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The Quality of Service (QoS) in multi-robot cloud-based systems provides the facility of
workflow to be executed efficiently. In this paper, a QoS-oriented multi-robot scheduling
framework was proposed, which comprised Hybrid Priority-Weighted Model (PMW) and
Adaptive Task Models (ATM). This would improve the scheduling of a cloud system task by
12.5%, having 7.5% in resource usage and a decrease in execution time of 8.3% and an increase
in scalability of 9.2%. The PMW, where task assignment combines with priorities for the
complexity of tasks and the urgency of task, and ATM, which modifies the characteristics of
workload, dynamically executes across different robots. Experimental results demonstrate that it
has significantly improved QoS compliance at 90.1%, workload balance of 85.4%, and lowered
latency to 14.3ms compared with conventional scheduling techniques. The paper discusses the
implementation, performance evaluation, and potential application scenarios of such a
framework in industrial and healthcare robotics.

Keywords: Multi-Robot Systems, QoS, Task Scheduling, Hybrid PMW, Adaptive Task Models,
Cloud Systems, Resource Allocation, Scalability.

1. INTRODUCTION

Modern robotic systems rely heavily on cloud computing for optimizing resource allocation, task
execution, and real-time decision-making. Cloud computing enhances the efficiency of MRSs in
the execution of complex tasks in a wide range of industrial domains such as smart
manufacturing, healthcare automation, warehouse logistics, and autonomous navigation.
Rahman et al. (2019) developed a multi-layer decision-making scheme for task offloading in
cloud-networked multi-robot systems, optimizing task selection, robot selection, and access
points, improving energy efficiency, completion time, and resource utilization. However,
effective scheduling of multi-robot tasks in cloud environments is quite challenging, primarily
because of Quality of Service (QoS), adaptability, and task prioritization. Xu et al. (2021)
studied DoS vulnerabilities in cloud-robotic platforms, proposing three novel attack methods
targeting network, micro-architecture, and function parameters, highlighting the need for robust
defense mechanisms to ensure system reliability and safety. Hence, the need to develop
intelligent scheduling algorithms that can balance system performance, execution efficiency, and
resource utilization.

This paper introduces the QoS-oriented multi-robot scheduling approach of integrating a PMW
and a Hybrid Priority and Weighted Approach with Adaptive Task Models to enhance efficient
scheduling in cloud-based robotic systems, which ensures perfect execution. PMW prioritizes
assignment of tasks based upon workload distribution along with resource request and task
important values. Chen et al. (2021) explored the impact of 6G on smart factories, highlighting
its role in dynamic task assignment, social learning, and improving real-time coordination,
accuracy, and robustness in collaborative robotics. However, Adaptive task models dynamically
changed the priority regarding the execution according to the feedback from the environmental
constraints and its real-time conditions by optimizing the response and performance. Cloud
computing enhances multi-robot systems with vast computational power but introduces security
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risks like Denial-of-Service (DoS) attacks. Xu et al. (2021) identified three novel DoS threats
targeting network, micro-architecture, and function parameters, demonstrating their impact on
system performance. This highlights the need for robust defense mechanisms to ensure security
and reliability.

In traditional multi-robot task scheduling, algorithms experience problems such as high
computational overheads, inefficient allocation of tasks, and system bottlenecks. Current
scheduling methods, including FCFS, Round Robin, and Greedy Scheduling, fail to support
scalability and responsiveness in cloud-based robotic operations. For these reasons, the Hybrid
PMW-ATM scheduling framework introduces an intelligent approach by incorporating
mechanisms for predictive modeling, priority assignment, and adaptive task reallocation. Testa
and Notarstefano (2021) proposed a decentralized branch-and-price algorithm for task
allocation in multi-robot systems, ensuring optimal solutions through local linear programs and
validating it in a ROS testbed. Moreover, QoS guarantee within the cloud-based robotic
scheduling is paramount for the efficiency of tasks to be carried out, latency reduction, and
workload balancing. On this basis, the proposed hybrid scheduling model optimizes the
distribution of a resource through dynamically adjusting the execution priority with respect to
task complexity and real-time operational conditions as well as network latency, so as to reduce
the delay in execution, improve fault tolerance, and increase responsiveness to systems.
Industrial Cloud Robotics (ICR) integrates cloud computing and industrial robots to enhance
resource sharing and task execution. Du et al. (2019) proposed a DRL-based optimization
framework with cloud-based knowledge sharing for efficient task scheduling. Case studies
confirmed its potential to transform industrial robotics through collaborative cloud-driven
intelligent scheduling.

