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Abstract

Computers and real processes work together in Cyber-real Systems (CPS). Computers and net- works that are embedded in physical
processes are usually set up with feedback loops so that physical processes can change computations and computations can change
physical processes. Such systems have a lot more economic and social potential than is currently known. Huge amounts of
money are being spent all over the world to create the technology. A lot of problems need to be solved, especially since the
real parts of these systems make safety and dependability standards very different from those in general-purpose computers. Object-
oriented software components are also qualitatively different from real components. Isolations that are based on method calls and
threads don’t work. This essay looks at the difficulties of creating these kinds of systems and specifically asks if today’s computer
and networking technologies are good enough to support CPS. It comes to the conclusion that it won’t be enough to make design
processes better, raise the level of abstraction, or check designs built on today’s ideas in any way, whether officially or not. We
will need to rebuild computer and networking models in order to get the most out of CPS. These models will need to include both
computing and physical processes in a single way.

Keywords: Cyber Physical Systems (CPS), Internet of Things (IoT), Machine Learning, Artificial Intelligence, Smart
Agriculture, Paddy Disease Detection, Deep Learning

1 Introduction

Cyber-Physical Systems (CPS) are systems that combine computing with physical processes in order to achieve
integration. The physical processes are overseen and regulated by embedded computers and networks, and feedback loops are
often used, whereby physical processes have an impact on The National Science Foundation has provided funding for this project
(CNS-0647591 and CNS-0720841). calculations and vice versa. In the real world, the passage of time is relentless, and
concurrency is an inherent aspect of life. In the computer and networking abstractions that we use today, neither of these
qualities can be found. It is perhaps possible for the applications of Cyber-Physical Systems to outweigh the information
technology revolution of the 20th century. The list includes medical systems and devices that inspire con- fidence, assisted living,
traffic safety and control, advanced automotive systems, process control, energy conservation, environmental control, avionics,
instrumentation, control of critical infrastructure (for in- stance, electric power, water resources, and communication systems),
distributed robotics (telemedicine and telepresence), defense systems, manufacturing, and smart structures. New capabilities,
such as dis- tributed micro power production that is tied into the power grid, are simple to comprehend since the challenges
of timing accuracy and security that are associated with such capabilities are so prominent. The use of more advanced
embedded intelligence in vehicles has the potential to significantly enhance the transportation networks by increasing both
efficiency and safety. The use of networked autonomous vehicles has the potential to significantly improve the efficiency of
our military. Additionally, they might provide disaster recovery methods that are much more successful. It is possible that the
implementation of networked building control systems, which include things like heating, ventilation, and air condition- ing
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(HVAC) as well as lighting, would result in a substantial improvement in the efficiency with which energy is used as well as
a reduction in demand variability. This would in turn lead to a decrease in our reliance on fossil fuels as well as a reduction in
our emissions of greenhouse gases. Distributed control technologies and distributed agreement over the amount of available
bandwidth would be very beneficial to cognitive radio in the field of communications.

