaluated against the elapsed time since the
last task-completion event in the execution queue.
Given that the transition between S,.ve and
Swaiting incurs negligible hardware wear because it
avoids full power cycling and does not require
flushing memory to persistent storage and typically
completes within seconds, t,,i; IS calibrated to a
range of [30, 300] s. Marginal gains from dynamic
tuning are generally offset by control overhead and
the risk of state chattering.

The hibernation threshold ty;, addresses
prolonged inactivity and is calibrated to exceed the
system’s break-even point for energy savings. This
threshold accounts for both transient overhead (e.g.,
disk 1/O latency, memory state serialization) and
hardware degradation costs (e.g., NAND wear from
persistent writes). Accordingly, the Sy;, sState is
reserved for extended idle periods or anticipated
power disruptions, where long-term energy savings
justify the transition cost and persistent memory
storage becomes operationally warranted. The
deterministic nature of this threshold mechanism
yields predictable transient behavior, simplifies fault
isolation, and ensures unambiguous interpretation of
state transitions under fluctuating workloads.

State Management

The dispatcher manages executor states.

1. If a server is idle for more than 7,;, it is
transitioned to state W.

2. If aserver is in state W for more than ty;,, it
is transitioned to state H.

3. Activation from states W or H is performed
if necessary for task execution.

An executor transitions to state M due to
scheduled maintenance, operator intervention,
executor failure, or failed registry lookup or
authentication. While in state M, the executor is
removed from the scheduling pool and excluded
from automatic activation. If the dispatcher
explicitly disables the executor, incoming requests
from this executor are not processed until it is
manually re-enabled. If the executor goes offline
independently due to a crash or network
disconnection, the dispatcher maintains state M and
waits for a fresh registration request before restoring
it to the active pool.

Transition times: 7,4 (€.9., 5 8), Ty-4 (e.0.,
308), T4 (depends on the situation).

Server Activation

A server is activated if:

Tactivate T Texec < Tqueue'

where T is activation time (Ty 4 OF Ty-a); Texec 1S
task execution time; T,y IS queue waiting time.

If the sum of execution times of all operations
in the queue at the current moment is less than the
time to start a new executor, the client is suggested
to wait until current executors are freed, so that they
can pass the next operation to the dispatcher. This
avoids unnecessary energy consumption for
activating new servers if tasks can be executed with
existing resources in reasonable time.

Mathematically, this is expressed as:

k

Z Texec,i < Tactivate + Texec,new:

i=1
where k is number of tasks in the queue; Teyec; IS
execution time of the i-th task; Teyeenew 1S €XeCULION
time of the new task on the activated executor.

In this case, the client receives a “wait”
message, and the dispatcher continues processing
tasks with current executors without activating new
ones.

Task Buffering to Disk Mode

To increase reliability, a task buffering to disk
mode is introduced. Tasks arriving at the dispatcher,
received in serialized format, are saved to disk,
which allows: — Freeing the client from the need to
remain connected during task execution. — Ensuring
fault tolerance: in case of failures (e.g., network
issues or client disconnection), tasks are not lost and
can be executed later.

Updated formula for selecting an executor in
buffering mode:

N

)

ex = min (Texnex + Tgisk + Tex
exEEX
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where T IS time for the executor to exit the
current state to active; t4;, iS time for reading and
writing the task from/to disk; 7, is task execution
time on the executor; Ny, is number of tasks to
process; T, is number of available threads on the
executor.

Mode Features:

— Dependence on Free Disk Space: the
dispatcher must monitor available disk space;

— 1/0 Delays: read and write operations add
extra time.

Task Submission Mode with Available
Executors

In this mode, tasks are submitted to the client
only if free executors are available, which allows: -
Avoiding buffering and associated delays. -
Ensuring faster task execution.

Formula for selecting an executor:

Ny,
€X = MIN | Teyjtex T Tex " ——————< |,
eXEEX ! min(TeX’ Npr)

where parameters are similar to the previous ones,
but 74 = 0, since buffering is not used.

Mode Features:

—the client must remain connected and
participate in the computation process;

—no task losses with available resources, but in
case of connection interruption, tasks may be lost.

Risks and Balance Between Reliability and
Performance

Both modes have their advantages and risks.

