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Abstract

As Al is integrated into data infrastructure, new modes of failure emerge, where data systems continuously
degrade and drift, without outright failure. This article discusses five dimensions of Al failure in data
systems: Al introduction and technical debt, silent degradation through quality drift, data lineage
corruption and feedback cycles, technical and observability infrastructure, and principles of successful,
failure-resistant data infrastructure design. On the basis of the technical documentation, empirical surveys,
and case studies, the authors concluded that Al-augmented systems require novel monitoring strategies
beyond what conventional metrics of operational performance provide, and that far better failure detection
results from continuous validation through training, validation, and production compared with conventional
testing-based methods. For systems that produce probabilistic outcomes and degrees of correctness instead
of binary valid/invalid outputs, the use of data quality assurance, holistic observability, and human-in-the-
loop pipelines is a common characteristic. The experience with tooling for production workloads indicates
that explicit trust boundaries, metadata-first architecture, and cost-quality guardrails can be used to
minimize the risk of cascading failures.
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1. Introduction

With the advent of Al in the context of competition development environments and as part of organizational workflows,
there has been a shift in focus towards probabilistic systems. A scoping review of 100 peer-reviewed papers studying
AI/ML competition platforms found that the sources of technical debt in these systems differ from those in customary
software systems [1]. In contrast to customary data pipelines failing fast (success vs. failure) or causing validation errors
(valid vs. invalid schemas), Al-augmented data pipelines may fail silently and gradually. Such systems usually continue
to produce outputs even if the data quality is failing, ultimately leading to downstream data quality issues that may be
impossible to diagnose, creating important gaps in operational reliability, observability, and performance [1].

In an empirical study of a survey data set of 408 valid responses of practitioners across many organizations, this paper
reports that developing Al systems requires engineering practices that are different from those considered in mainstream
software engineering. It reports 45 practices across data preparation, training, deploying, coding, teamwork, and
governance, and how their use varies across organization types and team experience. Adoption was much higher in tech
companies and labs than in non-tech companies and government organizations. There are meaningful differences
between teams with under 2 years of experience developing ML and those with 2-5 years of ML experience. Across
teams and organizations, adoption varied widely, suggesting a lack of consensus on how to handle the failure modes of
probabilistic Al systems [2].

The multifactorial nature of technical debt in Al systems is gaining systematic attention. Open research on AI/ML
competition platforms identified 18 types of technical debt and their different implications for system operation and
reliability [1]. This includes code and configuration debt shared with conventional software and technical debt unique to
Al, including model debt, data debt, and infrastructure debt. An additional category, Accessibility Debt, was identified as
a barrier to participants in the 100 peer-reviewed papers due to unintuitive interfaces and disjointed onboarding
workflows. This type of debt predominates in educational and competitive contexts [1]. The proposed typology was
validated through external labeling of 30% of the reviewed papers, achieving a high inter-rater agreement, Cohen's kappa
coefficient of 0.857, indicating the typology's credibility and reliability. [1].

Initial attempts at creating assessment frameworks (to measure technical debt) have resulted in over 70 responses from
the academic community. This shows that practitioners are acknowledging the need for systematic means of identifying
and managing technical debt [1]. As Al system reliability cannot be achieved through conventional monitoring
approaches alone, existing data quality frameworks are incompatible when applied to probabilistic systems. Probabilistic
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system outputs are a continuum of states that are likely to be valid or invalid. Data from a qualitative study of 408 multi-
domain practitioners and scoping reviews of 100 publications suggest that understanding and managing these new classes
of failures is a pressing issue as organizations embed Al inference, generation, and autonomous decision-making into
their core business [1][2]. The recognition of the phenomenon has led to the design of stakeholder-centered assessment
process models, engineering practice catalogs, and tools that enable practitioners to identify, prioritize, and manage
technical debt before it amasses to produce unmanageable systems.