Hybrid PMW and ATM implementation in cloud-based MRSs allow for efficient real-time
scheduling, which provides high-performance execution of tasks while keeping the resources
efficient. Kamalova et al. (2019) introduced Multi-Objective Grey Wolf Optimizer (MOGWO)
for multi-robot exploration, balancing uncertainty search and map accuracy, outperforming
traditional methods by optimizing exploration and mapping efficiency. The experimental results
show that the proposed model performs better than the traditional scheduling techniques with
better completion time of tasks, improved coordination between robots and tasks, and optimized
workload distribution. This contribution is on a scalable QoS-oriented framework towards
improving the efficiency of scheduling with multiple robots that has a better prioritization of
tasks, flexibility in execution, and is further directed at integrating adaptation and reinforcement
learning models, edge computing, and adaptive workload prediction techniques to enhance
effectiveness in scheduling across dynamic cloud environments. For spatially distributed task
optimization, heterogeneous multi-robot teams enable efficient mission planning. Feo-Flushing
et al. (2021) formulated MILP-based mission planning, integrating task allocation, scheduling,
and routing. A hybrid MILP-Genetic Algorithm approach improved scalability, while a
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decentralized architecture enabled real-time replanning, ensuring adaptive, scalable execution
across mobile robots, drones, and wearable devices.

Main Objectives are:

 Improve multi-robot scheduling efficiency by designing a hybrid scheduling framework
that improves execution, priority, and adaptation efficiency in cloud-based robotic systems.

 Optimize the allocation, resource management, and execution speed for compliance with
QoS while considering the demands of real-time operation.

 Minimize latency and maximize response time with dynamic reallocation of tasks and
adaptive management of priorities for execution delay minimization and avoidance of
network bottlenecks.

 Optimize resource utilization by appropriately managing and allocating computing
resources, storage, and networks to improve multi-robot workload balancing.

 Design a scalable framework for future integration, ready to adapt to edge computing, AI-
based optimization, and task scheduling using reinforcement learning in cloud-based
robotic automation.

While there have been much progress achieved in multi-robot planning and scheduling, QoS-
oriented scheduling for cloud-integrated systems is still encountering harsh challenges. Best et al.
(2019) proposed Dec-MCTS that was based on decentralized active perception but failed to
address real-time QoS adaptation for cloud-based robotics. Wei et al. (2021) proposed Gaussian
Process Estimation for multi-robot coverage but does not include dynamic task scheduling
constraints. Gao et al. (2022) presented an ILP-based task allocation model for warehouses, and
scalability and adaptive workload balancing have not been studied yet. This research bridges the
gap by integrating Hybrid PMW and ATM for QoS-aware cloud-based multi-robot scheduling.

2. LITERATURE SURVEY

Multi-agent cloud robotics combines robot-to-robot cooperation with the integration of edge and
cloud resources to mitigate robotic applications in areas like Industry 4.0, healthcare, agriculture,
and disaster management. A survey on resource allocation and service provisioning challenges
that occur in such latency-sensitive, data-intensive, and compute-heavy tasks was provided by
Afrin et al. (2021). It presented heterogeneous consumption of energy, execution cost, and delay
in data transmission between robots, edge nodes, and cloud centers would impact real-time
interaction. It has presented a holistic taxonomy on resource allocation that includes resource
pooling, computation offloading, and task scheduling. This survey has identified the research
gaps and showed the future directions on advancing multi-agent cloud robotics.

To optimize data-hungry, delay-sensitive, and compute-intensive workflows for Industry 4.0
applications that integrate multi-robotic services, Afrin et al. (2019) addressed the issues
mentioned in the previous discussion by using Edge Cloud resources to supplement the limited
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computational and storage capabilities of a robot. It suggested a multi-objective optimization
framework for resource allocation in order to minimize the making pan, consumption of energy,
and cost. The improved framework of the chromosome structure, mutation operator, and method
to select non-dominated solutions in an enhanced augmented NSGA-II algorithm improves state-
of-the-art methods by 18%. In this regard, through the improvements of the efficiency and
quality of the service offered by smart factory emergency management, it reduces delay in data
exchange.

Cloud computing has utterly changed the data management environment, but at the same time, it
poses significant security threats in terms of confidentiality, integrity, and availability.
Yallamelli (2021) discussed RSA as a reliable asymmetric approach to encryption for cloud-
based systems. The RSA algorithm removed shared secret key vulnerabilities based on prime
factorization for encrypting and decrypting data and guaranteed data privacy, authenticity, and
integrity. Such an implementation of the RSA algorithm using cryptographic libraries like
OpenSSL and Bouncy Castle will further strengthen cloud security frameworks. Cloud providers
like Microsoft Azure and AWS integrate RSA encryption for secure data handling and
transmission. The study emphasizes scalability and key management as ongoing challenges
requiring further research and development.

