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| ABSTRACT

This article presents a structured approach for verifying artificial intelligence accelerator hardware, with a specific focus on matrix
compute engines and SRAM-based local buffers. The verification article is organized into three distinct abstraction layers:
functional modeling, micro-architectural validation, and performance-sensitive stress scenarios. Functional modeling establishes
mathematical correctness through Python-based golden models and bit-exact comparisons. Micro-architectural validation
employs directed and random testing to verify hardware implementation details, pipeline stages, and memory access patterns.
Performance-sensitive stress testing evaluates system behavior under realistic workloads using end-to-end neural network
inference tests and UVM environments. The article demonstrates how this layered approach successfully identifies subtle
synchronization issues, memory coherency violations, and timing errors that conventional methodologies might miss. A detailed
case study highlights the detection of a pipeline misalignment bug that occurred only under specific matrix dimension
conditions. The framework has been successfully implemented in commercial Al accelerator projects, resulting in improved
verification efficiency, enhanced bug detection rates, and reduced development cycles, while enabling verification assets to
evolve alongside architectural innovations.
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1. Introduction

In the rapidly evolving landscape of artificial intelligence hardware, verification methodologies must adapt to the unique
challenges posed by modern Al accelerators. As these specialized processors become ubiquitous across edge devices, cloud
infrastructure, and data centers, their verification demands a structured approach that accounts for high throughput
requirements, complex pipelining, and concurrent memory operations.

The verification challenge has grown substantially with recent hardware developments. Al accelerator designs now commonly
implement densely packed multiply-accumulate (MAC) units operating concurrently at increasingly high clock frequencies. The
verification complexity scales exponentially with these parameters, necessitating structured approaches that can address both
functional correctness and performance validation. Research published in IEEE Transactions indicates that matrix computation
blocks in modern accelerators feature intricate data flow patterns that must be rigorously verified to ensure computational
accuracy across various precision formats and workload patterns [1].

Industry surveys indicate that verification consumes a significant portion of the total development effort for Al accelerators, with
debugging accounting for a substantial percentage of this verification time. Conventional verification methodologies developed
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for general-purpose processors often prove inadequate when applied to these specialized architectures. This inadequacy stems
from the unique characteristics of Al hardware: massively parallel compute units, specialized memory hierarchies, and workload-
specific optimization techniques. Studies examining verification methodologies for domain-specific hardware have shown that
specialized approaches targeting the unique characteristics of Al accelerators can substantially reduce verification cycles while
improving bug detection rates [2].

The memory subsystems in modern Al accelerators present particular verification challenges. Current designs typically
incorporate substantial on-chip SRAM organized into multiple banks with varying port configurations per bank. These memory
structures must support sustained high bandwidth while maintaining data coherency across complex access patterns. Verification
methodologies must address both functional correctness and performance characteristics under these demanding conditions.
Research has demonstrated that memory access patterns in neural network accelerators exhibit distinctive characteristics that
require specialized verification strategies, particularly for identifying corner cases in concurrent access scenarios [1].

This paper presents a layered verification methodology specifically designed for the unique requirements of Al accelerator
hardware. The approach divides verification activities into three distinct abstraction layers: functional modeling, micro-
architectural validation, and performance-sensitive stress scenarios. This structured framework has demonstrated significant
improvements in verification efficiency, with case studies showing notable reductions in verification cycles compared to
traditional approaches. Academic research on verification methodologies has confirmed that layered approaches that separate
functional correctness from performance validation can more effectively target the unique challenges posed by specialized
accelerator architectures [2].

2. The Verification Challenge for Al Hardware

Al accelerators present verification engineers with several unique challenges compared to general-purpose processors. These
specialized hardware architectures implement massively parallel matrix operations that require cycle-accurate validation across
thousands of concurrent computation units. Research published in IEEE Transactions on Computers indicates that modern Al
accelerators may contain upwards of 8,000 individual processing elements operating in synchrony, with each element
performing between 2 and 4 operations per cycle. This massive parallelism creates exponential growth in the state space that
must be verified, requiring innovative approaches to maintain verification completeness without excessive resource consumption

[3].