Technical Debt Landscape and Adoption Metrics
Technical Debt Categories in Al/ML Systems . 18
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Figure 1: Technical Debt Landscape and Adoption Metrics [1,2]
2. Silent Degradation and Quality Drift

One of the most pernicious failure modes of production ML systems is data quality degradation, which manifests in the
form of gradually decreasing performance over time. In a rubric for determining ML production readiness, several tests
and monitoring practices were provided to ensure reliability, and some of them concerned features and data quality.
There were 28 tests and monitoring practices, 7 of which pertained to features and data quality [3]. To explore this at
scale, 36 teams were interviewed from across the organizations developing the product areas to query their production-
readiness practices. A shocking finding was that fewer than 80% of the teams had a given data quality test, even though
data quality was considered central to system reliability [3]. This suggests that practitioners are not aware of the quality
deterioration of the data until they see a measurable performance drop in model quality, and they may not have
systematically checked the data quality. An explanation is that ML models are tolerant to noisy data, and the degradation
cannot be easily observed.

The problem can be particularly prominent in systems that use multiple components of an Al system that are chained
together to perform a single task, due to quality degradation compounding. A related concept is concept drift, the
phenomenon where models for prediction become less effective over time due to the data stream distribution drifting [4].
There are four definitions of concept drift (abrupt, incremental, gradual, and recurring). They differ from each other in
their characteristics over multiple inference cycles and the methods to detect and adapt to them [4]. Errors in a data
pipeline of sequential Al components may therefore not pass linearly through the workflows. For instance, a
recommendation system's probabilistic predictions may be used as a rigid ground truth by downstream decision systems.
However, machine learning systems are subject to a range of factors that affect system behavior, such as changing
qualities of the data and model configuration choices that cannot be specified a priori [3].

Mitigation techniques for data quality drift include explicitly defined feature expectations captured in schemas, which
can be validated at training and serving time automatically [3]. Additionally, monitoring feature distributions, prediction
confidence, output variance, and correlations with ground truth at each stage of a data pipeline can detect and reduce data
quality drift. According to the ML Test Score rubric, Good teams have monitoring for input data invariants in training
and serving (comparing their input data to schemas and alerting if the distance from an expected schema is out of range).
For elite teams, the time to integrate new features in global scale in high-traffic systems can be one to two months. But
tests on data quality should not be sacrificed [3]. Testing of the input feature code with unit tests is essential. It is
typically impossible to detect bugs in the feature generator when the feature extraction code is in the data generation
pipeline, especially when the bug is present in both training and test data. Different types of distribution drift illustrate the
need for differentiated detection and adaptation strategies [4]. This is a way in which data quality monitoring, when
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included as part of the architecture, can also be used to detect and prevent data quality issues from propagating
downstream of the ML system.

3. Data Lineage Corruption and Feedback Mechanisms

Corruption of data lineage is a common failure mode of Al systems that occurs when results from Al systems are
combined with the training data and then passed on as groundtruth. Generative Al models create realistic but not always
true synthetic data that may contain hallucinations and bias not present in the observations. Inserting synthetic Al-
generated artifacts into real observed signals of unknown origin corrupts the dataset's basic integrity, as has been reported
in the analysis of 22 unlearning methods on 28 unlearning and evaluation datasets and 31 retention evaluation datasets
[5]. Studies investigating this phenomenon found that inserting synthetic outputs in place of real training signals causes
the downstream model to memorize the synthetic artifacts, resulting in a model collapse where the model only learns to
memorize the artifacts rather than a large set of learned representations. This is particularly problematic in use cases such
as data annotation and data enrichment, where the Al labels training samples or infers missing fields with uncertainty [5].

When CDPs infer the statistical likelihood of attributes (demographic or preferences), they may be treated as first-class
attributes without storing their probabilistic nature or confidence. In this case, downstream analytics pipelines may use
them as a fact, creating a feedback loop that introduces organizational bias. At a wider level, practical concerns have been
raised about the integrity of data used for machine learning in production environments. In an example study of real-
world attacks on medical systems, an injection of poisoned data in 8 percent of training data files resulted in half of all
patients being given incorrect dosages [6].

