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Abstract

Enterprise analytics pipelines are commonly built on assumptions that do not hold for long:
arrival rates will remain predictable, schemas will stay fixed, and transformation paths will
change only when an engineer intervenes. In practice, sales, supply-chain, activation, and
telemetry streams evolve independently and arrive at very different rates. This paper
develops a workload-aware adaptive ELT framework for high-volume enterprise integration
in BigQuery. It combines deterministic controls for schema and data-quality events with
machine-learning-assisted selection of workload-specific configurations. A composite ELT
Optimization Score (EOS) brings performance, cost efficiency, reliability, and data quality into
a single decision measure. The framework was compared with Traditional ETL, Static ELT,
Rule-Based Adaptive ELT, and ML-Only Adaptive ELT. Tests covered four heterogeneous
source families, workloads ranging from 10 GB to 1 TB, controlled schema mutations, injected
quality anomalies, and repeated runs. Compared with Static ELT, the proposed Hybrid Rule +
ML design reduced mean latency by 39.4% and normalized processing cost by 31.9%; the
latency reduction relative to Traditional ETL was 54.0%. It achieved 99.1% pipeline success,
96.8% schema adaptation, a Data Quality Index of 98.4/100, and an EOS 0of 94.1/100. At 1 TB,
its latency advantage over Static ELT reached 49.7%. It also sustained 99.0% availability and
recovered in 3.7 minutes during a combined stress test involving a fivefold workload surge,
schema drift, increased duplication, and late-arriving records. These findings indicate that
adaptive ELT is valuable not because it produces one universally faster query plan, but
because it protects cost, reliability, and data quality as operating conditions become less
predictable.

Keywords: ELT optimization; enterprise data integration; workload adaptation; schema
evolution; BigQuery; data quality; XGBoost; cloud data engineering.

1. Introduction

Enterprise data does not arrive under laboratory conditions. A promotion may cause a sudden rise in
sales traffic, a supplier may rename a field without notice, and activation events may arrive in
duplicate-heavy bursts while energy and location telemetry continues at high frequency. The
engineering challenge is therefore broader than transferring records into a warehouse. A dependable
pipeline must also decide how to respond when data volume, structure, or quality changes while it is
running.

Classical data-warehouse research established ETL as a disciplined way to reconcile heterogeneous
operational data [1]-[6]. Later work on MapReduce, Bigtable, column stores, and Dremel showed how
large datasets could be partitioned and queried across distributed clusters [18]-[22]. Those
developments made warehouse-side transformation feasible at scale. By 2020, BigQuery also
documented integer-range partitioning, metadata inspection through INFORMATION_SCHEMA, and
reservations for allocating capacity across workloads [43]. These capabilities sharpen, but do not
settle, the operational question: should the transformation strategy remain unchanged when the
workload changes?

Schema evolution creates a different kind of risk. Automated and semi-automated matching can
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reduce the manual work required to align heterogeneous sources [8]-[12], but identifying a change is
only the first step. For example, a sales field named amount may be replaced by gross_amount
alongside discount, currency, and transaction_timestamp. A fixed mapping may then stop the pipeline
or, more seriously, populate the target with semantically incorrect values. Schema recognition must
therefore be tied to a clear runtime action.

A further difficulty lies in deciding what counts as optimization. A six-minute pipeline is not
necessarily better if it triples scan cost, fails more often, or weakens deduplication. Research on data
quality has long shown that completeness, accuracy, validity, and consistency shape the usefulness of
downstream information [13]-[17]. For that reason, execution speed alone is an inadequate measure
of enterprise pipeline performance.

To address these concerns, this study proposes a Hybrid Rule + ML Adaptive ELT framework. Explicit
rules govern conditions for which the response should be traceable, such as validating a mapping
after a field rename or applying stronger deduplication after a threshold is crossed. Machine learning
is reserved for choices influenced by several interacting workload features, including volume,
previous latency, bytes processed, anomaly rate, source type, and transformation complexity. This
division is deliberate. It avoids placing every operational decision inside a black-box model and
reflects the production-ML lesson that predictive accuracy has limited value when dependencies and
failure modes remain uncontrolled [30].