2 Basic Requirements for CPS

Embedded systems are subjected to a higher reliability and predictability level than general-purpose computers. Consumers
do not anticipate TV crashes and reboots. They now rely on dependable autos,with computer controllers significantly
improving dependability and efficiency. The switch to CPS will enhance the expectation of dependability. Without enhanced
dependability and predictability, CPS will not be used in traffic management, vehicle safety, or health care. Unfortunately,
the physical world is unpredictable. Cyber physical systems must be resilient to unforeseen situations and flexible to subsys-
tem failures, since they operate outside of controlled environments. Engineers encounter fundamental stress; providing
predictable and trustworthy components makes system assembly simpler. No compo- nent is 100% dependable, and the
physical environment might bring unanticipated variables that hinder prediction. How dependent may a designer be on
predictable and trustworthy components while devel- oping a system? How does she prevent brittle designs that collapse
catastrophically when operational circumstances deviate? This is an old engineering issue. Digital circuit designers
depend on highly predictable and reliable circuits. Circuit designers have used innately stochastic processes (electrons) to
achieve unparalleled accuracy and dependability in human creativity. They can produce circuits that execute logical
functions reliably, on time, billions of times per second, for years. This is constructed on a very random substrate.
Should system designers depend on predictability and reliability? All digital systems today rely on this to some extent.
Many in the circuit design industry question if this dependency hinders advancements in technology. Small feature sizes
increase vulnerability to substrate randomness. As system designers depend less on digital circuit predictability and
reliability, we may go faster to lower feature sizes. No major semiconductor foundry has developed a circuit production
technology that guarantees 80% logic gate functionality. These gates are considered fully unsuccessful, and the procedure
that provides them often yields low results. However, system designers may create resilient systems to such failures. The
goal is to increase yield, not product dependability. If a gate fails 20% of the time, a successful system must route around it
using healthy gates to replace its functionality. Gates that have not failed will often function at 100%. Thus, the issue is not
whether to design robust systems, but rather at what level to include robustness. Should systems be designed with gates
that behave as expected 80% of the time? Should systems be designed to accommodate 20% of failed gates and expect that
gates that pass yield testing will function 100% of the time? Counting on gates that pass the yield test to function almost
always is very valuable. Such stability at any system design ab- straction level is crucial. However, resilience is necessary at
higher levels of abstraction. Memory system designers include checksums and error-correcting codes notwithstanding the
excellent dependability and predictability of components. With billions of components (e.g., one gigabit RAM) functioning at
billion times per second, even near-perfect dependability may result in occasional faults. Simple idea to follow. Components
should be predictable and trustworthy at any level of abstraction, if possible technologically. If such components are not
technologically viable, the next level of abstraction must provide robustness. Nowadays, successful designs follow this rule.
Making predictable and dependable gates is still theo- retically achievable. We create systems around this. Making wireless
communications predictable and dependable is challenging. We use robust coding and adaptive procedures to compensate one
step higher. The obvious issue is whether software systems can be predictable and dependable. Computer architec- ture and
programming languages are based on the idea that software is predictable and trustworthy, especially when referring to basic
programming languages. With an imperative programming language like C, designers can rely on a machine to behave as
described with about 100% dependability. Scaling up from basic programs to software systems, especially cyberphysical
systems, is problematic. Even the simplest C application lacks predictability and reliability in CPS due to missing important
system behavior elements. The system may not get the desired behavior despite the faultless execution of the code.
Mistiming deadlines is one example. Program execution is not affected by missed deadlines in C, since time is not part of its
semantics. However, it is crucial for assessing system performance. A fully predictable and dependable component may not
be reliable in relevant dimensions. This is abstraction failure. The issue worsens with more complicated software systems.
Using operating system primitives for I/O or concurrent threads outside C might lead to unpredictable behavior that must
be carefully managed by program designers [19]. Software designers use semaphores, mutual exclusion locks, trans- actions,
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and priorities to address the loss of predictability and dependability. We must examine whether this loss of predictability and
dependability is essential. I think not. Delivering predictable and depend- able software, including qualities like time, may
significantly alter the complexity of designing resilient systems. We should prioritize making systems predictable and
dependable when technically viable, and only give up when there is clear evidence that it is not practicable or cost-effective.
No software proof exists. We have a significant advantage to building software systems on digital circuits, which are highly
predictable and trustworthy for aspects such as timing and functionality. Let’s investigate abstraction’s failure. FIGURE 1:
Schematic of abstraction layers used in embedded system architecture. In this three-dimensional Venn diagram, each box
represents a set. The collection of all microprocessors is at
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Figure 1: Layers of abstraction in Computing

the bottom. An example of a microprocessor in this set is the Intel P4-M 1.6GHz. All x86 apps that can run on that CPU
are listed above. The x86 instruction set architecture (ISA) accurately defines this set, unlike the prior set, which was difficult
to specify. A Java virtual machine implementation is an example of a program developed in that instruction set. Also
associated with this component is the col- lection of all JVM bytecode programs. Each pro-silicon chip microprocessors
ASICchipsFPGAsprograms A VHDL program synthesizable A VHDL program Programs in C++ SystemCprograms Java
programs Javabytecode programs FPGA setups standardcelldesignsx86 code JVMexecutables P4-M 1.6GHz x e ¢ ut ¢
sjavacC program performance models The Linux process Posixthreadstask-level actor-oriented models Figure 1.
Computing abstraction layers Grams are generated by a compiler from a valid Java application. This set is specified exactly
by Java syntax. These sets provide an abstraction layer to assist designers in selecting pieces without being exposed to the
specifics. Creative creation and specification of sets have led to many creative computer advancements. Most abstractions in
embedded software have failed in the present state. ISA users worry about temporal features that the instruction-set architec-
ture cannot guarantee, leading to failure in hiding hardware implementation details from software. No commonly used
programming language conveys temporal features, resulting in the failure of hiding ISA facts from program logic. Timing is a
simple implementation accident. Real-time operating systems conceal program specifics from concurrent orchestration,
although timing may impact results. RTOS cannot ensure. The network conceals electrical or optical communication
specifics, yet many standard networks lack time assurances and sufficient abstraction. System designers must tackle both
design and execution in silicon and wires.