Deep pipelines with intricate data dependencies and synchronization present another significant challenge. Unlike conventional
processor pipelines with relatively straightforward data flows, Al accelerator pipelines often implement complex data routing
schemes to maximize operational efficiency. Studies of verification methodologies for deep learning hardware have shown that
pipeline depths in modern Al accelerators frequently exceed 50 stages, with data dependencies spanning multiple pipeline
segments and clock domains. These characteristics create fertile ground for subtle synchronization bugs that may only manifest
under specific operational conditions, necessitating sophisticated verification strategies that can systematically explore timing-
dependent behaviors [3].

Local memory hierarchies with complex access patterns and potential resource conflicts represent a third major verification
challenge. Al accelerators typically implement sophisticated memory structures to support the massive data bandwidth
requirements of neural network operations. Research published in ACM Transactions on Architecture and Code Optimization has
documented that memory access patterns in deep learning workloads exhibit distinctive characteristics that differ significantly
from those seen in general-purpose computing. These patterns include strided access sequences, broadcast operations, and
gather-scatter patterns that must be correctly implemented and thoroughly verified to ensure operational correctness. Memory
resource conflicts, particularly in designs implementing shared buffers with multiple access ports, create additional verification
complexity that must be systematically addressed [4].

Performance requirements that must be verified under realistic workloads constitute the fourth major challenge. Al accelerators
are designed to achieve specific performance targets for representative workloads, requiring verification not only of functional
correctness but also of performance characteristics. Comprehensive analyses of verification methodologies have demonstrated
that performance verification requires distinct approaches from functional verification, with specialized techniques needed to
validate throughput, latency, and power efficiency across various operational scenarios. This dual verification requirement—
addressing both functionality and performance—significantly increases verification complexity compared to general-purpose
processors, where performance validation often follows more established patterns [4].

The increasing complexity of these systems necessitates a verification strategy that can scale with architectural sophistication
while maintaining complete functional coverage. As Al accelerators continue to evolve, incorporating more specialized features
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and optimizations, verification methodologies must adapt accordingly. Research into verification approaches for specialized
hardware has shown that traditional methodologies often fail to scale effectively with the increasing complexity of Al
accelerators, necessitating more structured and layered approaches that can decompose the verification challenge into
manageable components while maintaining comprehensive coverage across the design [3].
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Fig 1: Verification Challenges in Al Accelerator Hardware [3, 4]

3. A Layered Verification Methodology

The proposed verification approach divides the validation process into three distinct abstraction layers, each targeting specific
aspects of Al accelerator functionality. This layered methodology addresses the multifaceted verification challenges posed by
modern Al hardware through systematic decomposition of the verification problem space. Research published in ResearchGate
demonstrates that layered verification approaches can reduce overall verification effort by approximately 35% compared to
monolithic methodologies while improving bug detection rates, particularly for complex synchronization and timing issues [5].

3.1 Layer 1: Functional Modeling

At this foundational layer, verification focuses on mathematical correctness and algorithmic integrity. The approach centers on
developing comprehensive Python-based golden models that serve as reference implementations for all accelerator operations.
These models encode the expected behavior of the hardware in a platform-independent manner, enabling verification of the
fundamental algorithms before addressing implementation-specific details. Studies published in formal verification literature
have shown that approximately 40% of critical bugs in Al accelerator designs stem from algorithmic misinterpretations that can
be identified through thorough functional modeling before proceeding to hardware implementation [5].

Validation of core operations, including matrix multiplications and activation functions, constitutes a central component of this
layer. The functional models must capture the complete mathematical behavior of these operations across all supported
precision formats and operational modes. This includes edge cases such as saturation behavior, rounding modes, and special
value handling that might otherwise be overlooked in less comprehensive verification approaches. Research indicates that
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comprehensive validation of these core operations at the functional level can identify approximately 65% of algorithmic issues
before they propagate into hardware implementations [6].

Co-simulation infrastructure linking Python models with SystemVerilog design under test (DUT) via DPI-C interfaces enables
direct comparison between the reference models and hardware implementations. This infrastructure facilitates automated
regression testing and continuous verification throughout the development process. According to published research, effective
co-simulation frameworks can reduce the time required to identify and diagnose mathematical discrepancies by up to 60%
compared to manual comparison methods, significantly accelerating the verification process [6].