The study contributes in four ways. It first defines a workload-aware engine that selects an ELT
configuration from current and historical signals. It then places schema adaptation and data-quality
intervention within the same control loop, rather than leaving them as detached preprocessing tasks.
Third, it proposes EOS as a multi-objective measure of performance, cost efficiency, reliability, and
data quality. Finally, it evaluates the design across four enterprise domains, five workload levels,
controlled schema changes, and a combined stress scenario. The main empirical question is whether
its advantage becomes larger as scale and instability increase.

2. Related Work and Research Gap
Early ETL studies treated warehouse refresh as a workflow-optimization problem and demonstrated
that transformation order and dependency structure influence execution cost [1]-[4]. The limitation
for the present setting is operational rather than theoretical: the transformation graph is generally
fixed before execution begins. The proposed framework retains that workflow logic but permits
configuration changes after workload, schema, and quality conditions have been observed.
Schema-matching studies distinguish schema-level from instance-level evidence and offer several
ways to reduce manual mapping effort [8]-[12]. Cupid and learning-based approaches, in particular,
showed that disparate schemas can be reconciled with partial automation [9], [10]. Less attention has
been paid to the next runtime decision. In this framework, a recognized schema change can alter
validation, mapping, reconciliation, and execution within the active ELT loop.
The data-quality literature also makes clear that quality cannot be represented by a single correctness
flag [13]-[17]. Completeness, accuracy, validity, consistency, and timeliness place practical limits on
any optimizer. A latency gain is not accepted as an improvement if it leaves the curated data less
trustworthy. This view underpins the Data Quality Index used in the experiments.
Distributed analytical systems changed both the scale and the economics of data processing. Bigtable,
MapReduce, C-Store, comparative work on column stores, and Dremel established the value of
partitioning, parallel execution, and columnar access for analytical workloads [18]-[22]. Cloud
computing then added elastic, metered resources [23], [27], turning every execution-plan choice into
both a performance decision and a cost decision. BigQuery guidance published in April 2021
identified slot contention, changes in data shape, and shuffle spill as concrete causes of variable query
performance, and used INFORMATION_SCHEMA views to investigate them [44]. Materialized views
became generally available in February 2021 as an additional option for accelerating eligible
recurring analytical queries [45]. These platform facilities motivate monitoring and bounded
configuration choices; this study does not claim that its experiments used materialized views.
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Machine learning offers a useful basis for configuration selection. Random Forests are comparatively
robust in noisy feature spaces [31], while gradient boosting and XGBoost combine strong predictive
performance with scalable implementations [32], [33]. Decision trees remain relevant because their
split logic is easy to inspect [34]. The algorithms are compared here instead of assuming that greater
model complexity automatically produces a better operational choice. Evaluation follows established
guidance on cross-validation, effect size, and statistically defensible model comparison [35]-[38].
Read against the literature and BigQuery capabilities available by the end of 2021, three connected
gaps remain. Static ETL and ELT designs do not adequately represent an environment in which the
same pipeline may move from tens of gigabytes to terabyte-scale loads. Schema matching, data-
quality control, orchestration, and warehouse optimization are also often examined separately,
although a production pipeline encounters them together. Finally, many studies optimize a single
outcome even though practitioners must manage latency, cloud cost, reliability, and quality at the
same time. The research questions below follow directly from these gaps.

Scheduling decides when a job starts; adaptation decides how it should run once current conditions
are known. Fixed SQL and dependency chains may work for regular traffic, but an unexpected burst
can change data volume, skew, and partition selectivity after the schedule has already been set. The
proposed design therefore treats workload state as an input to configuration, not merely as a trigger
for execution.

Reliability is defined here more strictly than simple job completion. A pipeline may be technically
available and still leave curated tables incomplete or stale. A run counts as successful only after it
reaches a validated curated state within the measurement window. This definition connects the
quality requirements described in [13]-[17] with the fault-tolerance concerns of distributed systems
[18], [19], [25].

3. Research Questions and Hypotheses

Six research questions guided the study. RQ1 asks whether adaptive ELT lowers end-to-end latency
relative to Traditional ETL and Static ELT as data volume grows. RQ2 considers whether workload-
aware configuration lowers normalized processing cost. RQ3 examines whether automated change
detection and adaptive mapping reduce failures caused by schema evolution. RQ4 compares the
hybrid decision mechanism with its rule-only and ML-only components. RQ5 investigates the joint
trade-off among latency, cost, reliability, and data quality. RQ6 tests whether the observed gains hold
across sales, supply-chain, activation, and energy/location data.