3 Background

Cyber Physical Systems (CPS) represent the integration of computational intelligence, communication technologies,
sensing devices, and physical processes to enable real-time monitoring, automation, and intelligent decision-making.
The design and implementation of CPS involve multiple challenges related to scalability, interoperability, data
security, reliability, communication efficiency, computational complexity, and real-time response management. Recent
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advancements in artificial intelligence, Internet of Things (IoT), machine learning, big data analytics, image
processing, and cybersecurity have significantly influenced the development of modern CPS architectures. Existing
literature demonstrates that the major design challenges in CPS include secure communication, intelligent automation,
predictive analytics, efficient data processing, fault tolerance, and adaptive system optimization.

One of the primary design challenges in Cyber Physical Systems is handling massive volumes of heterogeneous data
generated by distributed devices and sensors. Shrivas and Singh (2016) discussed the role of big data analytics in
managing complex and large-scale datasets through scalable processing architectures and distributed analytical
frameworks. Singh (2020) further analyzed different aspects of big data systems and emphasized challenges associated
with storage, processing, visualization, and management of real-time data streams in intelligent systems. Data privacy
and secure information exchange are also major concerns in CPS environments. Singh (2017) investigated privacy
issues in big data systems and proposed security mechanisms to protect sensitive information from unauthorized
access and cyber threats. Similarly, Singh (2018) examined privacy and security concerns in large-scale computational
systems and highlighted the need for robust encryption techniques and secure communication protocols to enhance
CPS reliability.

The integration of IoT and intelligent sensing technologies in agriculture has become an important application area of
Cyber Physical Systems. Singh and Sharma (2021) proposed a novel architecture for monitoring and prediction of rice
plant diseases using computational intelligence and sensor-driven agricultural systems. Their work addressed critical
CPS challenges such as real-time monitoring, predictive analytics, and adaptive disease management. Sinha, Chawda,
and Singh (2021) investigated smart agriculture systems using MQTT-based communication protocols and IoT
devices for efficient communication and remote monitoring in agricultural CPS environments. Awasthi and Singh
(2023) reviewed machine learning methods for detecting rice plant diseases and discussed the challenges of image
segmentation, classification accuracy, and automated decision-making in intelligent agricultural systems.

Real-time monitoring and predictive disease management remain significant CPS design challenges in precision
agriculture. Singh and Tripathi (2025) proposed an loT-enabled machine learning framework for real-time monitoring
and prediction of sheath blight disease in paddy farming by integrating image processing, sensor data, and deep
learning techniques. Their study highlighted challenges related to sensor integration, data synchronization, and real-
time decision-making. Patel, Singh, and Awasthi (2025) introduced a Python-based computational framework for
paddy leaf disease detection and emphasized image preprocessing, feature extraction, and pattern recognition
techniques for intelligent agricultural automation. Mehta, Singh, and Awasthi (2025) reviewed loT-based technologies
for identification and monitoring of rice crop diseases and discussed challenges associated with wireless sensor
networks, cloud integration, communication latency, and data interoperability in agricultural CPS applications.
Sharma, Sethi, and Singh (2025) proposed technology-driven strategies for crop health optimization and emphasized
the role of artificial intelligence, predictive analytics, and automated monitoring systems in sustainable agricultural
ecosystems.