Bit-exact comparison between hardware and software implementations ensures computational accuracy across all supported
operations and precision formats. This rigorous comparison methodology identifies subtle discrepancies that might otherwise
remain undetected, such as differences in rounding behavior or edge case handling. Research has demonstrated that bit-exact
validation is particularly important for quantized implementations where small computational differences can accumulate across
layers of neural network processing, potentially resulting in significant accuracy degradation in end-to-end applications [5].

This layer ensures the computational accuracy of the accelerator's fundamental operations before proceeding to architectural
validation. By establishing mathematical correctness at this foundational level, subsequent verification activities can focus on
implementation-specific aspects rather than basic algorithmic correctness. Studies have shown that comprehensive functional
modeling can reduce the overall verification effort by identifying approximately 45% of functional bugs before proceeding to
more detailed architectural validation [6].

3.2 Layer 2: Micro-Architectural Validation

The second layer addresses hardware-specific implementation details, focusing on the architectural components that realize the
functional specifications. Directed test sequences targeting specific pipeline stages and data paths verify the correct operation of
individual hardware modules and their interactions. These directed tests systematically exercise known challenging scenarios
based on architectural analysis and previous design experience. Research published in domain-specific Al accelerator verification
literature indicates that directed testing at the micro-architectural level can identify approximately 55% of design-specific bugs,
particularly those related to pipeline control logic and synchronization between functional units [5].

Random test generation to explore edge cases in operand alignment and timing extends coverage beyond the scenarios
anticipated in directed testing. Constrained-random approaches use intelligent constraints to guide the exploration toward areas
with higher potential for discovering bugs while maintaining reasonable simulation efficiency. According to published studies,
well-designed constrained-random testing can identify approximately 30% of subtle bugs that might be missed by directed
testing alone, particularly those related to unanticipated interactions between design components [5].

SRAM buffer verification under various access patterns validates the correct operation of the memory subsystem under realistic
usage scenarios. This includes testing sequential access patterns, strided access, broadcast operations, and gather-scatter
patterns that are common in neural network workloads. Research has shown that memory subsystem bugs account for
approximately 35% of critical issues in Al accelerator designs, emphasizing the importance of thorough verification in this area.
Comprehensive testing of access patterns can identify approximately 60% of these memory-related issues during the micro-
architectural validation phase [6].

Validation of error correction code (ECC) functionality for memory integrity ensures robust operation in the presence of soft
errors. This includes verification of error detection and correction capabilities under various error patterns and operational
conditions. Studies indicate that ECC-related issues account for approximately 15% of memory subsystem bugs in modern Al
accelerator designs, with particular importance in applications requiring high reliability, such as automotive or medical systems
[6].

Micro-architectural validation examines how the functional units interact within the physical constraints of the hardware
implementation. This layer bridges the gap between algorithmic correctness and hardware realization, ensuring that the
architectural implementation faithfully executes the intended functionality. Research has demonstrated that comprehensive
micro-architectural validation can identify approximately 70% of implementation-specific bugs before proceeding to system-
level verification, significantly reducing the cost and effort associated with late-stage bug discovery [5].

3.3 Layer 3: Performance-Sensitive Stress Scenarios

The highest layer evaluates system behavior under realistic workloads, focusing on both functional correctness and performance

characteristics. End-to-end neural network inference tests with representative models validate correct operation across complete

application workflows. These tests exercise the accelerator with real-world neural network architectures, ensuring that the design
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correctly implements the full processing pipeline from input to output. Research published in formal verification techniques for
Al accelerator hardware has shown that approximately 25% of critical bugs in Al accelerator designs only manifest during end-
to-end processing of complex models, emphasizing the importance of comprehensive system-level testing [6].

Stress testing with maximum throughput scenarios validates performance characteristics under worst-case operational
conditions. These tests push the accelerator to its theoretical limits, verifying that it meets performance targets while maintaining
functional correctness. According to published studies, performance verification under stress conditions can identify
approximately 40% of performance-limiting bottlenecks that might not be apparent under typical operating conditions, enabling
optimization before hardware implementation [6].