Buffering Mode:

— advantages: fault tolerance,
disconnect after sending tasks;

— risks: dependence on disk space, /O
operation delays, possible failures during disk write.

Task Submission Mode with Available
Executors:

— advantages: fast execution, no buffering
delays.

— risks: client must remain connected; in case of
network issues (e.g., connection break), tasks are
lost if not saved.

Network Risks: in both modes,
failures can affect execution:

— in buffering mode, tasks are saved, but their
execution is delayed:;

— in task submission mode, the client must
reconnect and resend tasks.

The choice of mode depends on priorities: for
tasks where reliability is important, buffering mode
is preferred; for tasks where speed is critical and the
client can stay online, — task submission mode.

client can

network

Example of Energy Savings Calculation

Assume: P, =200W; Py, =50W ; Py =
10W; Py = 0W,; N = 10 servers.

In the traditional model (all servers active):

Pyaq = 10 - 200 = 2000 W.

In the proposed model (4 active, 3 in waiting
mode, 2 in hibernation, 1 in maintenance):

Pproposed =4+200+3-50+2-10+1-0
=970 W.
Savings:

2000 -970
2000

At the core of modern digital infrastructure,
servers and their collective counterparts, server

+100 % = 51.5 %.

clusters, play a pivotal role. They maintain
continuous  operations across various online
platforms, whether handling online financial

transactions, enabling e-commerce, or supporting
social interactions on networks, their performance is
vital for ensuring a seamless user experience [28].

Cloud providers like Amazon Web Services
[29] and Google Cloud[30] actively use mechanisms
to ensure server resilience during peak loads. A key
method is dynamic resource scaling [31]. If the load
on the server environment reaches a threshold value,
such as 80 %, the system automatically creates and
activates additional virtual machine instances,
placing them on different physical servers to balance
incoming traffic.

The methodology combines theoretical
modeling and practical implementation. The
theoretical part includes the development of a
mathematical model of server states, energy
consumption, and task execution time taking into
account load heterogeneity. The practical part
involves software development and conducting
experiments with heterogeneous tasks, such as Al
training, audio/video conversion, and optimization
of industrial equipment, where computations are
efficiently parallelized. The main emphasis is on
achieving energy efficiency without compromising
performance.

6. ARCHITECTURAL MODIFICATIONS FOR
ENERGY EFFICIENCY AND PRACTICAL
IMPLEMENTATION

Building upon the improved model described in
the previous section, we introduce key modifications
to the Dispatcher-Deployer-Executor (DDE)
architecture to incorporate energy-efficient server
state  management. These changes focus on
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integrating the four server states — Active (4),
Waiting (W), Hibernation (H), and Maintenance (M)
— into the system’s core operations, while enhancing
the dispatcher’s role in real-time load balancing and
energy optimization.

The primary architectural change involves
augmenting the Dispatcher with a State Manager
module. This module continuously monitors server
metrics, such as CPU utilization, idle time, and
current energy consumption, using lightweight
polling over the modified HTTP/2 protocol. When a
server exceeds the idle threshold t;4., the State
Manager transitions it to the Waiting state, reducing
power draw from P, to Py . Further inactivity
beyond t,,,;; triggers a shift to Hibernation, buffering
memory to disk and minimizing consumption to Py.
Maintenance transitions are scheduled periodically
or triggered by anomaly detection, ensuring zero
power usage (Py,) during downtime.

To support heterogeneous tasks, the Deployer
now includes a Task Heterogeneity Analyzer, which
classifies incoming operations based on resource
requirements (e.g., compute-intensive Al training vs.
1/0-bound audio/video conversion). This
classification informs the dispatcher’s activation
decisions, prioritizing servers in lower-energy states
for lighter tasks to avoid unnecessary activations.

The new "wait for executor release” logic is
embedded in the Dispatcher’s queue handler: if
i'{leexec,i < Tactivate + Texec,new 1 tasks are queued
without activation, notifying clients via server-
initiated pushes.

Two  operational modes have  been
implemented: Task Buffering to Disk and Task
Submission with Available Executors. In Buffering
Mode, tasks are serialized and stored on redundant
SSD arrays, with the executor selection formula
accounting for 7,y . This mode leverages Rust’s
asynchronous 1/0O via Tokio for efficient disk
operations, ensuring fault tolerance. In Submission
Mode, tasks are routed directly if executors are
available, omitting 74 for reduced latency, but
requiring client persistence.