Another major design challenge in Cyber Physical Systems is achieving accurate diagnosis, adaptive learning, and
intelligent automation. Purani and Singh (2025) explored innovative approaches in plant disease diagnosis and
highlighted the integration of computational intelligence with biological systems for enhanced decision-making.
Chauhan, Parihar, and Singh (2025) further examined Al-assisted diagnostic systems and advanced imaging
methodologies for intelligent disease detection. Mandwale and Singh (2025) investigated advancements in paddy
disease management and discussed the integration of automated monitoring systems with intelligent crop health
optimization techniques. Singh and Tripathi (2026) introduced deep learning with Jaya optimization techniques for
automated paddy leaf disease detection and demonstrated the importance of optimization algorithms in improving
classification accuracy and computational efficiency within CPS environments.

Cybersecurity remains one of the most critical design challenges in Cyber Physical Systems due to the interconnected
nature of physical devices and communication networks. Rana and Singh (2026) proposed CyberSuite v2, a zero-
knowledge web-based cybersecurity toolkit designed for secure digital operations and privacy-preserving
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communication. Their work emphasized vulnerability analysis, secure authentication, and data protection mechanisms
for CPS architectures. Vashi, Singh, and Purani (2024) reviewed blockchain security protocols and discussed
challenges related to decentralized communication, consensus mechanisms, and secure transaction management in
distributed systems. Singh (2026) explored real-time monitoring and control mechanisms in loT-based cyber-physical
systems and highlighted the importance of intelligent monitoring frameworks for ensuring operational security and
reliability.

Machine learning and image processing also play significant roles in addressing CPS design challenges associated
with pattern recognition, authentication, and intelligent prediction. Mishra and Singh (2018) conducted a survey of
advanced palmprint recognition systems and analyzed biometric authentication approaches using image processing
and fuzzy logic techniques. Mishra (2018) further proposed a palm-print authentication framework that demonstrated
the role of feature extraction and pattern recognition in secure biometric systems. Navadiya and Singh (2025) reviewed
image extraction techniques and discussed modern image processing methods, segmentation algorithms, and feature
optimization strategies relevant to CPS-based intelligent vision systems. Singh, Chawda, and Singh (2021) applied
machine learning algorithms for player placement prediction in PUBG datasets and demonstrated the effectiveness of
predictive analytics in behavioral modeling and intelligent decision systems.

Healthcare systems and intelligent automation frameworks also contribute significantly to CPS research. Mandwale
and Singh (2025) developed a multiple disease prediction system using machine learning algorithms for automated
healthcare diagnostics. Their work addressed challenges related to prediction accuracy, data integration, and intelligent
decision-making in healthcare CPS applications. Srivastava et al. (2024) introduced an Al-based humanoid device for
object identification, demonstrating innovations in robotics, automation, and intelligent sensing systems. Patel and
Singh (2026) proposed a centralized internship portal system that highlighted the role of web-based CPS architectures
in streamlining industrial and educational coordination. Ismail, Tanwar, and Singh (2026) developed SmartFarm
Assist, a mobile and web-based farm assistant system integrated with artificial intelligence support for automated
agricultural guidance and decision-making.

Educational analytics and intelligent data mining techniques have also been applied to CPS-oriented systems. Vashi,
Singh, and Patel (2024) analyzed student academic performance using fuzzy association rule mining and demonstrated
the effectiveness of intelligent analytical models in educational decision support systems. Akshay and Srikant (2026)
proposed a data-driven approach for predicting diamond thickness in chemical vapor deposition systems and
highlighted the role of predictive modeling and computational optimization in engineering CPS applications.
Dewangan (2015) analyzed flooding and directed diffusion protocols in communication systems and discussed
network routing efficiency and communication optimization challenges relevant to distributed CPS environments.

