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ABSTRACT: Regulatory pressures on financial institutions have increased in their demands as to transparency,
traceability and reliability of long-term audits. Conventional data architecture uses the external audit logs and manual
reconciliation which at any rate does not scale. In this paper, an auditability-by-design approach is proposed, in which
audit controls are made to be part of financial data architectures. The study employs a quantitative assessment in
comparing audit-external and audit-native systems in the basis of reconstruction period, completeness of lineages,
availability of control evidence and system throughput. The findings indicate that the audit native architectures lead to
high audit readiness, less audit gaps and also the performance is stable. These results justify auditability as one of the
architectural properties.
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L. INTRODUCTION

The regulatory control in financial systems demands precise information trail, audit-proof, and recreating past system
states. Auditability is a secondary process that is introduced to many financial data platforms. This method produces
yielding audit gaps, delays and risk in operations. These weaknesses are increasingly made apparent as the size of data
volumes increases and systems become more distributed. The paper will solve this issue through the auditability as an
architectural attribute. Through a quantitative comparison of traditional and audit-native architecture, the study assesses
the ability of embedded audit controls in enhancing transparency, compliance and system stability in the contemporary
financial data settings.

II. RELATED WORKS
Provenance, Transparency, and Accountability

The financial systems of a world today are becoming more dispersed and automated. This level of complexity makes the
process of accountability more difficult as data passes through many technical layers and organisational levels. The
traditional system designs can hide the flow of information, transformations, and decision making which is a serious
challenge to audit and regulation. The truth is that some of the studies propose the fact that transparency must be
designed within systems rather than presented in the nature of external checks [1].

Evidence of decisions has also emerged as a key concept on improving accountability in this kind of environment. It
focuses on visualization of decision pipelines because it captures the in, changes and the out of the system lifecycle [1].
The method is especially useful in financial systems, where automated decision-making is done in them, e.g., credit
scoring system and fraud detection systems and trading systems.

Provenance fosters audit, compliance, risk analysis and trust to the users by exposing the decision-making process to
users. It is worth noting that decision provenance does not view the data flow in the system design as a secondary
concern, rather it is a primary concern.

During an audit, one should be in a position to reconstruction of the process of data that was performed at any particular
time. The auditors and regulators should be informed about the origin of the data, processing and its ramifications on
downstream. Lacking an in-built provenance, organizations must employ fragmented logs and manual reassembling,
which is slow, error-prone and incomplete in most cases [4]. It is a wider gap with the fact that systems become bigger
and reside in a near real time.

It is quite well supported in the literature that the concept of transparency cannot be introduced with the support of
documentation alone. Instead, it must be applied using architecturally-based techniques that continue to record lineage
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and behaviour of the systems, and store it [1][4]. It is based on these revelations that auditability by design is achieved
where the evidence of audit is generated automatically as the system runs its regular operations.

Secure Audit Logs and Immutable Evidence

The focus of the audit logs is on the compliance in the systems of both finances and regulated systems. They document
the usage of data by the person used, what tasks have been performed and what is the time of change. Nevertheless, the
conventional audit logs will hardly respond to the current audit regulations. Numerous systems have a hard time
providing integrity, immutability, confidentiality and verifiability simultaneously [2].

The audit logs that are privacy safe have received increased attention particularly in cases whereby the audit logs contain
sensitive information, be it financial or personal information. The current solutions have been identified to be weak like
user identity releases or data identifiers release [2]. In order to eliminate this, cryptographic solutions and blockchain
based solutions have been suggested such that they will generate audit trails that are tamper resistant and may be publicly
verifiable without sensitive information being exposed.

The Harpocrates model [2] is one of the examples of the use of blockchain and zero-knowledge proofs to obtain the
immutable audit logs. This will help in ensuring that the regulators as well as the auditors will be able to verify the
system behavior without accessing the unnecessary personal data as they can do this by establishing a gap between
verification and disclosure. This could be especially relevant to the case of financial institutions which are forced to
grapple with the issue of balancing the issue of transparency and confidentiality.

Broadly, blockchain auditability is amongst the problems that are put forward as a tool of bringing trust and non-
mutability [10]. Decentralized records eliminate non-functionalities of failure and alterations made in an unofficial
manner is observable. Together with automated controls and smart contracts, blockchain systems may assist data level
direct compliance rules. Nonetheless, it is also stated in the literature that there are problems of scalability, privacy, and
regulatory congruency [10].