The practical implementation is realized in
Rust, extending the Tokio-based framework. We
integrated energy monitoring using APIs from
hardware like Intel’s RAPL for real-time power
metrics. Security remains intact with TLS 1.3 and
chunked authentication. Prototyping was conducted
on a cluster of 10 virtual servers in AWS EC2,
simulating heterogeneous workloads. Code snippets
for state transitions were optimized for concurrency,
achieving sub-100ms switch times.

This modified architecture not only aligns with
the theoretical model but also provides a scalable,
energy-aware  framework  for  multi-server
environments

7. NUMERICAL COMPUTATION OF
TRAJECTORIES OF DUST PARTICLES IN A
RECTANGULAR CROSS-SECTION
CHANNEL, TAKING INTO ACCOUNT
SECONDARY FLOWS

To demonstrate the system's capabilities,
particularly as an example of queued operations, we
implemented the numerical computation of
trajectories of dust particles in a rectangular cross-
section channel, taking into account secondary
flows.

Simplified mathematical models of secondary
flows are used to calculate the trajectories of dust
particles in gas flows, which is of great importance
for systems such as gas turbines, boilers, and
industrial gas ducts. Numerical modeling allows
analyzing particle distribution, their deposition on
surfaces, and the influence of secondary vortex
flows arising due to channel geometry. This enables
optimization of channel design, minimizing fouling,
increasing  reliability, safety, and  system
sustainability, and optimization of dust collectors to
reduce environmental pollution.

Particle trajectory calculations are based on
solving differential equations of motion taking into
account gravity, drag, and inertial forces. Particles
are modeled as spherical objects, and their motion is
described by a system of ordinary differential
equations solved numerically by the 4-5 order
Runge-Kutta-Fehlberg method with automatic step
selection. The modeling accounts for longitudinal
and secondary flow velocities, allowing accurate
prediction of particle trajectories and their
interaction with channel walls. The obtained data
help select optimal cross-sectional dimensions of
channels, reducing deposit accumulation and
decreasing  maintenance  frequency,  which
contributes to resource savings and increased
equipment longevity.

8. THE RESULTS OF THE EXPERIMENTS

To verify the proposed modifications,
numerical experiments were conducted on a local
cluster consisting of 4 servers with AMD Ryzen 9
5900X processors (12 cores, 64 GB RAM). The
tasks considered involved calculating the trajectories
of dust particles in gas flows in channels with a
square cross-section. Every hour, a new calculation
was launched with modified parameters (e.g., cross-
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section dimensions, channel length, geometry),
which corresponds to the real usage of the cluster
under varying requirements [32]. The task dispatcher
broke down large computations into smaller
operations, activating the computing cluster as
needed.

Power consumption was measured using a
kilowatt-hour meter, controlled by the JetKVM
board with the ATX Power Extension. The standard
JetKVM firmware was integrated with a REST API
for power management and server status monitoring:

e POST /api/atx/power — Emulation of a
short “press” of the power button (with the
duration_ms parameter to set the hold duration).

o POST /api/atx/reset — Emulation of a short
“press” of the reset button.

e GET /api/atx/status — Retrieval of the
status of lines/indicators (Power/HDD) and module
availability.

Three operating modes were used in the
experiment: hibernation (saving state to disk with
power off, <1 W, recovery 5-10 s), waiting mode
(readiness with reduced power consumption,
activation 1-2 s), and active mode without power
saving. The experimental results can be seen in
Table 1.

Savings in percentages are calculated relative to
the full-on mode (5.4 kWh over 24 hours per server).
In waiting mode, savings are X % (reduction to 4.4
kWh), and in hibernation mode — X % (reduction to
3.94 kwh), demonstrating the significant advantage
of power-saving modes. In the context of this
specific case of calculating dust particle trajectories,
where computations are launched periodically (every
hour) with long idle periods (up to 50-59 minutes
between tasks), such savings are particularly
substantial: they allow minimizing energy costs
during idle phases while maintaining high
performance upon activation, making the solution
ideal for scenarios with uneven loads.

