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While Edge AI is often conceptualised as a linear stack of functional layers, real-
world performance depends on the efficient implementation and seamless 
integration of these traditionally isolated components.

This white paper explores the complex, non-linear dependencies between the layers, identifying 
the handoff points where friction most often occurs. We also examine the critical challenges of 
bridging the abstraction gap in firmware, managing resource contention within the operating 
system and reconciling the probabilistic nature of AI runtimes with the deterministic requirements 
of decision logic. 

Also, by addressing the ‘data tax’ of perception and the necessity of a hardware-anchored root of 
trust, we move beyond simple implementation to a holistic model of cross-layer co-optimisation: 
and engineering tips are provided throughout to help designers achieve optimum performance, a 
secure data flow and high system resilience.
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In many respects, an Edge AI system can be thought of as having up to eight 
functional layers, spanning hardware, firmware, operating system (if applicable), 
AI runtime, perception, decision logic, security and cloud/edge management.

However, whilst convenient to think of an AI Edge system as comprising functional layers the reality 
is rather more complex. The functions are interwoven and non-linear and, in practice, the layers 
sometimes collapse or bypass one another to meet the extreme latency and power demands of 
Edge AI. 

In this white paper, we stick with the image of functional layers but delve into implementation and 
integration – which are very much two sides of the same coin, in terms of making getting the layers 
to function together as a cohesive, high-performance system rather than a collection of isolated 
components - and we offer tips to smooth the friction points where layers meet.

Introduction

Further reading

We discussed these layers in detail in our ‘Understanding the Functional Layers of Edge AI’ 
white paper.

Click Here to Download
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This layer forms the foundation (or substrate) upon which all Edge AI 
operations are built, and its effective integration with the layers above presents 
significant challenges, the main one of which is ensuring seamless data flow 
and computational alignment between one or more processing units and the 
firmware.

Each processing unit possesses a unique memory architecture, interconnects and instruction 
sets, making it difficult to establish a unified and efficient data path that the firmware can use. 
This heterogeneity complicates the development of a cohesive software stack, as firmware and 
operating system (OS) components must be meticulously tailored or abstracted to function across 
different processing devices.

Also, the fixed nature of hardware means that choices made at this layer can create long-term 
integration constraints for evolving AI models and software updates, demanding forward-thinking 
compatibility and abstraction strategies from the outset.

Layer 1 – Hardware Challenges

The Memory Wall

Hardware Implementation and Integration Tips

This is particularly pronounced in edge environments, where the speed of data processing 
far outstrips the rate at which data can be accessed from memory. Consequently, the act of 
moving data from various sensors to the processing unit often consumes more energy and 
introduces more latency than the AI inference computation itself, directly impacting both 
performance and battery life. At Simms we can help you select the best memory for your 
application. Contact us for advice and recommendation.

	o Prioritise model architectures that align with the specific hardware’s strengths. Note, 

we discuss these in our ‘Understanding the Functional Layers of Edge AI’ white paper: 
Click Here to Download

	o Implement active thermal management that scales frequency and voltage based on real-

time workload intensity to prevent throttling during critical inference windows.

	o Offload non-AI tasks – such as image signal processing - to dedicated hardware. Thise frees 

up the primary processing device- an NPU, for example - for pure inference, thus reducing 

overall system latency.

	o Use hardware-specific direct memory access (DMA) controllers to move data directly from 

sensors to the AI accelerator’s local SRAM, bypassing the main system bus.
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This layer serves as the crucial intermediary. It translates high-level software 
commands from the OS and AI runtime (layers 3 and 4 respectively) into the 
precise, low-level instructions required by the underlying hardware. The main 
integration challenge here is managing the ‘abstraction gap’ and ensuring 
robust communication interfaces.

The firmware must provide stable, consistent application programming interfaces (APIs) to the 
OS, allowing it to manage and schedule AI workloads without needing to understand the intricate 
register-level configurations of diverse AI accelerators: which are often proprietary, anyway.

A critical integration challenge is achieving a seamless handover of control and data between the 
firmware and the OS, particularly where power management is concerned. Indeed, the firmware 
must efficiently manage the power states of AI hardware to ensure accelerators are powered down 
when idle but can wake up with microsecond-level latency when the OS or AI runtime demands 
immediate inference. 

Mismatches between firmware versions and the expectations of the OS or AI runtime can lead to 
severe system instability or even render the device inoperable: and we cannot stress enough the 
importance of maintaining tight version control and compatibility testing across these layers. The 
integration of security features such as secure boot also heavily relies on the firmware’s ability to 
verify the integrity of the OS before execution.