As stated in the research, to have a secure auditability, it is desirable to maintain logs. It involves architecture taking
decisions, which ensures that it cannot be changed, is verifiable and evidence can be maintained over time [2][10]. This
fits so well with the concept of developing systems that are capable of being audited as compared to the adoption of
third-party audit tools.

Data Governance, Lineage, and Audit Readiness

There is no secret that good data governance is a strategic necessity of financial institutions that should be in position to
withstand the diverse growing regulatory burden [3]. The governing structures will be based on the following; data
integrity, data accuracy, traceability and accountability. Most of the vintage models of governance possess manual
operations, paper based reports, and sluggish reporting models that are incapable of being applicable in the new large
scale financial systems.

According to some of the studies, layered governance architecture consists of data ingestion, data validation and control
being in a single system, and reporting [3][6]. Such architectures have also incorporated lineage tracking and metadata
management and stewardship capabilities into piping data. Due to this, the continuous production of audit evidence is
achieved and also inter-system.

Among the most important requirements in reference to Big Data, particularly safe data provenance can be considered.
The accuracy of the information provided by the external data sources may not necessarily involve information of their
origin and conversion, hence they cannot be effective as audit evidence [4].

The auditors will be asked to recreate the entire data lifecycle, the manner in which the data was being collected and
processed and stored. Lack of provenance in which there is no security issue poses audit risk as well as reducing the
confidence in financial reporting.

The latter concept, which constantly accumulates provenance information and guarantees that this information is at risk,
has been addressed by suggesting this notion of provenance black box as a way of circumventing it [4]. The provenance
is considered by the strategy as one of the key functions of systems like transaction processing or access control. In the
case of provenance being safe and irreversible, auditors have a better chance of utilizing internal data.
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In the present research of the distributed and cloud environment, shift towards automated lineage tools, policy-based
governance and real time audit mechanism has been reported [5]. Complexities are dealt with in terms of big data
technologies like lineage visualization through graphs, metadata and anomaly detection. The full visibility on
heterogeneous platforms and vendors is yet to be attained without the challenges [5].

According to the above studies the governance and audit preparedness have been enhanced substantially as the lineage of
control and controls are incorporated in the system architecture which is not predetermined by external reviews.

Auditability by Design

The ideas of the auditability of the designs made available by the architectural design are numerous. One of these
patterns is policy-as-code, in which the data pipelines are used to enforce the data policy rules, and the data retention
policy and the segregation of duties controls are enforced [6]. This minimizes the number of human interferences and
provides the systems and the time consistency.

Active metadata systems allow to follow columns between ingest and reporting which are fundamentally necessary in the
systems with high data rate like payment systems [6]. These websites will enable the auditors to track the personal
information and impact of the changes on demand generation e.g. lineage diagrams, metadata snapshots and reduce
response time on audit.

Audit-native architectures are also achieved by the use of storage-layer innovations. One of them is the one of Delta Lake
which offers the time traveling and versioning of data as built-ins [7]. The entire modifications made to data are stored
and hence the institutions can reorganize the past scenarios of data. This is essential in the event of auditing, enquiring
and surveying of regulations where suitable historical perceptions have to be perceived.

This vision is also created by the Autonomous Data Warehousing (ADW) that includes the automation, scale and
compliance controls in the cloud-native environment [9]. The features in the ADW systems are indeed encryption, access
control, identifying as well as tracking abnormalities in the data infrastructure. The continuous integration pipelines allow
one to make the schema changes and updates without the form of affecting the audit trails.

Lastly, the proposed control patterns that the system and process auditors determined give the real world with
recommendations on how to make the audit-friendly systems [8]. The trends guarantee the factual realization of the
simplification of audit assumptions and minimization of possibilities of the unidentified deficiencies. The next thing that
is worth noting is that they facilitate the interconnection between the auditors and the architects as they are able to
coordinate technical design and requirements of the audit.

This has been of a tendency in literature i.e. systems that ensure that auditability is a design issue are more resistance,
scalable, compliant [6][7][8][9]. These systems will decrease the chances of functioning and potentially be able to
continuously manage the operations without necessarily influencing the performance.

The literature reviewed is a pertinent argument supporting the process of transforming the external, after hoc, auditing to
the one that is auditable by design. Systems of clear and conforming financial data are based on provenance, irreversible
logging, automated governance and audit native designs. Such lessons directly influenced the architecture design of this
paper and the fact that it is a natural aspect of a system such as auditability and not a control mechanism.