The reviewed literature demonstrates that the design challenges of Cyber Physical Systems are multidimensional and
involve issues related to scalability, interoperability, communication efficiency, cybersecurity, intelligent automation,
predictive analytics, real-time processing, and adaptive optimization. Existing studies strongly emphasize the
integration of artificial intelligence, machine learning, IoT, cybersecurity, image processing, and data analytics for
enhancing CPS performance and reliability. However, several challenges remain unresolved, including secure
interoperability between heterogeneous devices, latency reduction, computational efficiency, privacy preservation,
fault tolerance, and explainable artificial intelligence. Future research should focus on developing sustainable, secure,
scalable, and adaptive CPS architectures capable of supporting intelligent real-time applications across agriculture,
healthcare, cybersecurity, education, and industrial automation.Putting computers and real processes together is not a
new idea. "Embedded systems” are building systems that combine computers with real-world tools. Communication, air
traffic control, car gadgets, home tools, defense systems, games, and toys are all good examples of great uses. Most
embedded systems, on the other hand, are closed ’boxes” that hide their working power. The huge change we expect
will happen when these devices are connected. This kind of networking is hard to do properly. Bench testing is often used
to check the speed and concurrency of embedded software. This method has worked because the programs are very small
and don’t have any connections to the outside world that could change how they act. But our programs need integrated
devices with lots of features that can connect to a network. This means that lab testing and encasing are not enough. There
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are times when testing software in a networked setting is not possible. Also, common networking techniques make it harder to
predict how programs will act. Making time reliable in an open world is a big problem for technology. Embedded
systems, which use small computers to make products work better or be more useful, were once seen as a problem for
industry. Early embedded software was only different from regular software in that it had limited resources, like memory, data
word sizes, and slow clocks. People see the “embedded software problem” as a problem with making things better. Engineers
write software in C or assembly code to get the most out of their computers. They stay away from operating systems with a
lot of services and do routine tasks with customizable DSPs and network processors. For almost 30 years, these methods
have shaped the job of designing and building embedded software. Over 19 years ago, Stankovic [26] attacked the idea
that real-time computing is the same as fast computing or performance engineering. An important part of embedded
computing is real-time processing. A lot of computer science areas, like design, programming languages, operating systems,
and networking, use models that don’t include time. Synchronous digital logic in design makes timing accurate, but changes
have made it hard to estimate or predict how long software will take to run. Modern CPU designs use memory structure,
dynamic dispatch, and speculative processing to speed up programs, but they do so at the cost of being less predictable.
With these ways, it’s hard to tell when a certain piece of code will be run. 1. Embedded software writers may choose
customizable DSPs because they are efficient and can be planned for ahead of time. Even apps that don’t need to be fast
are affected. Computer-based monitoring has reported that the real-time speed of modern PCs is about the same as that of
PCs from the mid-1980s. Moore’s law has been around for twenty years, but this has not gotten better. Hardware design
methods aren’t the only ones to blame. Technologies like operating systems, computer languages, user interfaces, and
networking have become more complex. All of them use a program construct that doesn’t care about time. There are no
timing features in any standard computer language, and “correct” program processing has nothing to do with time.
Benchmarks look at average speed and don’t take into account how predictable time is. Real-time was already thought of in
a certain way before integrated computers became common [31]. In computing, states change in a way that ends. Most
computers and code are based on this concept. 1. A simple view says that it is useless to try to guess how long a
Turing-complete language will take to run. Not true. Without timing promises, no time-sensitive cyber- physical system can
be put in place. If Turing completeness goes against this, it has to be given up. Current programming languages and
operating systems. But this simple idea might not work for CPS. Networking will be used in the coolest cyber-physical
systems. The most common ways of networking add randomness and changes in time. Embedded systems usually use less
popular networking protocols, like CAN lines in manufacturing and FlexRay in cars, and can only connect to systems in a
small area. What are the most important features of networking technology for larger networks? Which ones work with ways
for world networking? With the help of new time synchronization methods, systems that are connected can agree on what time
it is to the nearest second [16]. What might this mean for the creation of global cyber-physical applications? What does it
mean for safety? Can we lower the security risks that come from time changes? Can security measures make them more
reliable by using a shared idea of time? Distributed denial of service assaults are challenging to manage in typical IT
networks, but can they be managed in time-synchronized networks? Embedded gadgets are hard for operating system
technology to keep up with. People still think of RTOS systems as best-effort. A program’s realtime attributes must be
specified by making operating system calls to define priorities or timer interruptions. Are RTOSs only a short-term fix for
weak computing foundations? So what would replace them? Is the 1960s-established border between operating system and
programming language still valid? It would be fantastic if so.