The analysis tested six hypotheses. H1: Adaptive ELT produces lower end-to-end latency than
Traditional ETL and Static ELT under high-volume workloads. H2: Workload-aware optimization
lowers cost per million records relative to Static ELT. H3: Schema-change detection and adaptive
mapping reduce schema-related failure rates. H4: Quality-aware adaptive transformation yields
higher post-transformation quality scores than performance-only optimization. H5: The Hybrid Rule
+ ML mechanism achieves a higher EOS than rule-only optimization. H6: The advantage of Adaptive
ELT over Static ELT grows with workload volume and transformation complexity.

4. Proposed Adaptive ELT Framework

Figure 1 summarizes the architecture. Data from four source families first enters a raw ingestion
layer, without requiring every source to pass through identical pre-load transformations. The
profiling stage measures volume, arrival rate, record count, schema changes, null and duplicate rates,
transformation complexity, earlier latency and bytes processed, failure history, and partition
cardinality. Together, these measurements describe the state presented to the Adaptive Decision
Engine.

The engine has two cooperating parts. A rule controller handles conditions with a predetermined
response. Schema validation follows a detected structural change; stronger deduplication is enabled
when duplicate rates exceed a threshold; higher late-arrival rates activate incremental reconciliation;
and invalid timestamps or out-of-range values invoke targeted quality transformations. An ML
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optimizer handles configuration choices that depend on interactions among workload features. It
selects from approved strategies covering transformation mode, batching, partition-aware
processing, and reconciliation.

Warehouse-side transformations are then applied to the raw data, and only validated records are
written to the curated analytical layer. Partitioning and clustering are treated as controllable choices
because avoiding unnecessary scans is central to efficient analytical processing [20]-[22]. The
monitoring layer records latency, bytes processed, failures, quality measures, and cost. BigQuery
INFORMATION_SCHEMA job and timeline views offered a documented route for inspecting workload
and slot-use behavior by 2021 [44]; the experimental profiling variables remain those specified
below. These outcomes return to the engine and become evidence for later runs.

Operational explainability is retained by design. An engineer can see, for example, that a
deduplication branch ran because duplicate_rate crossed a specified threshold, even when a model
selected the accompanying execution configuration. Keeping these responsibilities separate limits the
opacity that arises when every pipeline decision is delegated to a predictive model [30].

EOS is calculated as 0.30P + 0.25C + 0.25R + 0.20Q, where P denotes normalized performance, C cost
efficiency, R reliability, and Q data quality. The weighting gives performance the largest share without
allowing it to outweigh reliability and quality together. EOS supports comparisons and configuration
choices for which no single metric is sufficient.

N \ { {
1. HETEROGENEOUS 2. RAW 3. WORKLOAD » 5. ADAPTIVE & BIGQUERY
SOURCES INGESTION SCHEMA QUALITY § ENGONE ELT CONFIGURATION TRANSFORMATION
PROFILING
[— -
. l,
[— — —> 3 ad » - ® >
* Databiasm v Bateh £ Stresrming » Schera rwerce * Rude Engre * job Orchenttation o SOL Toumdformatisn
o APy + Datx Capore = Duta Profiing « NL Modeh » Dyravec Magping = Data Modelng
¢ Fles ) Logs + Langing Zore * Quakty Sconng « Adaptive Loge * Resawrce Tureng * Pactormarce
+ Exterral Seed Optaricaton
» 7 / T . N /
Rules + ML
v
\ { 1
S. MONITORING « B. QUALITY GATE 1. CURATEL
FEEDBACK ARE: <¢
-
-
==
==
» Ppelins Mootodng + Data Qual ity Crecks * Trused Lager
» Dyift Detection + Theashold Vlidatiee = Business Ruady
» Fondbock Locp o Atormatnd Aotraws * Dptimided Storege
g \ s
@ ovisann @ ‘umter ® rofing Dectascrang [ JErrae— [ e ©® Lovrrana

Figure 1. Proposed Hybrid Rule + ML Adaptive ELT architecture and feedback loop.

5. Experimental Methodology

The work followed a design-science approach supported by controlled experiments. The artifact was
the Adaptive ELT framework, and evaluation concentrated on observable runtime behavior as
volume, source structure, schema condition, data quality, and transformation complexity changed.
Five architectures were compared: Traditional ETL, Static ELT, Rule-Based Adaptive ELT, ML-Only
Adaptive ELT, and the full Hybrid Rule + ML Adaptive ELT.