III. METHODOLOGY

The paper adopts a quantitative research approach to identify the benefits of auditability-by-design architectures in
enhancing the level of regulatory transparency, audit preparedness and operational dependability in financial data
systems. The methodology concentrates on gauging behavior of a system, and the effectiveness of control and audit
results by structured measures of simulated and inspired-by-real financial data pipelines.

Research Design

This study is based on a comparative experimental research design. There are two architectural models which are
compared:

1. Traditional Audit-External Architecture — where audit logs, lineage and compliance checks are external
mechanisms that are added after data processing.
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2. Audit-Native Architecture — including auditability capabilities such as data lineage, immutable logs,
versioning and policy enforcement that are built in directly in the data architecture.

To make a fair comparison between the two architectures, the architectures are realized as data pipelines, which are
logically identical. The data ingestion, transformation, storage and reporting processes of the pipelines are reminiscent of
the normal financial loads such as transaction processing and regulatory reporting.

Data and Experimental Setup

Artificial financial data is created to give an impression of high transactional data. The tables contain time stamps,
transaction numbers, account values, and computed financial values. Audit behavior can be tested in the realistic
environment by inserting controlled data changes, schema updates and access events to the pipelines.

The architectures are subjected to the same data at various load levels and regulating conditions. The experiments are
performed on several runs so that they become statistically stable. To ensure reproducibility and comparison, states of
systems are recorded with time.

Quantitative Metrics
The measurement is based on the following measurable metrics:

e Audit Reconstruction Time: Time taken to re-construct entire line of data used in a chosen transaction or
report.

e Lineage Completeness Ratio: End to end transformations of data which are trackable.

e Control Evidence Availability: Automatically generated number of verifiable audit artifacts in the system.
e Audit Gap Frequency: Number of absence, inconsistency or unverifiable audit records.

e  System Throughput Impact: Audit mechanisms change in processing throughput of data.

The selection of these metrics is due to the fact that they directly reflect the regulatory requirements in regard to
traceability, reproducibility, and transparency.

Data Collection and Analysis

Monitoring and metadata capture components are used to acquire metrics when a pipeline is being executed. The results
are recorded and summed up every time an experiment run is performed. Descriptive statistics including mean, variance,
percentile distributions, etc are done.

The two architectures are compared in order to establish statistically relevant differences in the audit performance and
system performance. The model involves Monte Carlo simulations to create variability of audit events (access patterns
and data changes) over long periods of operation.

Validity and Reliability

In order to make internal validity, all experiments utilize the same datasets, workloads and execution conditions. External
validity is enabled in matching the design of the pipeline and measures to the conventional financial system practices.
Repeating experiments allows enhancing reliability because it ensures that the results are consistent.

The quantitative type of methodology brings out objective evidence as to how integration of auditability into system
architecture enhances compliance results whilst not disturbing scalable system performance.

IV. RESULTS
Audit Reconstruction Efficiency

The outcome of the former is the rate and accuracy in which each architecture will help in the reconstructions of an audit.
Audit reconstruction time refers to time, which the system will possibly require to re-create the entire line of data of a
chosen financial transaction or regulatory report.
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This has been the case with the audit-native architecture whereby, the reconstruction times were lower in comparison
with the other workloads. Having lineage metadata and transformation history as a component of the data pipeline, it did
not need to cross system correlation or manually reassemble logs in order to reconstruct. The standard audit-external
design, on the contrary, relied on the external logging activities and documentation that consumed more time to

reconstruct as the data volume increased.

The Lineage completion was also far greater in the audit-native architecture. The traceability of all types of
transformation end to end was facilitated even in a pipeline updating or schema upgrade case. The classical architecture
created gaps in which there were no logs, are written or not written as per the processing stages.

Table 1: Audit Reconstruction Time and Lineage

Architecture Type | Avg. Reconstruction Time (seconds) | Lineage Completeness (%)

Audit-External 142 76

Audit-Native 38 98

These findings indicate that the direct integration of lineage into the architecture leads to the enhancement of the speed
and reliability of auditing. Regulatory wise, speed of reconstruction allows quicker regulatory response as well as

lessening of the period of the audit.

Figure 1: Audit Reconstruction vs Lineage
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Figure 2: Reconstruction Time vs Data Volume (3D)
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Control Evidence Availability and Audit Gap Reduction

The second category of findings is associated with the existence of the control evidence and can be found in the existence
of the audit gaps. The incontrollable logs, the history of the versions, the record of the policy enforcement and trace
artifacts are all produced during the normal functioning of the system.