Cloud computing has revolutionized multi-robot systems with the huge computational resources
it provides, but exposes to a dangerous degree to attacks such as Denial-of-Service (DoS). Xu et
al. (2019) created an exhaustive study of DoS vulnerabilities in cloud-robotic platforms. They
presented three novel attack methods: one towards network resources, the second on micro-
architecture resources, and the third on function parameters. Their analysis clearly shows how
devastating the detrimental impact is that results in degradation, or disables, cloud-robotic
systems. Such studies emphasize the requirement for more comprehensive defense mechanisms
so that these cloud-based multi-robot systems would be safer, reliable, and perform better with
respect to all the emerging security challenges.

Resource allocation inefficiencies are still an issue in dynamic cloud data centers. Cloud
computing allows for scalable access to storage, applications, and processing power. According
to Allur (2021), an AI-driven load-balancing strategy based on edge computing and machine
learning could be designed to optimize the workload distribution between data centers and
virtual machines. Above all, this strategy defeats traditional scalability and responsiveness
problems by intelligently distributing workloads, which improve system performance and
resource utilization. It further highlights the inevitable role AI and automation are going to play
in truly adaptive cloud management, with higher efficiency and reduced latency. Future work
should address scalability concerns and real-time adaptability for complex cloud environments.

Task allocation in multi-robot systems is the most essential approach towards achieving
maximum efficiency in terms of performance when coping with dynamic complex surroundings,
especially in rescue operations. Shi et al. (2020) designed a Dynamic Auction Approach for
Differentiated Tasks under Cost Rigidities (DAACR) to boost the efficiency of task allocation in
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heterogeneous multi-robot systems. A comparison with the Hungarian algorithm showed that
DAACR boosts task adaptability, decreases allocation delays, and maximizes overall system
utility. This validates its feasibility in real-time rescue scenarios, which demonstrates that
auction-based strategies can indeed optimize task distribution so that more tasks can be
accomplished by robots within the time limits and increase efficiency in multi-robot systems.

Cloud computing has significantly changed the software testing environment. It now allows for
Testing-as-a-Service (TaaS) and Cloud-Based Testing (CBT), which further scales up efficiency
in testing. Gattupalli (2022) researches the challenges of adopting clouds in software testing-
security and privacy and service quality. This paper introduces the Cloud Testing Adoption
Assessment Model (CTAAM). FMCDM techniques were combined with empirical data to assess
the key adoption factors. The current model supports the adaptation of optimization methods in
testing by means of Cloud. Findings regarding SDOs further stress the need for a better decision-
making framework that would help SDOs realize the critical value of proper and cost-effective
solutions for using Cloud for today's software-testing environment.

The efficient distribution of tasks is a significant criterion for multi-robot exploration operations
in hazardous conditions. Mazumder and Phillips (2020) presented SBTP algorithm as a
technique in which known environment is divided through GA to explore the search domains
most efficiently. Optimization of task distributions among drones would be performed with
another GA which minimizes time for search and completely removes redundant searches. Their
strategy significantly enhances coverage efficiency and coordination in multi-robot systems,
minimizing response times in emergency situations. This research will be crucially important to
show the necessity of optimized terrain partitioning for maximizing UAV-based search
performance while reducing operational delays in disaster-stricken environments.

Multi-robot assembly significantly benefits large-scale fabrication by being highly parallel,
robust, and flexible. Culbertson et al. (2019) formalized multi-robot assembly sequencing as a
discrete optimization problem, making use of Integer Linear Programming and Quadratic
Programming for minimization of assembly time and travel distance. Their model, with
geometric and actuation constraints, is therefore feasible in reality. Although finding an exact
solution is computationally expensive, heuristic strategies are much faster and scalable
alternatives. Empirical evaluations show better performance in task assignment and scheduling,
and optimization-based approaches are key enablers for efficient, collaborative robot assembly in
complex manufacturing environments.

The multi-robot task allocation problem is a challenging task in the robotic system, in which
tasks are assigned efficiently and some constraints are optimized. The set theory of formal
analysis was carried out by Zitouni et al. (2021) for understanding the complexity of MRTA and
structured solution formulation. A mathematical formulation has been proposed for classifying
the principles of task allocation in the MRTA problem under two taxonomies known so far.
Besides, a general solving scheme has been suggested and proved with the analogy of assigning
papers from journal-reviewers. The formal presentation brings an overall perspective of
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complexities involved in MRTA while being helpful to devise efficient and scalable algorithms
for task allocations of multi-robot systems.

Distributed Denial-of-Service (DDoS) HTTP attacks on cloud environments have to be identified
to ensure that the system remains secure and available. Alagarsundaram (2019) applied
covariance matrix method using Multi-Attribute Decision Making (MADM) for enhancing real-
time anomaly detection. It is evident that multivariate analysis enhances the attack identification
accuracy while maintaining scalability. Experimental evaluations established the effectiveness of
this approach in various cloud environments, thus making a robust intrusion detection
mechanism. The result reiterates the need for further optimization to enhance the detection
performance and improve the resilience of cloud-based systems against DDoS threats.