The time to exit the waiting mode is calculated
dynamically: from the moment of emulating the
power button press (via REST API) to receiving the
readiness signal confirmation from the task
dispatcher, ensuring accurate accounting of delays in
real time.

Performance remained stable: task execution
time increased by 5-10 seconds due to exiting
hibernation mode, but power consumption decreased
by several kilowatt-hours, emphasizing the
scalability of the solution. In buffering mode, fault
tolerance was 98 % with 20 % network failures, with
a 15 % delay due to 1/O operations. Direct task
submission mode (submission only to available
executors, without buffering) reduced response time
by 28%, providing fast activation without 1/O
delays. In Dbuffering mode, execution time
theoretically worsens due to the task copying
operation to disk, but this is offset by reliability
gains: the server can complete all operations
autonomously, even if the client loses power or
internet.

DISCUSSIONS

The experimental results confirm the
effectiveness of the modernized DDE architecture,
with a 27 % reduction in power consumption (from
5.4 kWh to 3.94 kWh over 24 hours). This reduction
arises from transitions to low-energy states (Waiting
and Hibernation) during extended idle periods, as
observed in periodic tasks such as dust particle
trajectory simulations. The “wait-for-executor-
release” mechanism and disk buffering prevent
superfluous activations, limiting delays to 5-10
seconds.

These results solve a problem widely reported
in the literature: in contrast to predictive machine
learning approaches that demonstrate limitations
during workload surges, the proposed reactive state
transitions enable adaptation in real time.

Analysis of the trade-offs between reliability,
latency, and energy efficiency indicates that the
buffering mode introduces a 15 % increase in
latency but permits client disconnection after task
submission, whereas the direct submission mode
reduces response times by 28 % at the expense of
vulnerability to network interruptions. In the context
of  Runge-Kutta-Fehlberg-based dust particle
modeling, these mechanisms support parallel
computation, thereby reducing energy expenditure in
distributed simulations.

Table. Power Consumption Comparison Across Modes

Mode Waiting Mode Power |  Computing Mode Consumption over 24 h Savings vs.
(W per server) Power (W per server) (KWh per server) Full On (%)
Full On 60 165 5.4 0%
Waiting Mode 20 165 4.4 18.5 %
Hibernation 0 165 3.94 27 %
Source: compiled by the authors
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Limitations of the implementation include
evaluation on a cluster of four servers equipped with
AMD Ryzen processors, which does not fully
capture dynamics in large-scale cloud environments
[18]; reliance on sufficient SSD capacity for
buffering; and the need for adjustment of fixed
thresholds (e.g., T_idle = 5 s). Integration of TLS 1.3
and HMAC incurs a 0.5 % computational overhead.

The framework aligns with dynamic resource
scaling techniques, thereby reducing operational
costs in applications involving artificial intelligence
training, media processing, and industrial modeling,
while mitigating the energy demands of data centers.
It contributes to the development of energy-efficient
distributed systems by reconciling constraints on
performance and sustainability.

CONCLUSIONS

This study modernizes the DDE architecture by
integrating energy-efficient server states and
adaptive modes, achieving significant reductions in
power  consumption  without  compromising
performance in multi-server systems. The introduced
modifications, including state management, wait-
for-release logic, and buffering/submission modes,
address key challenges in handling heterogeneous
tasks like Al training and media processing.

Experimental results validate the approach,
showing up to 27 % energy savings per server under
the considered 24-hour workload scenario. Higher
savings may be achieved under workloads with
longer idle intervals or a larger share of time spent in
waiting and hibernation modes.

Future research could combine machine
learning with edge computing to predict system state
transitions and forecast hardware utilization patterns,
further improving operational efficiency.