The architecture presented by the audit had a much greater number of verifiable controls artifacts. When the policies like
access control, retention and segregation of duties became a code at the time, automatic generation of evidences was
generated and it was equally consistent. This has eliminated the manual records and minimized the rate of human error.

Frequency of the audit gap was assumed to be the count of missing records or records which cannot be verified in
simulated audit events. The feature of the traditional architecture is that it contains common gaps particularly when the
load is large and when the system is undergoing a modification process. The systems that are upheld by the audit-native
systems, on the other hand, uphold continuity even in case of stress as they are immutably stored and the metadata of
those systems is also versioned.

Table 2: Control Evidence and Audit Gaps

Architecture Type | Avg. Control Artifacts per Audit | Audit Gaps per 1,000 Events

Audit-External 18 27

Audit-Native 64 3

The reduction in the number of the audit gaps is pronounced because any gaps including the insignificant ones can
contribute to the increase of regulatory risk. These results reveal that auditability-by-design reduces assumptions and
human manual reconciliation.

Figure 3: Control Evidence Generated
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System Throughput and Operational Stability

One of the most frequent issues with heavy systems of audit is the slowdown of performance. In this research, system
throughput was used to quantify the introduction of an unacceptable overhead by embedded auditability.

Findings indicate that the audit native architecture had a slight initial overhead cost because of policy evaluation and
metadata capture. The throughput leveled as the amount of data was raised. The design did not rely on synchronous
blocking work in that the generation of audit metadata has been decoupled with the critical paths in data.
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There was inconsistent throughput in the traditional architecture. The performance of the system decreased drastically
during audit events or during tasks of correlating logs. These drops were occasioned by competition between the
processes of work and audit.

Table 3: System Throughput Comparison

Architecture Type | Baseline Throughput (records/sec) | Throughput Under Audit Load

Audit-External 10,200 7,100

Audit-Native 9,600 9,100

The audit-native system was slightly lower in terms of baseline throughput, but it was stable in the presence of audit-
condition. This is essential in terms of financial structures that have to run throughout the regulatory examination.

Figure 4: Throughput under Audit Load
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Figure 5: 3D Throughput Comparison
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Long-Horizon Audit Reliability and Reproducibility

The last group of results compares the reliability of the audit during the long periods of operations. The random access
and schema changes and data corrections over long durations were modelled with Monte Carlo simulations.

The reproducibility of the audit-native architecture was high. The versioned data and the immutable metadata were able
to be utilized to reconstruct historical system states with accuracy. The query to historical data statuses always entered as
expected, regardless of the several updates on the pipeline.

The conventional architecture became more and more inconsistent with the course of time. Lost logs, overwritten records
and changes that were not documented decreased self-belief in the historical reconstruction. These complications build
up especially during lengthy retention periods which are usually encountered in the financial regulation.

Table 4: Long-Horizon Audit Reliability Metrics

Architecture Type | Reproducible States (%) | Historical Query Accuracy (%)

Audit-External 71 74

Audit-Native 99 97

These findings indicate that auditability-by-design embraces the long-term compliance, and not only the short-term audit.
The audit-native architecture is more reliable in providing evidence over a span of years as most regulations demand.

Figure 6: Reproducibility Probability Over Time
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In all dimensions that were measured reconstruction time, lineage completeness, control evidence, audit gaps, throughput
stability and long-term reproducibility, the audit-native architecture exhibited much better performance than the
traditional audit-external architecture. The results attest to the fact that considering auditability as an architectural
property yields quantifiable compliance and operation-based gains.

The findings indicate that the transparency of regulation can be attained without loss in scalability and performance. This
reinforces the thesis of this paper: financial data architectures should include the concept of auditability, and not be
available as an afterthought.
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V. CONCLUSION

It is illustrated in this paper that accomplishing the purpose of making financial data architectures auditable produces
measurable returns that are tangible. Audit native systems will reduce the duration of the production of the audit, improve
the completeness of data lineage, and generate superior control evidences. They can also attain a consistent throughput as
far as audits are concerned as well as facilitate long-term reproducibility of the system behavior. On the contrary,
classical audit-external structures are characterized by the large percentage of audit gaps and decline of performance in
time of regulatory stress. The findings confirm that auditability is a critical system design goal and it cannot be taken as
an ad hoc. Auditability-by-design will enable financial institutions to meet the regulatory expectations and have scalable
and reliable data operations.
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