Layer 2 – Firmware Challenges

Firmware Implementation and Integration Tips

	o Maintain a strict mapping between firmware versions, AI runtime versions and model 

compiler versions to ensure consistent inference results across a fleet of Edge AI devices.

	o Implement ‘always-on’ low-power islands in the firmware that monitor sensor thresholds 

and only wake the main AI accelerator when a relevant event is detected.

	o Use hardware abstraction layers (HALs) - like OpenVX or CMSIS-NN - to decouple the higher-

level software from specific hardware quirks, thus simplifying future hardware migrations.

	o Integrate telemetry hooks directly into the firmware to monitor hardware use and memory 

bandwidth in real-time to identify bottlenecks that are invisible to the OS.
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The OS is responsible for orchestrating all computational resources, managing 
the AI workload alongside a multitude of traditional system tasks such as 
networking, file input/output and user interface management. The biggest 
integration challenge is typically ensuring the harmonious sharing of resources 
and deterministic scheduling between the OS and the AI runtime.

AI runtimes are inherently resource-intensive, often attempting to monopolise CPU cycles, memory 
bandwidth and accelerator time. Such behaviour can starve other critical system processes 
managed by the OS, leading to integration failures like network timeouts or unresponsive control 
mechanisms. 

For real-time applications, the OS must provide deterministic scheduling, guaranteeing that an 
AI inference task always completes within a predefined, fixed time window irrespective of other 
concurrent system activities. Integrating this real-time capability often requires specialised OS 
configurations (e.g., PREEMPT_RT patches for Linux) or the adoption of a real-time operating 
system (RTOS), which must seamlessly interface with the AI runtime’s demands.

Note, the absence of an OS and how some of the layers need to take on OS-like responsibilities 
was discussed in our ‘Understanding the Functional Layers of Edge AI’ white paper: 
Click Here to Download

Layer 3 - Operating System Challenges

Memory Management

Hardware Implementation and Integration Tips

Efficient memory management is critical to both implementation and integration. The OS 
must prevent fragmentation and ensure that large AI models can be loaded and accessed by 
the AI runtime without undue latency: a task complicated by the often-limited RAM available 
on edge devices and the need for zero-copy data transfers from the perception layer. Feel free 
to talk to us about memory and other hardware for Edge AI.

	o Use taskset or cgroups to pin the AI runtime to specific CPU cores to prevent it from 

interfering with time-critical OS tasks, for example.

	o Configure the OS to use shared memory buffers between the perception drivers and the 

AI runtime, eliminating the need for costly data copying between kernel and user space.

	o Ensure the OS uses priority inheritance to prevent ‘priority inversion’, where a low-priority 

system task inadvertently blocks a high-priority AI inference.

	o Disable OS memory overcommitment to ensure that the AI runtime always has access to 

the physical RAM it requires, avoiding unpredictable out-of-memory (OOM) kills.
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This layer is responsible for loading the trained AI model, managing its 
execution graph and interfacing directly with the underlying hardware 
accelerators. The foremost integration challenge here is the ‘model-hardware 
impedance mismatch’ and ensuring efficient data exchange with the 
perception layer.

Models trained in the cloud often use high-precision floating-point numbers. However, to execute 
efficiently on resource-constrained edge hardware, the models must be ‘quantised’ to lower 
precision integer formats, such as 8-bit. The integration challenge lies in ensuring the quantisation 
process, often managed by the runtime, minimises accuracy loss while maximising compatibility 
with the hardware’s capabilities. 

A further complexity arises from ‘operator fallback’, which is when a specific mathematical operation 
within the AI model is not natively supported or efficiently accelerated by the edge hardware, and 
the runtime must gracefully fall back to executing that operation on the general-purpose CPU. For 
example, not all neural network operations are supported by NPUs - and CPUs often have to pick up 
on tasks like dynamic flow control and complex tensor operations. Again, we explore the strengths 
and weakness of hardware devices in detail in ‘How to Fasttrack the Development of Vision-Based 
AI at the Edge Systems’. Click Here to Download

This fallback, whilst ensuring functionality, frequently results in a significant and often unpredictable 
spike in latency, undermining the real-time performance guarantees essential for many Edge 
AI applications. The runtime’s ability to efficiently manage the memory required by the model’s 
tensors and intermediate activations, especially when receiving high-bandwidth data from the 
perception layer, is also a key integration point: one that demands careful allocation strategies to 
prevent fragmentation and latency.