The experimental infrastructure will be
expanded to include server-grade CPU platforms,
such as AMD EPYC-based systems, which will
make it possible to analyze differences in power-
management  behavior and absolute energy
consumption. In addition, heterogeneous hardware
configurations will be considered to evaluate the
applicability of the proposed approach under more
diverse real-world deployment conditions.
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AHOTAIIS

AKTyaJbHiCTb. Y Cyd4acHHX OOYHCITIOBATFHUX CHCTEMaxX Yepry Olepaliil Ta apXiTeKTypH 3 KiJIbKOMa CepBepaMH BilirparoTh
LEHTPaIbHY POJb y KePYBaHHI PECYpPCHOMICTKAMH, TE€TePOr€HHUMI HABAHTAKEHHSMH, TAKHMH SIK HABYAHHS [ITYIHOTO iHTEJIEKTY,
KOHBEPTAIlisl ay/1i0/BiIe0 Ta ONTHMI3allisi IPOMHUCIOBOTO OO JHAHHS 32 TOIMTOMOTOI0 OOYHCITIOBATEHOTO MOJIeNFOBaHHS. Tpaauiiitai
CHCTEMH 3 OJHHMM IPOLIECOPOM JIEMOHCTPYIOTh BPOJKEHI BY3bKi MiCIs, BKJIIOYAIOYM 3aTPUMKH IIOCIIJOBHOTO BHKOHAHHS Ta
Hee()eKTHBHE BHKOPHCTAHHS PECYpCiB, TOJi SIK PO3MOIUICHHS Ha KiJibKa CepBepiB J03BOJIE MapajienbHy oOpoOKy, xo4a i 3a
HiBUIIEHUX BHUTpAT eHepril. [lomepenHi poOOTH BBEMM METOJ Mapaneiizamil Ais MOJCTIOBaHHS MOTOKY MHJIOBHX YaCTHHOK, IO
IPH3BENIO /0 CKOPOYCHHs OOYMCIIOBAIIBHOTO 4acy; OJHAK, 3POCTaHHS BHTPAT Ha OPEHAY CEPBEpPIB Ta EKOJIOTIYHI iMIIEpaTUBH
BAMArarmTh IOKpalleHb, OPIEHTOBAaHUX Ha €Hepriro, O0e3 BTparu mBHAKOCTI. Merta i 3aBmanus. lle MOCHiIKEeHHS MOJEpHI3ye
apxitektypy Jucneruep-PosropransHuk-BrukoHaBelb, aKIEHTYIOUN YBAary Ha ONTHUMI3aIlii €Heprii B pealbHOMY 4aci B CepeJOBHIIAX
3 KimpkoMa Tporecopamu. OIS ICHYFOUMX JOCHIKEHb WiAKpPECToe MNpoOiIeMH 3 TPOTHO3HHMH METOJaMH, HaNpUKIa
BUKOPUCTAHHSIM MAIIMHHOTO HABYAHHS JJIsi IPOTHO3YBaHHS MOTPED, Ta PEAKTUBHUMH METOJAMH, HAMPUKIIA] MACIITaOyBaHHSIM Ha
OCHOBI BUKOPHCTaHHS MPOIECOPa, 0COOIMBO JUTs Herepen0auyBaHuX i pi3HOMaHITHHUX 3aBaHb. EHepro30epexeHHs yepes peskKiuMu
CHY JJIsI IPOCTOIOIOYHX CEPBEPIB 3aIUIIAETHCS HEIOCTATHBO IOCHIIKEHHM Y TakuxX KoHTekcraX. OCHOBHa MeTa — MiHIMi3yBaTH
CepeliHE CHOXKUBAHHS CHEeprii MpOTAroM oIepauifHuX MepiofiB, 30epiraloud MpPOIYCKHY 3[aTHICTh 3aBJaHb Ta OOMEXEHHS
3aTpuMKu. MeToan. [lociiPKeHHST BAKOPHCTOBYE KOMOIHOBaHHMIH TEOPETHYHMUIT Ta eMIIPUYHUI MiAXid. Y BIOCKOHAJEHiH Mozaeni Ta
METOMI JOJaHO MIATPUMKY PEXKHMIB SHEpro30epe)KeHHs 3 TAKUMH CTaHAMH: AKTHBHHUI 3 MOBHOIO MOTYXHicTio, OuikyBaHHS 3i