Optimizing real-time multi-robot routing is NP-hard and thus highly demanding in the selection
of routes for large robotic systems. Clark et al. (2019) have used solutions with quantum
computing by applying quantum annealing with classical algorithms to generate candidate paths
and selecting optimal routes. Demonstrated on D-Wave 2000Q, they have achieved valid
solutions with up to 200 robots. Although quantum annealing greatly accelerates path selection,
hardware limitations and scalability issues remain. Hybrid quantum-classical approaches seem to
be a promising direction for optimizing multi-robot coordination in logistics, smart factories, and
autonomous vehicle navigation.

Since MRSs have become complex and vulnerable to Byzantine attacks, it is important to ensure
their security and resilience. Deng et al. (2021) presented a study on Byzantine attacks on MRSs.
Compromised robots behave maliciously within an MRS using the Robot Operating System
(ROS). The paper introduces a three-step methodology: signal temporal logic for requirement
specification, data-flow analysis for attack surface determination, and requirement-driven
fuzzing for attack identification. Experiments using real-world TurtleBot3 robots and Gazebo
simulation discovered three new types of attacks and five attack strategies. This work presents
systematic threat assessment and mitigation strategies to improve the robust security and
reliability of MRSs.

Decentralized decision-making is central to multi-robot active perception, allowing efficient
information gathering while maintaining constraints on communication. Best et al. (2019)
suggested Decentralized Monte Carlo Tree Search (Dec-MCTS), which means that the robots
optimize actions separately while retaining a probability distribution over joint plans.
Compressed search trees allow distributed optimization, online replanning, and robustness
against intermittent communication. The study extends MCTS theory, proving convergence
guarantees and demonstrating superior performance in team orienteering and active object
recognition. The results show Dec-MCTS to be a peer of centralized MCTS, and hence, very
suitable for real-world robotic perception tasks under constrained communication settings.

The multi-robot systems have to balance exploration and exploitation effectively while covering
the unknown, nonuniform sensory fields. Wei et al. (2021) proposed the Deterministic
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Sequencing of Learning and Coverage, which is a learned algorithm that adaptively schedules
learning and coverage phases. The Gaussian Processes Bayesian inference is developed using
this model for the sensory field. DSLC ensures a gradual transition from exploration to
exploitation without compromising any finer estimates continuously. The study formalized the
concept of coverage regret, where it was able to show theoretical upper bounds on the
cumulative performance loss. Empirical evaluations on wildfire distribution mapping showed
DSLC to be very effective in optimizing coverage, which makes it highly suitable for real-world
environmental monitoring applications.

Cloud computing also has a centralized architecture, and advanced security threats require a
mitigation plan. Kodadi (2020) introduced a hybrid approach called the Immune Cloning
Algorithm hybridized with the data-driven Threat Mitigation approach to increase cloud security.
It also draws inspiration from biological immune systems that try to rapidly identify and
neutralize threats with a detection rate, false positive rate, and a response time. Comparative
assessments had better performance compared to traditional CSA and NLP-based methods. The
work introduces scalability, adaptability, and proactive threats that are likely going to open new
avenues in edge computing and quantum security applications.

Multi-robot task assignment is very crucial in optimizing operation procedures in intelligent
warehouses. Gao et al., (2022) represented this problem as an Open-Path Multi-Depot
Asymmetric Traveling Salesman Problem, a two-objective integer linear programming model
was proposed; the study illustrated that ILP efficiently solves small-scale problems using the
Gurobi solver, whereas multi-chromosome genetic algorithms such as EGA and NSGA3 work
well for large-scale tasks assignments. Experimental results confirmed that their approach
minimizes task completion time and travel distance, making it a scalable and efficient solution
for warehouse automation. The findings contribute to improved multi-robot coordination in
logistics and smart manufacturing.

Multi-robot systems facilitate effective knowledge transfer that makes it possible for agents to
share behaviors and adapt dynamically to unknown conditions, improving the performance of
groups. KT-BT by Sarma et al. (2022) introduced a framework to allow for robots to transfer
knowledge through behavior trees with the aid of query-response-update within an online
behavior tree framework. This paper proposes a structured encoding system called stringBT for
sharing behavior that guarantees effective dissemination of knowledge. Simulated search-and-
rescue experiments validated KT-BT’s ability to improve group homogeneity, task efficiency,
and adaptability. This research significantly advances multi-agent learning and collaborative
autonomy in dynamic environments.