Coverage-driven Universal Verification Methodology (UVM) environments provide systematic exploration of the verification
space while tracking progress toward coverage goals. These environments employ sophisticated coverage models that capture
both functional and performance aspects of the design, guiding verification efforts toward areas with lower coverage. Research
has demonstrated that well-designed coverage models can improve verification efficiency by approximately 30% compared to
less structured approaches, ensuring more effective use of limited verification resources [5].

Assertion-based monitors for protocol correctness and buffer coherency validate design invariants during operation. These
monitors continuously check for violations of design constraints and protocols, providing immediate feedback when issues
occur. Studies indicate that comprehensive assertion coverage can identify approximately 45% of subtle protocol violations and
timing issues that might otherwise remain undetected until late in the development process or even post-silicon validation [5].

This layer ensures that the accelerator meets performance targets while maintaining functional correctness under load. By
combining functional verification with performance validation, this approach addresses the dual requirements of Al accelerator
verification: ensuring both correct operation and achievement of performance targets. Research has shown that integrated
performance and functional verification can reduce overall verification time by approximately 25% compared to separate
verification approaches while providing more comprehensive validation of real-world operational characteristics [6].

Layer

Verification Activity

Bug Detection Rate

Layer 1: Functional Modeling

Python golden models

40% of critical bugs

Core operations validation

65% of algorithmic issues

Layer 2: Micro-Architectural

Directed testing

55% of design-specific bugs

Random testing

30% of subtle bugs

SRAM buffer verification

60% of memory-related issues

Comprehensive validation

70% of implementation bugs

Layer 3: Stress Scenarios

End-to-end testing

25% of critical bugs

Performance verification

40% of bottlenecks

Assertion-based monitoring

45% of protocol violations

Table 1: Bug Detection Effectiveness Across Verification Layers [5, 6]

4. Practical Implementation

The implementation of this verification methodology has been successfully deployed in commercial Al accelerator projects, with
particular focus on matrix compute tiles in FPGA-based inference engines. Field studies of verification approaches in industrial
settings have documented the application of layered verification methodologies across multiple commercial accelerator designs,
with measurable improvements in both verification efficiency and bug detection rates. According to research published in
ResearchGate, organizations adopting structured verification approaches have reported reductions in overall verification time of
between % and 5-40% compared to traditional methodologies, with particularly significant improvements for complex Al
accelerator architectures [7].

The results demonstrate several key benefits that have been quantitatively measured across multiple implementation projects.
Case studies published in verification literature have documented these benefits across diverse accelerator architectures, from
edge-focused designs optimized for power efficiency to high-throughput datacenter accelerators. The consistency of these
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benefits across different design categories underscores the general applicability of the layered approach to Al accelerator
verification [7].

4.1 Critical Bug Detection

The layered approach has proven effective at identifying subtle synchronization issues that might otherwise remain undetected
until hardware bring-up. Industry reports indicate that approximately 35% of critical bugs in Al accelerator designs relate to
synchronization and timing issues that are particularly challenging to identify through conventional verification approaches. The
structured methodology's emphasis on systematic validation across abstraction layers has demonstrated particular effectiveness
in exposing these issues before hardware implementation [8].

Pipeline stall conditions under specific operand combinations represent a common category of subtle bugs that the layered
approach has successfully identified. Research published in the Journal of Systems Architecture has documented that these stall
conditions typically occur when specific data patterns trigger corner cases in pipeline control logic, potentially resulting in
deadlock or throughput degradation. The layered methodology's combination of directed testing at the micro-architectural level
and stress testing at the system level has proven particularly effective at exposing these conditions, with documented case
studies showing detection of pipeline stall issues that evaded conventional verification approaches [7].

Memory coherency violations during concurrent access patterns constitute another category of subtle bugs effectively identified
through the layered approach. Industry studies have shown that these coherency issues typically manifest only under specific
combinations of access patterns and timing conditions, making them particularly challenging to detect through conventional
verification methods. The systematic approach to memory subsystem verification in the layered methodology, combined with
assertion-based monitoring of coherency constraints, has demonstrated effectiveness in identifying these issues before hardware
implementation. Research indicates that approximately 40% of memory coherency bugs can be detected through the structured
approach compared to conventional methodologies [8].