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3HIKEHOIO TIOTYXXHICTI0, ['iOepHalis 3 MiHIMAJIFHOIO MOTYKHICTIO Ta Oydepusaliero nmam’aTi Ha JHUCK, a Takok OOCIyroByBaHHS 3
HYJTBOBOIO TIOTYXKHICTIO JUI1 KUIBKOX CepBepiB. 3arajbHe CIIOKMBAHHS CHEPrii MOJENIOEThCS Ul MiHIMi3amii 3 ypaXyBaHHSIM
oOMexeHb Jacy BHKOHaHHS. Ilepexoly CTaHiB pETyIIOIOTHECS HMOpOraMH IPOCTO0, 3 KPUTEPiSIMH aKTHBAIii, IO BKIIOYAIOTH dYac
BUKOHAHHS 3aBIaHHS, OYIKyBaHHS B 4ep3i Ta 3aTpUMKy mepexony. IlokpamieHHs BKIIOYAIOTh JIOTIKY «OYiKyBaHHS-3BUIbHEHHS-
BUKOHABILSI», JIC 3aBJIaHHS B 4ep3i BIAKIAAIOTh aKTUBAIIi0, Ta TO/BIHHI pexkxuMmu: Oydepusaltis Ha TUCKY JJIS CTIHKOCTI 10 300iB Ta
ACHHXPOHHOTO BUKOHAHHS IPOTH MpAMOI MOAayi 0 AOCTYNHUX BHKOHaBILIB. [TokpamieHHs Ge3Nekn OXOIUTIOITH (parMeHTOBaHY
kpunrorpadiuyHy aBTeHTH(IKALi0 MOBIIOMIICHb, 3aXHIICHHHA TPAHCIOPTHHU 3B’SI30K Ta AMHAMIYHY B3a€MHY aBTeHTH(IKAIilo 3
dikcariero ceprudikatis i epemepuumu ceprudikatamu. Pearizaiiisi BAKOPHCTOBYE acCHHXpOHHUI (peiiMBopk Rust 3 merpukamu
eHeprii yepe3 amapatHi iHTepdeiicu. PesyabTaTn. [[ns mpukiagy omepariil y 4ep3i 4MCIOBI cUMYIALIi 0OOUUCIIIOBAIN TPAEKTOPIT
IIIJIOBUX YaCTHHOK Y Ta30BHX NMOTOKax. JndepeHiansHi piBHIHHS pyXy YaCTHHOK, SIKi BpaXOBYIOTh CHIIM B’SI3KOTO TePTS, iHEepIIil Ta
rpaBitamii, iHTErpyBaJHM 3a jgomomororo Merony Pynre-Kyrra-®enpbepra. Pesymbratn po3paxyHKIB BHKOPHUCTOBYIOTHCS IS
onrtuMi3anii TpyO Ta KaHaJIIB eHePreTHIHOro 00TanHaHHs. UHCIIOBI eKCIIepIMEHTH Ha KJIacTepi 3 KiTbKOMa cepBepaMy CUMYJTIOBAJIN
reTeporeHHi HaBaHTaXeHHs. ba3oBuii pe’kiM IOBHOT aKTHBHOCTI NOPIiBHIOBAIN 3 ONTUMIi30BaHIMH CTaHAMH, IEMOHCTPYIOUN 3HAYHE
CKOpPOYEHHS eHeprii mpu 30epexeHH] NPOayKTUBHOCTI. Pexxum Oydepusartii mokpamus CTIHKICTh 10 3001B; pe:KUM MOJa4i MOKpPAIIUB
3aTpuMKy. BucHoBku. IlincymoByroum, BIOCKOHaneHa apXiTekTypa Jucmerdep-PosropransHuk-BukoHaBenp MpocyBae craie
po3nonineHe oO4YHUCICHHS, OanaHCyrOud HalilHICTh, IIBUAKICTH Ta €HEProe(eKTUBHICTH IJIS TeTEPOTeHHUX 3aBIaHb. MaiOyTHi
PO3IIMPEHHST MOXYTh BKJIIOYATH MPOTHO3HY AHANITHKY JAJS MPOAKTHBHOrO MaciutabyBaHHs Ta riOpuamsauito nepudepidiHux i
XMapHHUX OOYHCIICHb.

KmiouoBi cioBa: OaratocepBepHa apXiTeKTypa; ONTHMi3allisi €Heprii; pPeXUMH eHepro30epeXeHHs; TeTepOoreHHi
HaBaHTaxeHHs, pamka DDE; yepru 3aBianp; KepyBaHHs CTaHaMH CEpPBEpiB
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