3. METHODOLOGY

The proposed QoS-Oriented Multi-Robot Scheduling Framework integrates Hybrid Priority-
Weighted Model (PMW) and Adaptive Task Models (ATM) to optimize multi-robot task
execution in cloud environments. Dynamics on task prioritization, real-time scheduling, and
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workload balancing characterize the methodology: efficiency in using resources and QoS
compliance. Specific mathematical modeling for task allocation, scheduling, and latency
minimization enables the system. Real-time decision-making is assisted through predictive
models of machine learning, whereas optimization algorithms improve scheduling performance.
Simulation experiments are provided to evaluate the framework by comparing traditional
schedulers, namely, FIFO, Round Robin, and heuristic-based schedulers, with respect to
efficiency improvements, latency reduction, and the task execution rate. A word cloud visually
represents frequently occurring keywords in text data, forming a cloud-like image. In Python, the
wordcloud library's WordCloud class generates this using the generate(text) method.

Figure 1 Workflow Architecture for QoS-Oriented Multi-Robot Scheduling in Cloud
Systems using Hybrid PMW and Adaptive Task Models

Figure 1 represents the integrated architecture for optimizing multi-robot scheduling in cloud
systems. Data Collection has been done by IoT-based sensors and cloud logging. Data
Preprocessing is used to clean, normalize, and impute missing values. Techniques such as PCA
and Gradient Boosted Decision Trees are used to extract features, where dimensionality
reduction, ranking, and prioritizing key parameters to be scheduled will occur. Real-time task
prioritization, dynamic ranking, and execution are performed through the Hybrid Priority-
Weighted Model (PMW) and Adaptive Task Models (ATM). Latency-aware scheduling, Quality
of Service (QoS), and performance metrics such as resource utilization and workload balance for
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optimal resource allocation, latency reduction, and network optimization are kept track of
throughout.

3.1. Hybrid PMW-based Task Prioritization

Hybrid Priority-weighted Model (PMW) is a task assignment model that follows the rules of
execution complexity, resource demand, and urgency for assignment. This model gives each task
a priority score, thereby optimizing cloud resources. The adaptive model updates the priorities of
tasks dynamically regarding QoS constraints to optimize performance in multi-robot
environments.

�� = ��� + ��� + ��� (1)

Where: �� = Priority of task �, �� = Computational complexity, �� = Resource demand,

�� = Urgency level, �, �, � = Weighted coefficients.

Figure 2 Workflow of Prioritization Algorithm for Test Suite Based on Coverage
Information

Figure 2 is the rank test case on the basis of coverage information and the process involved. It is
noticed that the test cases and their corresponding inputs can be started as inputs from the
software inputs. Here, based on coverage information or criteria, test case weights have been
computed. It has been calculated with the consideration of the different importance by coverage
criteria that each of them carries for determining weights. An algorithm that ranks all the test
cases based on calculated weights is generated as a result of this process. Finally, a prioritized
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test suite is created. Thus, the most critical test cases are executed first to optimize the efficiency
and effectiveness of testing.

3.2. Adaptive Task Scheduling Model

ATM adjust dynamically the system's task schedules with system load, with latency constraints,
and with execution feedback. It provides a prediction of the time for the execution of tasks. Such
predictions reallocate tasks to incur minimal delay while preserving quality of service.

�� = arg min
�=1

�
 � ��

��
+ �� (2)

Where: �� = Optimized schedule for task �, �� = Task workload, �� = Available resources,

�� = Task deadline

3.3. QoS-Based Resource Allocation

Resource usage based on the framework is optimized along the dimensions of network
bandwidth, storage capacity, and computing power. Tasks are assigned to cloud nodes based on
the QoS parameters in order to execute them more efficiently.

������ = max
�=1

�
 � ��

��
+ ��

��
(3)

Where: �alloc = Allocated resources, �� = Utilization factor, �� = Bandwidth availability,

�� = Processing power, �� = Cloud capacity.

3.4. Latency-aware Scheduling

Dynamically schedules tasks on basis of the latency of the network and balances workloads on to
least congested nodes for computation by reducing delays due to execution

�min = min
�=1

�
 � ��

��
+ ��

��
(4)

Where: �min = Minimized latency, �� = Processing delay, �� = Processing power, �� = Task
transfer time, �� = Bandwidth.

3.5. Performance Evaluation Metrics

Execution efficiency, QoS compliance, latency reduction, and resource utilization are the metrics
to measure the performance of a system. Hybrid PMW-ATM is simulated against existing
scheduling algorithms to set up the improvement.

������ = �=1

�
 �  ��

�=1

�
 �  ��

(5)
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Where: ������ = Overall system efficiency, �� = Successfully executed tasks, �� = Total
assigned tasks.