Four source families were constructed to reflect common enterprise integration problems rather than
an unusually clean benchmark. Sales data included transaction, customer, product, quantity, price,
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discount, store, and timestamp fields. Supply-chain records represented shipments, suppliers,
warehouses, stock levels, dispatch and delivery times, and status. Activation data captured devices,
customers, activation type, channel, event time, and status. Energy/location data combined device,
latitude, longitude, consumption, temperature, and timestamp fields.

Anomalies were injected in a controlled manner instead of relying on accidental errors. They included
missing values, duplicates, delayed events, invalid timestamps, out-of-range values, added and
renamed columns, datatype changes, removed fields, nested structures, and simultaneous mutations.
Workloads were set at 10 GB, 50 GB, 100 GB, 500 GB, and 1 TB. This range made it possible to
distinguish a design that performs well at one scale from one whose relative performance improves
as the task becomes harder.

Schema tests covered a stable baseline and six mutation classes: a new nullable column, a renamed
column, a type change, a removed column, a nested structure, and several concurrent changes.
Schema adaptation rate was the proportion of schema events handled automatically and successfully.
Mean recovery time was measured from the start of a schema disturbance until the pipeline again
reached validated normal operation.

Data quality was summarized through a composite DQI covering completeness, accuracy, validity, and
uniqueness. Each component was normalized to a 0-100 scale before aggregation. This construction
follows the multidimensional understanding of information quality established in earlier studies
[13]-[17].

Decision Tree, Random Forest, and XGBoost were evaluated for the ML component. Predictors
comprised data volume, record count, source type, schema-change count, duplicate and null rates,
transformation complexity, historical latency, historical bytes processed, historical failure rate, and
partition cardinality. Accuracy, precision, recall, and F1 were used for classification, while continuous
latency estimates were assessed with MAE, RMSE, and R2 [31]-[35].

Major configurations were repeated so that no conclusion depended on a single run. The main matrix
combined five architectures, five workload levels, four datasets, and ten repetitions, giving 1,000
baseline runs before the schema and anomaly tests. The analysis considered means, medians,
standard deviations, and 95% confidence intervals. ANOVA was applied when its assumptions were
met; reliability comparisons used the non-parametric Kruskal-Wallis test where distributional
assumptions were unsuitable. Post-hoc tests, effect sizes, and regression terms were used to judge
practical as well as statistical importance [36]-[38].

The final stress test deliberately combined disturbances that would ordinarily be examined
separately. Ingestion rose from 50 GB/hour to 250 GB/hour, duplicate frequency increased from 1%
to 8%, a promotional-channel field appeared, and late-arriving records rose from 2% to 13%. This
matters operationally because production incidents seldom occur in isolation.

Reproducibility controls were applied across the experiment. Each run began from the same logical
raw-data state for its workload level, and anomalies were injected from controlled manifests rather
than through manual file edits. Every adaptive architecture received the same profiling features, so
the Hybrid system had no informational advantage over the rule-only or ML-only baselines. Curated-
table validation queries were also identical across architectures. Separating decision logic from
measurement logic prevented the proposed design from being favored by a different evaluation
procedure.

Latency ran from the arrival of the complete test workload at the ingestion boundary to successful
curated-layer validation. Cost was normalized per million processed records to allow comparison
across workload sizes. Throughput counted validated output records, not raw inputs, so duplicate-
heavy loads could not appear artificially fast. Recovery time began with the first failed or invalidated
run after a controlled disturbance and ended when a later run passed both schema and quality gates.
These definitions were fixed before the comparative analysis.
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Table 1. Enterprise source families and controlled integration problems

. Primary
Representative . .
Source h integration
fields / data
challenge
. volume spikes,
transactions, .
Sales duplicates, late
orders, customers i
transactions
. schema
inventory, . .
: , inconsistency,
Supply chain shipments,
asynchronous
vendors
updates
. . event bursts,
- device/service L .
Activations o missing/duplicate
activation events
events
consumption, ,
; . high-frequenc
Energy/location GPS/site 18 q Y
time-series data
telemetry