Feedback loops, in which Al outputs directly influence future inputs to the AIl, offer a further mechanism for
amplification. Engagement-based algorithms used in content recommendation systems may lead to filter bubbles by
limiting exposure to diverse content. Fraud detection algorithms for high-risk transactions may impact which transactions
are checked, the labels for training data, and can exacerbate historical biases. These systems can also lead to catastrophic
failures. For example, in the release of Microsoft's Twitter bot Tay, malicious use of feedback loops (through providing
the bot with deliberately offensive input [6]) led to the bot's use of abusive or offensive terms in a high percentage of its
140,000 tweets within the first 16 hours of its release.

Using stochastic exploration policies, separating external validation datasets from the model's outputs, and re-training
models using ground truth data free of previous model predictions can help organizations reduce the issue. Organizations
can also help prevent the issue by maintaining a strong data lineage, in which the provenance of each data point is
recorded as observations, human-in-the-loop annotations, and Al inferences. Thorough evaluations of the memorization
and data integrity problem across 15 models between 11 million and 30 billion parameters found model size to be an
important determinant of memorization and the difficulty of preserving data integrity [5]. Formulating data provenance
tracking as a core architectural consideration allows practitioners to proactively address lineage corruption before it
percolates downstream.

Model Scale and Unlearning Framework

No. of models used _ 15
Datasets for Retention Performance Assessment _ 31
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Figure 2: Model Scale and Unlearning Framework [5,6]
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4. Infrastructure and Observability Challenges

When deployed in production ML pipelines, Al inference has different cost characteristics and operational properties
from customary data processing systems. For example, the cost of running an Al inference operation does not scale
linearly with the amount of data input, like deterministic batch ETL jobs do, due to their computationally complex
models. Prediction serving systems require lower latencies and higher throughput than during model training. By
investigating the entire data lifecycle in production ML systems, it was determined that interactive applications require
<100ms latency for a tolerable user experience, but that advanced models (support vector machines, random forests, or
deep neural networks) often take 50-100ms per inference in production [8]. This fundamental tradeoff between model
complexity and latency constraints leads to important architectural challenges around system responsiveness, data
freshness, and financial overheads.

Serving stacks with multiple components is even more challenging. The data lifecycle framework also recognizes that
ML pipelines involve multiple personas (ML experts, software engineers (SWE), and site reliability engineers (SRE))
who have separate concerns at each stage of the pipeline [7]. ML engineers, during experimentation, train models
iteratively to increase model accuracy; while service reliability engineers, during launch and serving, focus on ensuring
prediction latency and availability and managing server resources for serving the model. While a single model with <20
ms latency is great, organizations that want Al augmentation in every step in their data pipeline end up with prohibitive
cloud bills. This leads to tradeoffs specific to the inferencing workflow, including what models to run, at what time, in
what environment, under tight constraints for cost-per-prediction and avoiding runaway costs.

Al observability extends observability to Al-augmented systems. Most current data pipeline observability tools look at
whether jobs succeeded, their freshness, throughput, and resource utilization. These are not sufficient for reasoning about
functional correctness in Al systems, in which the quality of the underlying models is often an important factor. From a
technical perspective, a data pipeline with Al inference may appear to be functioning without issues, providing usable
and timely results that meet service level agreements, while it could also be providing incorrect or suboptimal results due
to model drift, data distribution shift, or even a subtle bug in the feature engineering pipeline. Data lifecycle research
suggests observing the data in different stages of the data pipeline's lifecycle (sanity checking during initial modeling,
and feature analysis during deployment and refinement) [7].

For Al-enabled systems, observability needs additional classes of metrics: confidence distribution of predictions,
diversity of predictions, stability of feature importance across predictions, and correlation of predictions to future ground
truth labels (when applicable). It also requires continuous monitoring of feature distributions, prediction variance, and
alignment to business metrics across the end-to-end inference pipeline. If data quality monitoring and operational
observability are accounted for as architectural concerns rather than afterthoughts, the degradation of data quality can be
detected and resolved prior to its impact on downstream ML systems and business metrics.