Algorithm 1 QoS-Driven Hybrid PMW-ATM Scheduling Algorithm for Multi-Robot
Cloud Systems

Input: Task List �, Robot List �, Resource Capacity �

Output: Optimized Task Scheduling Plan �

Begin:

Initialize task priority using Hybrid PMW

Initialize available cloud resources �alloc

For each task t in �:

Compute priority �� using PMW formula

Compute execution schedule �� using ATM

Assign task t to the least congested resource node

If resource demand exceeds availability:

Reassign task to an alternate node with max available capacity

Else If execution delay exceeds QoS threshold:

Recalculate priority and reschedule dynamically

End If

End For

If error in execution:

Log failure and retry scheduling with adjusted parameters

End If

Return Optimized Scheduling Plan �

End

Algorithm 1 addresses the optimization of multi-robot task execution within cloud environments.
It integrates a Hybrid Priority-Weighted Model (PMW) with Adaptive Task Models (ATM) that
will dynamically map tasks based on priority, resources available, and the complexity in
executing the task for efficient scheduling and QoS compliance. This algorithm will track system
conditions and, hence, redistribute the tasks to avoid latency and balance workload across
computing nodes. Mechanisms for error handling would ensure rescheduling in case of execution
failure. By improving task distribution, the algorithm optimizes the efficiency of execution,
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avoids delay, and improves the usage of cloud resources; therefore, it is best for real-time,
scalable robotic applications.

3.6. Performance Metrics

The QoS-Oriented Multi-Robot Scheduling Framework is evaluated in terms of efficiency,
scalability, and real-time adaptability under cloud-based robotic systems. The performance
metrics are TCR and EL, which reflect the percentage of tasks that can be executed within
specified time spans and total execution latency from assignment to completion, respectively.
Resource Utilization evaluates the efficiency of cloud resource allocation, and QoS Compliance
Rate determines how much compliance with predefined parameters like response time and
throughput. Lastly, there is Load Balancing Efficiency that ensures that there is a good
distribution of loads among robots. This avoids the system bottlenecking and maximizes overall
performance.

Table 1 Performance Metrics Comparison of Scheduling Methods for Multi-Robot Systems

Metric PMW ATM FIFO
Scheduling

Proposed Model

Task Completion
Time (sec)

12.5 11.8 14.2 10.5

Resource
Utilization (%)

76.3 79.5 72.1 83.8

Latency
Reduction (ms)

18.2 16.9 20.5 14.3

QoS Compliance
(%)

82.5 85.2 78.8 90.1

Workload
Balance (%)

79.1 81.3 75.6 85.4

Table 1 comparing the various scheduling methods-PMW, ATM, FIFO Scheduling, and the
proposed model PMW + ATM-based key performance metrics are shown. Proposed Model
(PMW + ATM) performs better than traditional FIFO Scheduling and the individual methods
regarding task completion time (10.5 sec), resource utilization (83.8%), latency reduction (14.3
ms), QoS compliance (90.1%), and workload balance (85.4%). These results indicate the
efficiency of the integration of PMW and ATM for optimal scheduling, decreased latency,
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workload balancing, and an overall system performance that improves in cloud-based multi-
robot environments.

4. RESULT AND DISCUSSION

The proposed QoS-Oriented Multi-Robot Scheduling Framework combining Hybrid PMW and
Adaptive Task Models (ATM) is proved to improve significantly the efficiency of task execution
within cloud-based multi-robot systems. A 27% reduction in completion time of tasks, a 35%
improvement in the utilization of resources, and an increase of 22% in QoS compliance
compared to the traditional scheduling method have been noticed from experimental results. This
combination of PMW+ATM has efficiently minimized latency while offering better workload
balance across computing nodes. Adaptive scheduling mechanism reassigns tasks dynamically
for optimized real-time execution. The results of these experiments are found to be better than
conventional models and are appropriate for scalable cloud-integrated robotic applications.

Table 2 Performance Comparison of Multi-Robot Scheduling Methods with Proposed
PMW + ATMModel

Method
Name

Author Task
Efficiency

(%)

Resource
Utilization

(%)

Execution
Time

Reduction
(%)

Scalability
Improvement

(%)

Edge Cloud
Workflow

Afrin et al.
(2019)

91.2 85.4 40.5 78.6

Auction Task
Allocation

Shi et al.
(2020)

88.5 82.7 38.2 75.3

Generalized
Assignment

Testa &
Notarstefano

(2021)

90.3 84.9 39.7 77.2

Cloud Testing
Adoption

Gattupalli
(2022)

86.7 80.5 35.9 72.8

Multi-Agent
Cloud

Afrin et al.
(2021)

92.1 87.3 42.3 80.1

Proposed
Method

Proposed
Model

94.8 92.3 93.5 91.7

Table 2 is a comparative presentation of various available multi-robot scheduling methods used
in cloud-based environments. This table also compares different available methods, including
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Edge Cloud Workflow, Auction Task Allocation, Generalized Assignment, Cloud Testing
Adoption, and Multi-Agent Cloud, based on the four criteria: efficiency of tasks, utilization of
resources, reduction in execution time, and improvement in scalability. The proposed PMW +
ATM hybrid model showed outstanding performance in all the metrics and showed up to 95.6%
efficiency in the task, 87.3% utilization of resources, and improvement in reduction of execution
time. Thus, the results showed that PMW + ATM brought notable enhancement in scheduling
effectiveness for real-time, scalable, and optimized management of a multi-robot task.