Table 2. Experimental factors and levels

Factor Levels
Traditional ETL; Static ELT;
Architecture Rule Adaptive; ML Adaptive;
Hybrid Adaptive
10 GB; 50 GB; 100 GB; 500
Workload GB: 1TB

Sales; Supply chain;

Source Activations; Energy/location
Stable; additive; rename;
Schema type; removal; nested;
multiple
Quality anomalies Low; medium; high

Transformation complexity | Simple; moderate; complex

6. Results

Table 3 shows the overall ordering of the five designs. Hybrid Adaptive ELT recorded mean latency
of 8.6 minutes, throughput of 8.2 million validated records per minute, and a normalized cost of
$0.064 per million records. It also reached 99.1% success, a 3.1-minute recovery time, 96.8% schema
adaptation, a DQI of 98.4, and an EOS of 94.1. No baseline produced the same combined profile. ML-
only came closest on latency and cost, while rule-only remained stronger for recovery from known
faults and for quality control.

Relative to Traditional ETL, latency fell by 54.0%. The reductions were 39.4% against Static ELT,
22.5% against Rule Adaptive ELT, and 17.3% against ML Adaptive ELT. Because the advantage
remained after comparison with both adaptive ablations, it cannot be attributed only to moving
transformation into the warehouse or merely adding a predictive model.

Scale amplified the effect (Table 4; Figure 2). Hybrid latency increased from 1.5 min at 10 GB to 30.6
min at 1 TB; Static ELT increased from 1.9 to 60.8 min. Consequently, the relative reduction widened
from 21.1% to 49.7%. This monotonic separation is the clearest evidence for H6 because the
controller's benefit grows with workload rather than remaining a fixed offset.
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Cost moved in the same favorable direction (Figure 3). Hybrid processing cost was $0.064 per million
records versus $0.094 for Static ELT and $0.118 for Traditional ETL, reductions of 31.9% and 45.8%,
respectively. Lower latency was therefore not purchased through higher normalized resource
expenditure.

Cross-domain behavior was stable. Sales improved from 13.8 to 8.0 min (42.0%), supply chain from
15.6 to 9.8 min (37.2%), activations from 12.9 to 7.5 min (41.9%), and energy/location from 14.5 to
9.1 min (37.2%). DQI remained above 98 in every domain, ruling out a result driven by one unusually
clean source family.

Schema adaptation produced the clearest reliability gap (Table 5; Figure 4). Overall adaptation rates
were 28.0% for Static ELT, 88.7% for the rule-based design, 91.5% for ML-only, and 96.8% for Hybrid
ELT. The hybrid system handled all new nullable columns and retained a 94% success rate when
several changes occurred at once, indicating resilience to both simple and compound mutations.
Under Hybrid ELT, schema-related failures declined from the Static ELT rate of 17.6% to 1.9%, a
reduction of 89.2%. Recovery time fell from 8.6 to 3.1 minutes. Rule-only recovered slightly faster
than ML-only, at 4.9 versus 5.2 minutes. This non-dominance is informative: deterministic controls
respond efficiently to familiar faults, whereas ML adds most value when the chosen configuration
depends on several interacting workload signals.

The latency gain did not come at the expense of quality (Table 6; Figure 5). Hybrid completeness,
accuracy, validity, and uniqueness scores were 99.0, 98.1, 98.6, and 97.9, respectively, producing a
DQI of 98.4. Thus, the architecture with the lowest latency and cost also delivered the strongest
validated output quality.

Among the candidate models, XGBoost performed best (Table 7), reaching 94.8% accuracy, an F1 of
94.2%, MAE of 1.08 minutes, RMSE of 1.61, and R2 of 0.95. Random Forest achieved 92.6% accuracy
and R2 of 0.92, while Decision Tree achieved 86.8% and 0.84. For these structured workload-state
features, the results favor gradient boosting [32], [33] without requiring a less transparent deep-
learning model.

The ablation analysis separates the value of the control layers. EOS increased from 75.7 for Static ELT
to 86.2 after rules were added and to 87.5 for ML-only. Combining rules and ML without feedback
raised it to 91.0; closing the feedback loop produced the final score of 94.1. The sequence indicates
that rules, prediction, and execution feedback make distinct, complementary contributions.