Timing violations at module boundaries under maximum throughput represent a third category of subtle bugs effectively
identified through the layered methodology. These violations typically occur when data traverses clock domain boundaries or
interfaces between different functional units under high-throughput conditions. The performance-sensitive stress testing layer of
the methodology specifically targets these scenarios, creating conditions that maximize the likelihood of exposing timing issues.
Case studies published in verification literature have documented instances where this approach identified timing violations that
would likely have remained undetected until post-silicon validation, potentially saving months of debugging effort and
substantial redesign costs [7].

4.2 Verification Efficiency

By stratifying the verification process, engineering teams can achieve significant improvements in verification efficiency through
several mechanisms. Research published in the Journal of Systems Architecture has quantified these efficiency gains across
multiple commercial accelerator projects, demonstrating consistent improvements in verification productivity and effectiveness
[8].

Parallelizing verification efforts across different abstraction layers enables more efficient utilization of engineering resources and
reduces overall verification time. Studies have shown that teams adopting the layered approach can achieve approximately 30%
higher verification throughput by allowing different team members to work concurrently on different abstraction layers. This
parallelization reduces the critical path in the verification schedule while maintaining the dependencies between layers where
necessary. Case studies have documented reductions in verification schedule of between 20-and 35% through effective
parallelization of verification activities [8].

Reusing verification components between projects represents another significant source of efficiency gains. The structured
nature of the layered approach promotes the development of modular verification assets that can be reused across multiple
projects with minimal modification. Research indicates that organizations adopting this approach typically achieve reuse rates of
60-75% for verification components across successive accelerator designs, substantially reducing the effort required for
verification setup and development. This reuse extends across all abstraction layers, from functional models to UVM
environments and assertion libraries [7].

Focusing directed testing on areas with the highest complexity and risk enables more efficient allocation of verification
resources. The layered approach facilitates this focus by providing a structured framework for identifying high-risk areas based

on architectural analysis and verification experience. Studies have shown that teams adopting this approach typically concentrate
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60-70% of their directed testing efforts on approximately 30% of the design that presents the highest verification risk, resulting
in more effective bug detection with lower overall verification effort [8].

Reducing overall verification cycles through early detection of fundamental issues represents perhaps the most significant
efficiency benefit of the layered approach. By identifying algorithmic and architectural issues at earlier stages of the verification
process, the methodology prevents these issues from propagating into later stages where they would be more costly to detect
and fix. Research has quantified this benefit, showing that bugs detected at the functional modeling layer typically require 3- 5x
less effort to diagnose and fix compared to the same bugs detected during system-level verification or post-silicon validation.
This early detection can reduce overall verification cycles by 25-40% according to studies published in verification literature [7].

Benefit Category Metric Value Application Area
Overall Efficiency Verification Time Reduction 25-40% Complex Al accelerator
architectures
lSS);rl:cek;ronlzatlon/ﬂmlng 35% of critical bugs Hardware bring-up phase
Critical Bug Types ]
S 40% detection Concurrent access
Memory Coherency Violations .
Improvement patterns
Verification Throughput 30% Team parallelization
Verification Efficiency | Increase
Schedule Reduction 20-35% Parallelized verification
Resc.)urce ' Verification Component 60-75% Successive designs
Optimization Reuse
. . . -70% % of th . .
Resource Allocation Directed Testing Focus 60-70 oc?:si]?w o ofthe High-risk areas
Cost Savings Diagnosis/Fix Effort Reduction 3-5x less effort Early vs. late detection
Overall Cycles Verification Cycle Reduction 25-40% Early detection benefits

Table 2: Efficiency Gains from Layered Verification in Al Accelerator Implementation [7, 8]

5. Case Study: Synchronization Bug Detection

One notable success of the layered approach was the identification of a subtle synchronization bug in an FPGA-based matrix
accelerator. During Layer 2 verification, random testing revealed an edge case where specific operand patterns caused pipeline
misalignment when transitioning between computational blocks. This issue would have been virtually impossible to detect
through conventional functional testing alone, but was captured by the micro-architectural validation layer. According to case
studies published in ResearchGate on test automation frameworks, micro-architectural validation techniques can identify up to
78% of subtle synchronization issues before system-level testing, with random testing being particularly effective for exposing
corner cases in pipeline control logic [9].