Layer 4 - AI Runtime (Execution Engine) Challenges

Firmware Implementation and Integration Tips

	o Use representative datasets during quantisation to minimise accuracy loss and consider 

quantisation-aware training (QAT) for highly sensitive models.

	o Use runtime-specific compilers to fuse multiple mathematical operations into a single 

hardware kernel to reduce memory access overhead and improve throughput.

	o Configure the runtime to allocate all necessary tensors at startup rather than during 

inference, thus ensuring predictable execution times and preventing memory 

fragmentation: i.e. employ ‘static memory allocation’.

	o If running multiple models, use a runtime that supports concurrent execution or intelligent 

time-slicing to maximise hardware utilisation without exceeding the power budget.
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This layer is responsible for transforming physical signals, as captured by various 
sensors, into a structured and usable data format for the AI runtime. The biggest 
integration challenge is in achieving an efficient and timely handover of pre-
processed data to the AI runtime, coupled with robust sensor fusion.

The so-called ‘data tax’ - the substantial computational cost associated with pre-processing raw 
inputs - becomes an integration bottleneck if not managed effectively. For example, raw video or 
audio streams require extensive cleaning, resizing and normalisation. 

If pre-processing tasks are offloaded to the main CPU, they can quickly become a more significant 
performance bottleneck than the AI inference itself, consuming valuable cycles and introducing 
latency before the data even reaches the AI runtime. 

Furthermore, in sophisticated Edge AI systems that rely on multiple sensors, the perception layer 
must handle ‘temporal alignment’, which involves ensuring that data originating from disparate 
sensors (each with its own latency characteristics and sampling rates) accurately represents the 
exact same moment in time. 

Failure to achieve precise temporal alignment during integration can lead to erroneous AI 
inferences based on mismatched or outdated sensor information, severely compromising the 
system’s accuracy and reliability: particularly in dynamic environments like autonomous vehicles or 
robotics. The interface between the perception layer and the AI runtime must be highly optimised 
for bandwidth and latency.

Layer 5 – Perception Challenges

Perception Layer Implementation and Integration Tips

	o Take full advantage of sensors with built-in processing capabilities (e.g., smart cameras) to 

perform initial filtering and data reduction before the data even reaches the main processor.

	o Use dedicated 2D graphics engines or image signal processors (ISPs) to handle image 

resizing and colour space conversion. Ideally, the CPU should not be handling high-

bandwidth tasks.

	o Implement hardware-level precision timestamping for all sensor inputs at the point of 

capture to enable accurate sensor fusion and temporal alignment in the AI runtime.

	o Dynamically adjust sensor sampling rates based on the environment. For example, 

increase camera frame rates only when the motion sensor detects activity, saving power 

and bandwidth.
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While AI runtimes excel at producing statistical likelihoods - such as a “90% 
probability of detecting a pedestrian”, in an automotive application – this layer 
is responsible for translating them into concrete, deterministic actions: such as 
“Apply the brakes.”

The core integration challenge here is managing the seamless and safe transition from probabilistic 
AI outputs to deterministic system actions, particularly when it comes to ‘uncertainty management’: 
determining how the system should behave when the AI’s confidence is ambiguous (say only 10% 
confident that the object detected is a pedestrian). What action should be taken then?

More critically, poor integration can result in catastrophic failures in edge cases where the AI’s 
probabilistic output is misinterpreted or acted upon inappropriately. This layer must also seamlessly 
integrate ‘safety interlocks’, predefined rules or mechanisms that can override the AI’s decision if it 
violates established physical constraints, operational boundaries or critical safety regulations. 

Interestingly, this creates a complex ‘hybrid intelligence’ system, in which AI provides insight, but 
human-defined logic retains ultimate control for safety and compliance. Such a hybrid system 
requires robust communication and arbitration mechanisms between the probabilistic and 
deterministic domains.

Layer 6 – Decision Logic Challenges

Chatter

Decision Logic Layer Implementation and Integration Tips

A failure to correctly integrate the AI runtime and decision logic layers can lead to undesirable 
behaviours like chatter, where the system rapidly and indecisively toggles between two 
conflicting actions, potentially causing mechanical wear or operational inefficiency.

	o Apply temporal smoothing to AI outputs to prevent rapid oscillations in decision-making, 

thus ensuring that the system only acts on sustained, high-confidence detections.

	o Define safe states for the decision logic to revert to in cases where the AI runtime fails, the 

confidence score drops below a critical threshold, or the sensor data becomes corrupted.

	o Use formal methods or state-machine modelling to verify the decision logic to ensure that 

the AI’s probabilistic nature cannot drive the system into an illegal or dangerous state.

	o Implement rule-based ‘sanity checks’ that log the specific reasons why the AI 

recommendations were either accepted or overridden by the decision logic.
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Ensuring security at the edge presents a major challenge, primarily because 
Edge AI devices are often deployed in physically exposed or untrusted 
environments, making them susceptible to direct physical access and 
tampering by malicious actors.