The combined stress test provides the most demanding operational comparison. As demand rose
from 50 to 250 GB/hour, duplicates from 1% to 8%, and late records from 2% to 13%, a new
promotional-channel field was also introduced. Static ELT took 31.8 minutes and required manual
schema handling. Hybrid ELT finished in 17.2 minutes, resolved 98.6% of duplicates, reconciled
97.8% of late records, maintained 99.0% availability and a DQI of 98.1, and recovered in 3.7 minutes
(Figure 6). Service quality was therefore maintained while four sources of failure pressure acted
together.

Inferential analysis showed that the observed gaps were not isolated run effects. Architecture had
significant effects on latency (F=48.72, p<.001, eta2=.31), cost (F=39.16, p<.001, eta2=.27), and DQI
(F=31.47,p<.001, eta2=.23). Reliability also differed under the Kruskal-Wallis test (H=42.84, p<.001).
The EOS post-hoc comparison gave p<.001 and d=1.18, while the architecture-by-workload
interaction was significant (beta=.41, p<.001). The results supported all six hypotheses.

Table 3. Overall comparative results
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Metric Traditional | Static Rule ML Proposed
ETL ELT Adaptive | Adaptive Hybrid
Avg latency 18.7 14.2 11.1 10.4 8.6
(min)
Throughput
(M rec/min) 3.8 5.1 6.4 6.8 8.2
Cost /
million $0.118 $0.094 $0.078 $0.073 $0.064
records
Success rate 91.8% 94.3% 97.1% 96.8% 99.1%
Recovery 11.8 8.6 4.9 5.2 3.1
time
Schema 0% 31.4% | 88.7% 91.5% 96.8%
adaptation
DQI 92.1 94.0 97.1 96.5 98.4
EOS 68.4 75.7 86.2 87.5 94.1
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Figure 2. End-to-end latency as workload increases from 10 GB to 1 TB.

Table 4. Latency scalability across workload levels (minutes)

Workload Traditional | Static Rule ML Hybrid
ETL ELT Adaptive | Adaptive | Adaptive
10 GB 2.4 1.9 1.7 1.6 1.5
50 GB 6.8 5.2 4.3 4.1 3.7
100 GB 12.6 9.4 7.5 7.1 6.0
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Workload Traditional | Static Rule ML Hybrid
ETL ELT Adaptive | Adaptive | Adaptive
500 GB 42.8 31.5 23.4 21.6 16.9
1TB 81.7 60.8 439 40.7 30.6

Normalized Processing Cost by Architecture

e Lower cost per million records indicates higher cost efficiency

0.12 4
0.10
=
b
g el
£
g 0.04 4
%
o
© 0024
0.00 -
Traditional Static Rule ML Hybrid
Hybrid arch his the lowest p ing cost
~44% lowor cast compared %o Tracttiona and - 12% lower than ML approsch,
Figure 3. Normalized processing cost per million records.
Table 5. Schema-evolution adaptation success
Schema | Static Rule ML Hybrid
event ELT Adaptive | Adaptive | Adaptive
New
nullable 82% 98% 96% 100%
column
Column 1500, | 9404 95% 99%
rename
Type 1 2196 | 89% 93% 97%
change
Column 70, | ggo4 90% 96%
removal
Nested | 1500 | 849 89% 95%%
structure
Multiple | gq, 81% 86% 94%
changes
Overall 28.0% 88.7% 91.5% 96.8%
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Schema-Evolution Adaptation Success
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Figure 4. Adaptation success across controlled schema-evolution events.

Table 6. Data-quality evaluation

Method Complete | Accurac| Validit | Uniquen DQI
ness y y ess
Traditio
nal ETL 94.0 91.8 92.6 90.1 92.1
Static
ELT 95.3 93.8 94.7 92.2 94.0
Rule 98.0 968 | 974 | 962 |97.1
Adaptive ' ' ' ’ '
ML
Adaptive 97.3 96.1 97.0 95.6 96.5
Hybrid | = g4 98.1 | 986 | 979 | 984
Adaptive
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Figure 5. Data Quality Index and ELT Optimization Score across architectures.

Table 7. ML model performance

Model | Accuracy |Precision| Recall F1 MAE | RMSE R?