4 Solutions

We’ve had these issues before, of course, and A lot of creative experts have added to the field. Progress has been made in
formal proof, modeling, and simulation. techniques, ways to get certified, software engineering Processes, design
techniques, and tools for software components all make a big difference. Without, we’d be lost. these steps forward. But I
think that for CPS systems to reach their full potential, they will need completely new technologies. It is possible that these will
show up as steps. improvements on tools that are already in use, but since timing in the most basic ideas of computers, this
seems to be the case. not likely. This needs to be fixed in any full answer. lack. Even so, small changes can add up to a
big difference. Concurrent programming is one example. There are better ways to do things than using threads. As an
example, Split-C [10] and Cilk [8] are programming languages that are like C and can the ability to use multiple threads with
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simpler building blocks and more power than raw threads. A similar method combines To make things more uniform,
language extensions with rules that limit how well existing languages can be used and actions you can count on. One
example is the Guava language. [5] limits Java so that items that aren’t synchronized can’t be accessed from more than
one thread. This also makes clear the a difference between locks that protect the security of read data (read locks) and locks
that let you safely change it of the information (write locks). SHIM also makes it easier to control how threads connect
with each other [29]. These changes to the language They can get rid of a lot of nondeterminacy without losing much
speed, but there is still a chance of deadlock, and Again, none of them deal with the fact that they don’t use time meaning.
As I already said, I think the best way to do things is it is predicted where it is technically possible to do so. It is possible
to do predictable parallel processing, but it takes a lot of work. the issue in a different way. When you start with a highly
depend on threads and other nondeterministic mechanisms If the coder wants to get rid of that uncertainty, we should Start
with composable, predictable systems and only add nondeterminism when it’s needed. One method that is very much a
bottom-up method is to change the way computers are built so that they can give accurate timing [12]. In this way, predictable
coordination may be possible. of acts happening at the same time. But it doesn’t answer the question of what kind of
software will be made, since programming dialects and methods have been banned so completely time from the area of
conversation. It’s easy to get accurate time if we want to. give up speed; the task for engineers is to deliver both accuracy
and well-being. We can’t just throw away systems like caches and pipes, and 40 years of Getting better at computer
languages, tools, and operating systems Systems and networking will need to be rethought in a lot of ways. There is a lot
of good stuff in the abstraction stack. work to build on. ISAs can be made bigger by adding instructions that provide
accurate time with little extra work [15]. Memory scratch pads can be used instead of caches [3]. It is possible for deep
overlapping pipelines to be efficient and deliver on time [20]. Pause times for memory management limits can be set [4]. Timed
semantics can be added to programming languages to make them more useful [13]. Carefully picked out Strict analysis can be
used to tame conflict models [6]. It is possible to make software parts naturally run at the same time. and timed [21].
Networks can give you very accurate time synchronization [16]. Schedulability research can give you control of entry,
allowing for run-time flexibility without Uncertainty in timing [7]. Top-down methods based on the idea of model-based
design go well with bottom-up approaches. [28]. "Models” that show how the system should behave are used instead of
”programs” in this method. IT software is put together from the models.However, developing this young technology presents
numerous obstacles and possibilities. Discrete-time models employed in control and signal processing systems do not
accurately represent software and network behavior [23]. While “logical execution time” [13] provides a potential
abstraction, it still requires obtaining worst- case execution durations for software components. A bottom-up solution is
necessary for this top-down approach. Explorations of rich interface specifications and composition are fascinating parts of
model- based design. General-purpose computing benefits from interfaces reflecting behavioral features (e.g., [22]).
Developing and composing specific “interface theories” [11] seems promise for expressing aspects not normally conveyed in
computers. Theories may indicate causality, including temporal behavior, real- time resource utilization, timing limitations,
protocols, depletable resources, and more [34, 30, 14, 17, 9, 1]. Developing coordination languages [24] may leverage software
technology investments by introducing new semantics at the component interaction level, rather than the programming language
level. Examples include Manifold [25], Reo [2], and other “actor oriented” techniques [18].

5 Conclusion

The underlying abstractions of computing need to be rethought in order for the full promise of CPS to be realized. It is a
given that making gradual enhancements will continue to be beneficial. However, in order to successfully coordinate software
and tangible procedures, it is necessary to use semantic models that take into consideration the characteristics that are of
importance to both.
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