The main integration challenge here is in establishing ‘cross-layer trust’. Security cannot be an 
afterthought or an isolated component, it must be woven into the fabric of every single layer, from 
the foundational hardware root of trust (RoT) to encrypted model storage, secure boot processes 
and authenticated communication channels. 

Understandably, implementing these interwoven security features nearly always comes with a 
performance penalty. For example, executing an AI model within a trusted execution environment 
(TEE) or utilising encrypted memory to protect sensitive data can significantly increase 
computational overhead and latency, potentially compromising the real-time responsiveness that 
is paramount for many edge AI applications. 

Integration at this layer is therefore something of a balancing act, and engineers must find the 
sweet spot where the system is adequately protected against various threats - including IP theft, 
data exfiltration and tampering - without unduly sacrificing the critical real-time performance 
required for its intended function. This trade-off demands careful architectural design and rigorous 
validation across all integrated components.

Layer 7 - The Trusted Execution Environment Challenges

The Trusted Execution Environment Layer Implementation and Integration Tips

	o Use secure elements or trusted platform modules (TPMs) to store cryptographic keys, 

ensuring that the firmware and OS can be verified during a secure boot process.

	o Encrypt the AI model at rest and only decrypt it within the secure memory of the AI 

accelerator to protect proprietary IP.

	o Implement remote confirmation so the cloud management layer can verify the integrity of 

the entire software stack before allowing the device to join the network.

	o Move only the most sensitive parts of the data flow (like cryptographic signing of decisions) 

into a secure enclave, leaving the heavy AI inference in the high-performance domain.
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This layer oversees the entire lifecycle of edge devices and encompasses initial 
deployment, continuous monitoring and critical over-the-air (OTA) updates. 
The biggest implementation/integration challenge is ensuring scale and 
connectivity. Specifically, while managing a single edge device might be 
straightforward, orchestrating a fleet of thousands of devices - often operating 
across intermittent, low-bandwidth or unreliable network connections – is 
extremely complex.

Updates, particularly for firmware or AI models, must either complete successfully or the device 
must be able to reliably roll back to a previously known good state. This is known as ‘atomic 
behaviour’ and prevents devices from becoming inoperable when firmware or AI model update 
fails to complete in its entirety. Moreover, this layer is crucial for addressing data drift, which occurs 
when the performance of deployed AI models degrades over time due to changes in environmental 
conditions or input data characteristics. 

The management system must continuously monitor the real-world performance of AI models in 
the field, detect when accuracy begins to decline and then trigger a re-training cycle in the cloud, 
followed by the secure deployment of updated models back to the edge. Understandably, the 
entire process requires robust, secure and efficient integration across all layers to ensure the long-
term viability and effectiveness of the Edge AI deployment.

Layer 8 - Cloud/Edge Management (and Fleet 
Management) Challenges

Cloud/Edge Management Layer (and Fleet Management) Implementation 
and Integration Tips

	o Use dual-bank flash memory to allow for seamless OTA updates, where the new software is 

written to an inactive partition and only switched over after a successful verification.

	o Only transmit changes between software versions to minimise bandwidth usage and 

reduce the time the device spends in an updating state.

	o Implement intelligent ‘importance sampling’ at the edge, only sending anomalous or low-

confidence data back to the cloud for manual review and re-training.

	o Maintain a ‘digital twin’ of each edge device in the cloud to simulate the impact of an update 

before pushing it to the physical hardware, thus reducing the risk of fleet-wide failures.
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As mentioned in our introduction, it is convenient to think of an Edge AI system 
as layers – and we ran with that depiction in the above sections. However, 
thinking of them as a simple 1-to-8 stack can actually be a trap for engineers as, 
in practice, the following are not uncommon:

Porous Layers

The Collapsed Stack

Cross-Layer Short-Circuits

Security as a Wrapper, Not a Layer

The Management Feedback Loop

In many Edge AI designs, layers are physically or logically merged. For example, ‘in-sensor 
processing’ collapses the hardware, the firmware and perception layers (1, 2 and 5, respectively) 
into a single silicon die. By the time the data reaches the OS (layer 3), it has already been filtered or 
partially inferred.