DBTC;ZIGOH 86.8% | 85.9% | 86.1% | 86.0% | 231 | 3.17 | 0.84
Random | g5 600 | 92106 | 91.8% | 91.9% | 142 | 208 | 0.92
Forest

XGBoost | 94.8% 94.4% | 94.1% | 94.2% | 1.08 1.61 0.95

Stress-Test Response Under Workload, Schema and Quality Drift
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Up 10 ~24% higher in Avadabiity, < 19% n DGI, and ~46% faster Recovery under extrame dnft

Figure 6. Comparative response during the combined workload, schema, and quality stress

test.
Table 8. Ablation and hypothesis outcomes
Configuration /
Hypothesis Key result Outcome
Static ELT EO0S 75.7 Baseline
Improved
Rules only EOS 86.2 reliability /quality
Improved
ML only E0S 87.5 latency /cost
Hybrid without EOS 91.0 . Combined
feedback improvement
Complete Hybrid +
Feedback E0S94.1 Best overall
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Configuration /

Hypothesis Key result Outcome
H1 Latency F=48'722’ p<.001, Supported
n“=.31
F=39.16, p<.001,

H2 Cost n2=.27 Supported

H3 Reliability |H=42.84, p<.001 Supported

H4 DQI F:31'427' p<.001, Supported
n“=.23

H5 EOS p<.001,d=1.18 Supported

H6 Scalability B=.41, p<.001 Supported

7. Discussion
The main finding concerns adaptation, not a fixed plan that is always faster. Static ELT can be carefully
tuned for a known workload, but that tuning loses value when operating conditions move away from
the original assumptions. The latency advantage of the hybrid controller grew from 21.1% at 10 GB
to 49.7% at 1 TB. Its contribution therefore became more pronounced as execution scale increased.
The schema results point in the same direction. Prior matching research established that mappings
can be inferred [8]-[10]; this framework connects that recognition to an operational response.
Renames initiate mapping validation, nullable additions follow a controlled admission path, and
complex mutations are addressed before curated output is accepted. This link between recognition
and action helps explain why schema-related failures fell from 17.6% to 1.9%.
The comparison between rules and ML also has practical significance. ML-only held a small advantage
in latency and cost, whereas rule-only recovered faster from known faults and returned a slightly
higher DQI. The hybrid design benefited from using each where it was most suitable. Policies that
must be explicit are better expressed as deterministic rules; configuration choices shaped by
interacting continuous signals are more suitable for prediction. This boundary also responds to
concerns about hidden technical debt in ML-intensive production systems [30].
EOS makes this multi-objective argument measurable. Without a composite index, an architecture
could foreground its best result while overlooking higher cost or weaker reliability. Hybrid ELT
improved all four components and recorded a 24.3% relative EOS gain over Static ELT. In this
experiment, adaptation did more than exchange one benefit for another; it improved the attainable
balance among competing outcomes.
These results also extend established ideas from distributed data systems. MapReduce, Bigtable,
Dremel, and column-oriented databases showed that layout, partitioning, parallel execution, and
access patterns govern large-scale analytical performance [18]-[22]. The present framework operates
one level above those mechanisms. It uses measured workload state to choose among available
strategies instead of assuming that one layout and execution pattern will remain appropriate.
The stress test is particularly relevant to enterprise practice. A workload surge accompanied by a new
field, duplicates, and delayed records is not an exceptional combination. Promotions, billing windows,
supplier upgrades, and device reconnect events can generate several of these disturbances at once. In
that setting, Hybrid ELT nearly halved latency while keeping DQI above 98 and availability at 99%.
This combination offers the strongest evidence that the adaptation was operationally useful rather
than merely statistically detectable.
Adaptive control is not free. Profiling, feature assembly, and configuration selection add processing
overhead, which is most visible at small workload sizes. At larger scales, however, the savings from
reduced scanning, better transformation selection, and earlier schema or quality intervention
outweigh that cost. The widening gap between 10 GB and 1 TB suggests that controller overhead
grows more slowly than the execution cost it helps avoid.
The model is not permitted to rewrite arbitrary business transformations. It selects from bounded
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configurations, while deterministic mappings and quality gates protect semantic correctness. That
boundary makes decisions easier to explain, reverse, and diagnose, and it helps account for the hybrid
design's simultaneous improvements in performance and DQI over ML-only ELT.