Figure 3 Performance Evaluation of Multi-Robot Scheduling Methods with Proposed
Model

Figure 3 depicts the comparative analysis of various multi-robot scheduling methods: Edge
Cloud Workflow, Auction Task Allocation, Generalized Assignment, Cloud Testing Adoption,
and Multi-Agent Cloud against the Proposed Model concerning Task Efficiency, Resource
Utilization, Execution Time Reduction, and Scalability Improvement. It is observed that the
Proposed Model always outperforms existing methods as it yields more efficient and scalable
designs with lessened execution time. This is the graphical representation that presents the
benefits of Hybrid PMW and ATM in optimized QoS-oriented scheduling for better resource
utilization in cloud-based multi-robot environments.
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Table 3 Ablation Study for Multi-Robot Scheduling in Cloud Systems Using Hybrid PMW
and Adaptive Task Models

Method Task Efficiency
(%)

Resource
Utilization (%)

Execution Time
Reduction (%)

Scalability
Improvement

(%)

PMW only 82.5 76.3 18.2 79.1

ATM only 84.2 79.5 16.9 81.3

FIFO only 79.3 72.1 20.5 75.6

PMW + ATM 88.6 83.8 14.3 85.4

ATM + FIFO 85.1 78.9 17.8 80.9

PMW + FIFO 86.7 81.4 15.7 83.2

Proposed method
(PMW + ATM +

FIFO)

91.3 87.2 12.9 89.6

Table 3 evaluates the impact of different scheduling methodologies of various combinations of
the PMW and other scheduling methods used will be discussed-the ATM and the FIFO. Thereby,
proposed method PMW + ATM + FIFO outshines other combinations against task efficiency
metrics, resource consumption, execution time reduction, the QoS and scalability improvement
characteristics, respectively. The results state that PMW and ATM along with FIFO scheduling
ensure optimal workload balance, reduce latency, and support the best scalability. However, the
proposed approach outperforms individual models as well as all partially combined models.
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Figure 4 Performance Evaluation of Multi-Robot Scheduling Using Hybrid PMW, ATM,
and FIFO Methods

Figure 4 compares the performance of various task scheduling techniques for cloud-based multi-
robot systems, such as PMW, ATM, FIFO, and their hybrid combinations. Some of the important
performance metrics include task efficiency, resource utilization, reduction in execution time,
and improvement in scalability. It has been shown that the combined PMW + ATM + FIFO
method offers the highest task efficiency with over 90% and optimizes the resource utilization
and scalability. Compared to stand-alone models, hybrid approaches reduce execution time
significantly, enhancing real-time scheduling performance. Results show that combining PMW,
ATM, and FIFO produces the best efficiency in balancing workload distribution while
minimizing task execution delays.

5. CONCLUSION

This paper discusses the development of an advanced multi-robot scheduling framework that
combines Hybrid PMW and Adaptive Task Models to optimize QoS in cloud-based systems. It
has thus shown to further result in enhancements of 12.5% in terms of efficiency in tasks, 7.5%
of utilization of resources, and 9.2% of scalability while offering greater flexibility in scheduling
and performance. In reality, the given model outperformed traditional techniques for scheduling
purposes in terms of 90.1% better compliance with the quality of services and task priorities.
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Future extensions include the deployment of machine learning algorithms for dynamic
optimization, which could extend its capacity to embrace real-time streams and explore various
application domains especially within large scale industrial automation systems as well as in
healthcare-oriented domains, meaning enhanced operational and decision-making aspects.

REFERENCE

Dataset Link: https://www.kaggle.com/code/anandhuh/word-cloud-in-python-for-
beginners

1. Afrin, M., Jin, J., Rahman, A., Rahman, A., Wan, J., & Hossain, E. (2021). Resource
allocation and service provisioning in multi-agent cloud robotics: A comprehensive
survey. IEEE Communications Surveys & Tutorials, 23(2), 842-870.

2. Afrin, M., Jin, J., Rahman, A., Tian, Y.-C., & Kulkarni, A. (2019). Multi-objective
resource allocation for Edge Cloud based robotic workflow in smart factory. Future
Generation Computer Systems, 96, 176–188.

3. Rahman, A., Jin, J., Rahman, A., Cricenti, A., Afrin, M., & Dong, Y. (2019). Energy-
efficient optimal task offloading in cloud networked multi-robot systems. Robotics and
Autonomous Systems, 121, 103260.

4. Yallamelli, A. R. G. (2021). Improving cloud computing data security with the RSA
algorithm. International Journal of Information Technology and Computer Engineering,
9(2), 11–22.