For safety-critical systems, the decision logic (layer 6) often has a short-circuit directly to the 
hardware (layer 1). For example, if a proximity sensor detects an imminent collision, the system 
should not wait for the data to travel up through the OS, AI runtime and detection layers (3, 4 and 
5, respectively). Instead, a hardware-level interrupt in layers 1 and 2 should bypass the ‘intelligent’ 
layers and trigger immediate action.

A hardware RoT (in layer 1) is useless if cloud Management (in layer 8) doesn’t have a secure path 
to verify it. Security therefore acts more like a fabric that binds the other layers together. Note in 
our ‘Understanding the Functional Layers of Edge AI’ white paper (Available on our website - www.
simms.co.uk/intelligent-solutions/) we expressed this as dependency between the security and all 
other layers. Whether seeing security as running through or wrapping (all layers) amounts to the 
same thing, though.

Cloud/Edge Management (layer 8) isn’t really the ‘top layer’ of the Edge AI stack. Rather it is a part 
of a closed loop system that, for example, monitors the AI runtime (layer 4) for accuracy drift and 
pushes updates back down to the firmware (layer 2) or the model in the execution engine (layer 
4 – AI runtime).
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At Simms, we understand that optimising an Edge AI system is about much 
more than selecting a processor or deploying an AI model. Real-world 
performance depends on how effectively the different parts of the system 
work together, from hardware and memory through to sensing, inference, 
connectivity and long-term management.

Through our close relationships with trusted technology vendors and ecosystem partners, we 
can help you make informed decisions across the Edge AI stack, ensuring that your system is well 
balanced in terms of performance, power consumption, scalability and cost

How Simms Can Help You Optimise your Edge AI System

Helping You Select the Right Technologies

Assisting with Secure and Scalable Deployment

Choosing the right hardware and software platform is one of the biggest challenges in Edge AI 
development. Different applications place very different demands on compute, memory, sensors 
and connectivity. We can support you with:

	o Evaluating compute platforms such as CPUs, GPUs and NPUs. 

	o Selecting memory and storage technologies suitable for AI workloads. 

	o Identifying the most appropriate sensors and connectivity options. 

	o Matching AI runtimes and operating environments to your application requirements. 

	o Balancing performance, thermal constraints and power efficiency.

Our aim is to help you avoid overengineering while ensuring that your chosen architecture can 
support both current and future requirements.

Security, remote management and lifecycle support are increasingly important considerations for 
Edge AI deployments, particularly as systems scale beyond prototype stage. Through our vendor 
network and technical ecosystem, we can help with:

	o Secure boot and trusted hardware approaches. 

	o Firmware and software update strategies. 

	o Remote monitoring and telemetry. 

	o Cloud/edge connectivity and fleet management. 

	o Long-term component availability and supply-chain continuity. 

This helps ensure that your Edge AI deployment remains secure, maintainable and commercially 
sustainable over time
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Beyond technology selection, Simms can help bridge the gap between proof-of-concept and real-
world deployment. Leveraging our distribution expertise and supplier relationships, we support 
customers as they move from evaluation and prototyping through to scaled deployment and long-
term product support.

Ultimately, our role is to help simplify the journey to Edge AI adoption by connecting you with the 
right technologies, partners and expertise needed to build efficient, reliable and scalable Edge AI 
systems.

From Prototype to Production

While the layered model provides a vital framework for categorising Edge AI 
functions, the primary integration challenge lies in moving beyond a rigid, 
linear stack to a holistic, interwoven system. In high-performance environments, 
these layers do not simply sit atop one another; they must be designed with 
porous boundaries to facilitate rapid data exchange and minimise latency: and 
for this reason, we were keen to provide implementation and integration tips 
throughout this white paper.

Summary

Effective integration often requires collapsing layers to bypass the traditional upward flow that 
can bottleneck real-time responses. Furthermore, critical safety and security functions must act 
as cross-layer short-circuits, allowing the decision logic to trigger immediate hardware actions 
without waiting for the overhead of the OS or AI runtime. Also, security and cloud management 
should not be viewed as isolated steps at the end of the process, but as a continuous fabric and 
feedback loop that binds the entire architecture together.

Withing this white paper we also explained how Simms simplifies Edge AI adoption by providing 
expert guidance across the entire functional stack, from initial prototyping to scaled production. 
By leveraging our close relationships with trusted technology vendors, we help engineers select 
optimal compute platforms, memory and sensors, while balancing performance, power and cost. 
We can assist in identifying system bottlenecks, optimising data movement and implementing 
robust security through trusted hardware and secure boot strategies. Indeed, we can help ensure 
that your Edge AI deployments are not only high-performing but also secure, scalable and 
commercially sustainable.
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