8. Practical Implications
For data-engineering teams, the findings favor a staged form of adaptation. Schema violations,
duplicate thresholds, invalid timestamp rules, mandatory quality checks, and reconciliation policies
should remain visible and auditable. Prediction is better confined to approved configuration choices
whose efficiency changes with workload state. In practice, the experimental controller can be
implemented as a bounded catalogue of decisions rather than an unrestricted optimizer. The profiler
records volume, arrival rate, record count, duplicate and null proportions, schema-change count,
historical latency, bytes processed, failure rate, transformation complexity, and partition cardinality.
Structural events are evaluated before workload optimization so that a performance choice cannot
bypass schema validation. Additive nullable fields may enter through a controlled mapping path;
renames and datatype changes require mapping checks; and removals or nested changes require
compatibility testing before curated tables are refreshed. Quality rules then address duplicates,
invalid timestamps, range violations, and late arrivals. Only after these deterministic gates pass does
the predictive layer select among approved execution configurations. This order separates semantic
correctness from performance prediction. The results also suggest practical escalation points. At
approximately 10 GB, the absolute gain is modest enough that teams should weigh it against profiling
and maintenance overhead. At hundreds of gigabytes, the widening performance gap provides a
stronger case for automatic selection. The 250 GB/hour stress condition illustrates where static
runbooks can become slow: engineers must diagnose several symptoms before choosing a response.
A closed loop instead records the decision and its outcome for use in later runs. For governance and
rollback, each decision should be logged with its triggering feature values, selected configuration,
validation result, latency, normalized cost, and recovery status. Such a record also prevents a fast but
semantically invalid transformation from being rewarded.
The experiment further indicates that useful pipeline telemetry extends beyond historical latency.
Arrival rate, bytes processed, failure history, duplicate and null rates, transformation complexity, and
partition cardinality all added context to configuration selection. Many production pipelines already
emit these signals, although they are seldom used as decision variables.
Adaptive control may therefore be unnecessary for every small pipeline. Benefits were measurable at
10 GB, but the engineering and economic case became much stronger at hundreds of gigabytes and at
terabyte scale, especially when schema and quality drift occurred together. This threshold-based
interpretation is more defensible than treating adaptation as a universal replacement for static ELT.

9. Threats to Validity and Limitations

The evaluation used controlled, enterprise-style datasets rather than unrestricted production
streams. This choice improved repeatability, but it cannot reproduce every source-system behavior.
Although the four source families supplied structural and temporal variation, other domains may
involve different nesting, privacy requirements, or transaction semantics. The test description does
not report the execution date or a BigQuery service version, so the numerical results should not be
represented as a measured 2021 platform benchmark. BigQuery features documented by the end of
2021 provide historical context, not evidence that those specific features were enabled in the runs. In
addition, cost was normalized per million records. It should therefore be read as a comparative
measure, not as a universal statement about cloud pricing.

EOS weights reflect the priorities chosen for this study. An organization that values cost, availability,
or quality differently could rank closely matched alternatives in another order, which is why the
component measures are also reported separately. The ML feature set was intentionally limited. More
complex models might improve prediction, but they would also increase training demands and reduce
interpretability.
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10. Conclusion
This study developed and evaluated a workload-aware Hybrid Rule + ML Adaptive ELT framework
for heterogeneous, high-volume enterprise data. The architecture combines auditable operational
rules with ML-assisted configuration selection, schema-aware transformation, quality validation, and
execution feedback. It was compared with Traditional ETL, Static ELT, Rule-Based Adaptive ELT, and
ML-Only Adaptive ELT across four data domains and workloads from 10 GB to 1 TB.
Across the full experiment, Hybrid ELT lowered mean latency by 39.4% and normalized processing
cost by 31.9% relative to Static ELT. It achieved 99.1% pipeline success, 96.8% schema adaptation, a
DQI of 98.4, and an EOS of 94.1/100. Its latency advantage reached 49.7% at 1 TB. During the
combined stress test, the framework maintained 99.0% availability, resolved 98.6% of duplicates,
reconciled 97.8% of late records, and returned to normal operation in 3.7 minutes despite concurrent
workload, schema, and quality disturbances.
The evidence supports a focused conclusion: adaptive ELT offers its greatest value when operating
conditions are unstable. The framework does more than optimize an individual query. It creates a
closed operational loop in which observations about workload, schema, and quality influence the next
transformation configuration. Future studies should test the approach on additional warehouse
platforms, add policy constraints for sensitive data, and examine whether online learning can support
continuous adjustment without weakening explainability.
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