The bug manifested only when specific matrix dimensions triggered a corner case in the pipeline control logic, causing a one-
cycle timing violation that propagated through the design. Detailed analysis revealed that matrices with dimensions that were
not evenly divisible by the physical array size of the accelerator triggered an edge case in the pipeline scheduling algorithm. This
scenario occurred when the matrix dimensions resulted in partial utilization of the systolic array, leading to complex interleaving
of computational and idle cycles in the pipeline. Research on end-to-end verification of Al accelerator systems has documented
similar cases across multiple accelerator designs, noting that approximately 40% of critical synchronization bugs relate to
boundary conditions in pipeline control logic, particularly when handling irregular workload dimensions [9].

The timing violation occurred specifically when transitions between computational blocks coincided with the boundary
conditions in matrix dimensions. Under these conditions, the control logic incorrectly scheduled data movement between
pipeline stages, resulting in data arriving at processing elements one cycle earlier than expected. While this single-cycle violation
might seem minor, it resulted in data misalignment that propagated through subsequent computations, ultimately causing
significant accuracy degradation in the final results. Analysis published in verification literature indicates that propagated timing
errors account for approximately 25% of critical functional bugs in Al accelerator designs, with particularly severe consequences
for numerical accuracy [10].
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The detection of this bug demonstrated the effectiveness of the layered verification approach, particularly the value of random
testing at the micro-architectural level. Conventional functional testing at the algorithmic level would not have exposed this
issue, as the functional models did not capture the pipeline timing details where the bug manifested. Similarly, directed testing
alone might have missed this specific combination of conditions due to its focus on anticipated scenarios rather than exhaustive
exploration of the state space. Research has shown that complementary verification approaches within a structured
methodology can increase bug detection rates by approximately 35% compared to single-method approaches [10].

By isolating this issue during verification rather than post-silicon debugging, significant development time and resources were
saved. Industry studies have quantified this benefit, estimating that fixing a bug during pre-silicon verification requires
approximately 10- 20x less effort than addressing the same issue after hardware implementation. For synchronization bugs like
the one described, the difference can be even more pronounced, as debugging timing issues in hardware often requires
specialized equipment and expertise, potentially extending resolution time by weeks or months. According to published research
on early bug detection, early detection of synchronization bugs during micro-architectural validation typically reduces resolution
time by 15- 25x compared to post-silicon detection [9].

The case study highlights several key advantages of the layered verification methodology. First, it demonstrates the value of
systematic exploration across abstraction layers, with each layer targeting specific aspects of the design. Second, it underscores
the importance of complementary verification techniques, with random testing exposing issues that might be missed by directed
or functional testing alone. Finally, it illustrates the significant economic benefits of early bug detection, with pre-silicon
identification of issues resulting in substantial savings in development time and resources. Studies have documented that
organizations adopting structured verification methodologies typically achieve 30-50% reductions in overall development costs
for complex accelerator designs, with particularly significant savings related to post-silicon debugging and redesign efforts [10].

This specific synchronization bug exemplifies a broader pattern observed in Al accelerator verification, where subtle interactions
between pipeline stages, control logic, and workload characteristics create fertile ground for corner-case bugs. The systematic
approach provided by the layered verification methodology has proven particularly effective at navigating this complex
verification landscape, providing higher assurance of design correctness before hardware implementation. Research indicates
that approximately 65% of critical bugs in Al accelerator designs relate to interactions between subsystems rather than issues
within individual components, emphasizing the importance of methodologies that address both component-level and system-
level verification [9].
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Fig 2: Synchronization Bug Detection Through Layered Verification [9, 10]

6. Conclusion

As Al accelerators continue to evolve in complexity and performance, structured verification methodologies become increasingly
essential. The layered approach presented provides a systematic framework for validating these specialized processors, ensuring
both functional correctness and performance characteristics. By decomposing verification into distinct abstraction layers,
engineering teams can effectively manage complexity while maintaining comprehensive coverage. This article has demonstrated
practical benefits in real-world implementations, enabling first-pass hardware success and reduced time-to-market for Al
accelerator products. The reusable nature of this framework also supports the rapid evolution of Al hardware platforms, allowing
verification assets to evolve alongside architectural innovations. As the industry continues to push the boundaries of Al
computation, robust verification methodologies will remain critical to ensuring silicon quality and reliability.
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