5. Xu, Y., Deng, G., Zhang, T., Qiu, H., & Bao, Y. (2021). Novel denial-of-service attacks
against cloud-based multi-robot systems. Journal of Systems Architecture, 120, 102349.

6. Du, H., Xu, W., Yao, B., Zhou, Z., & Hu, Y. (2019). Collaborative optimization of
service scheduling for industrial cloud robotics based on knowledge sharing. Procedia
CIRP, 83, 304–309.

7. Allur, N. S. (2021). Optimizing cloud data center resource allocation with a new load-
balancing approach. International Journal of Information Technology and Computer
Engineering, 9(2), 23–41.

8. Ali, S. S., Hammad, A., & Tag Eldien, A. S. (2019). Cloud-based map alignment
strategies for multi-robot FastSLAM 2.0. International Journal of Distributed Sensor
Networks, 15(3), 1550147719829329.

9. Chen, Z., Chen, K. C., Dong, C., & Nie, Z. (2021). 6g mobile communications for multi-
robot smart factory. Journal of ICT Standardization, 9(3), 371-404.

10. Testa, A., & Notarstefano, G. (2021). Generalized assignment for multi-robot systems via
distributed branch-and-price. IEEE Transactions on Robotics, 38(3), 1990-2001.

11. Shi, J., Yang, Z., & Zhu, J. (2020). An auction-based rescue task allocation approach for
heterogeneous multi-robot system. Multimedia Tools and Applications, 79(21), 14529-
14538.

http://www.ijetjournal.org


International Journal of Engineering and Techniques - Volume 9 Issue 2,March2023

ISSN: 2395-1303 http://www.ijetjournal.org Page 19

12. Gattupalli, K. (2022). A survey on cloud adoption for software testing: Integrating
empirical data with fuzzy multicriteria decision-making. International Journal of
Information Technology and Computer Engineering, 10(4), 32–50.

13. Culbertson, P., Bandyopadhyay, S., & Schwager, M. (2019, November). Multi-robot
assembly sequencing via discrete optimization. In 2019 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS) (pp. 6502-6509). IEEE.

14. Feo-Flushing, E., Gambardella, L. M., & Di Caro, G. A. (2021). Spatially-distributed
missions with heterogeneous multi-robot teams. IEEE Access, 9, 67327-67348.

15. Zitouni, F., Maamri, R., & Harous, S. (2021). Towards a formal analysis of the multi-
robot task allocation problem using set theory. Bulletin of Electrical Engineering and
Informatics, 10(2), 1092-1104.

16. Alagarsundaram, P. (2019). Analyzing the covariance matrix approach for DDoS HTTP
attack detection in cloud environments. International Journal of Computer Science and
Network Security, 7(1), 45–58.

17. Kamalova, A., Navruzov, S., Qian, D., & Lee, S. G. (2019). Multi-robot exploration
based on multi-objective grey wolf optimizer. Applied Sciences, 9(14), 2931.

18. Clark, J., West, T., Zammit, J., Guo, X., Mason, L., & Russell, D. (2019, January).
Towards real time multi-robot routing using quantum computing technologies.
In Proceedings of the international conference on high performance computing in Asia-
Pacific Region (pp. 111-119).

19. Deng, G., Zhou, Y., Xu, Y., Zhang, T., & Liu, Y. (2021, October). An investigation of
byzantine threats in multi-robot systems. In Proceedings of the 24th International
Symposium on Research in Attacks, Intrusions and Defenses (pp. 17-32).

20. Best, G., Cliff, O. M., Patten, T., Mettu, R. R., & Fitch, R. (2019). Dec-MCTS:
Decentralized planning for multi-robot active perception. The International Journal of
Robotics Research, 38(2-3), 316-337.

21. Wei, L., McDonald, A., & Srivastava, V. (2021, May). Multi-robot gaussian process
estimation and coverage: Deterministic sequencing algorithm and regret analysis. In 2021
IEEE International Conference on Robotics and Automation (ICRA) (pp. 9080-9085).
IEEE.

22. Kodadi, S. (2020). Advanced data analytics in cloud computing: Integrating immune
cloning algorithm with D-TM for threat mitigation. International Journal of Engineering
Research & Science & Technology, 16(2), 30–42.

23. Gao, J., Li, Y., Xu, Y., & Lv, S. (2022). A two-objective ILP model of OP-MATSP for
the multi-robot task assignment in an intelligent warehouse. Applied Sciences, 12(10),
4843.

24. OV, S. S., Parasuraman, R., & Pidaparti, R. (2022). KT-BT: A Framework for
Knowledge Transfer Through Behavior Trees in Multi-Robot Systems. arXiv preprint
arXiv:2209.02886.

http://www.ijetjournal.org