Latency Type Measure (ms)
Interactive Application Requirements <100
Sophisticated Models 50-100
Bounded Latency Predictions <20

Table 1: Prediction Serving Latency Specifications [7,8]
5. Design Principles for Resilience

Reliable Al-augmented data systems are designed for reliability from the outset of the system architecture, not as an
afterthought in the operations phase. In a systematic literature review of 66 academic papers on Al-helped software
testing from 2014 to 2024, researchers found that reliable Al systems embed quality validation in the software
development lifecycle, not at its boundary [9]. This analysis, which discovered 332 distinct algorithmic validation
methods in software testing, indicates an increasing maturity and breadth of validation methods available to software
engineers. Further, studies indicate that organizations that implement continuous validity (comprising testing
mechanisms at the training, validation, and production inference stages) have considerably reduced unfounded failures
[9]. A meaningful research focus is to define trust boundaries that distinguish between the ground truth observed by the
human and any inferences or augmentations created by the Al system.
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Organizations need to adopt a metadata-first architecture, in which every atomic data element contains metadata on the
source, confidence, and traceability through Al transformations, allowing data consumers to decide how to use and
interpret data depending on how much reliability they want. In the context of test generation with large language models,
systematic validation techniques can be used to train machine learning models to generate and run tests based on task-
structure-based features such as difficulty level, cognitive complexity taxonomies, and scoring rubrics [10]. Furthermore,
the automatic generation of tests according to different criteria (e.g., multiple choice, 4 alternative answers, and
difficulty) allows for the validation of tests in a scalable manner, without creating high overhead in the implementation of
the process. [10]

Observability approaches for Al must track operational metrics and semantic correctness, such as prediction confidence
distributions, output diversity, feature drift, or correlation with ground truth (if available). A taxonomy of 62 metrics
provides a definitional framework for assessing the reliability of an Al system. It includes classical performance metrics
and state-of-the-art testing-specific metrics [9]. Cost and quality guardrails should be first-class system components to
help prevent runaway inference costs. This may consist of limits on per data processing job budget, policy mechanisms
for avoiding use of more expensive models when lower-cost models can meet requirements, or fallback to cheaper
models if the quality threshold cannot be met.

Human-in-the-loop review points allow human involvement (i.e., situations where high-stakes decisions are being made,
or an edge case where the Al lacks confidence in a particular decision), and implementation research shows that
educators and domain experts can review, approve, and revise a model's output before deploying it [10]. To address the
challenges posed by Al non-determinism, organizations can adopt a testing strategy that includes snapshot testing,
statistical validation of output distribution, and continual regression testing across many input scenarios. Like the other
principles, these should be considered architectural goals rather than operational goals, enabling the desired benefits of
Al augmentation while maintaining the reliability and trustworthiness of high-stakes data systems.

Testing Dimension Measure
Selected Studies Spanning 10 years 66
Unique Algorithmic Implementations 332
Distinct Evaluation Metrics Identified 62

Table 2: Al Testing Landscape [9,10]
Conclusion

The combination of technical articles, practice surveys, and usage of production systems suggests that ensuring the
reliability of Al-assisted data systems may require architectural rather than operational changes. Model drift, data
distribution drift, and lineage and association corruption are forms of silent degradation specific to data systems that
employ machine learning, and monitoring for these leads to concerns about semantic and operational validity.
Organizations succeeding at Al augmentation show that designing for data quality monitoring and observability
frameworks and human oversight as first principles rather than afterthoughts reduces undetected failures' cascading
propagation. The interdependencies of algorithm implementations, variables, and evaluation metrics position Al testing
contexts as maturing within frameworks connecting problems, variables, and evaluation strategies rather than as stand-
alone technological advancements. These testing models enable the use of probabilistic non-determinism, the
development of guardrails on cost and quality metrics, and the scaling of human-in-the-loop evaluation for production-
level Al systems in the case of high-stakes applications. Achieving greater interpretability and a better alignment between
today's academic advances and the capabilities of industry will be essential as the field continues to advance.
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