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What Are Human-in-the-Loop

Techniques for Better Annotation Systems?




Executive summary

The instantaneous adoption of artificial intelligence (Al) and machine learning (ML) across
industries has created an urgent demand for high-quality labelled data. Although
automated annotation tools speed processing, they cannot match human judgment's
precision, contextual understanding, and bias mitigation. Human-in-the-Loop (HITL)
annotation is the best way to integrate human expertise directly into Al workflows for scale,
accuracy, compliance, and adaptability. Al performs repetitive, high-confidence tasks while
human annotators review, correct, and improve outputs, especially in ambiguous or high-
risk cases.

This white paper examines the technical foundations of HITL annotation, hybrid human-Al
methods, step-by-step implementation guidance, and sector-specific applications. It
describes how leading Al/ML providers like Xcelligen Inc. create secure, compliance-driven
HITL systems for government and enterprise clients. This paper provides decision-makers
with a roadmap for using HITL to develop accurate, transparent, fair, and resilient Al systems
by combining statistical performance data, real-world use cases, and implementation best
practices.

About Xcelligen

Xcelligen Inc. is a Virginia-based digital transformation and custom software engineering
company specializing in secure, mission-aligned solutions for federal and commercial clients.
Since 2014, Xcelligen has delivered advanced capabilities spanning generative artificial
intelligence, data modernization, cloud enablement, and cybersecurity, supported by ISO 900],
ISO 20000-1, and ISO 27001 certifications, and appraised at CMMI Level 3 for both development
and services. Xcelligen specializes in Al/ML development, including generative Al, predictive
analytics, domain-specific models, and transforming legacy data into Al-ready formats. We
build secure cloud architectures on AWS, Azure, and private environments and provide NIST
and DoD-compliant cybersecurity solutions. Our Human-in-the-Loop Al systems protect
accuracy, governance, and ethical compliance in federal agencies, healthcare, defense
robotics, and financial compliance by combining human expertise with Al efficiency.
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Chapter I: Introduction to Human-in-the-Loop
(HITL) Annotation

Human-in-the-Loop (HITL) annotation bridges the gap between Al speed and human-level
precision. Automated systems offer rapid labeling, but real-world studies reveal the hidden
costs: one survey shows that 60% of a data scientist's time is spent cleaning and organizing
data before actual modeling begins. Without human oversight, automated annotation can
introduce sizable errors. For instance, curated biological sequence databases (like GOSeqLite)
show error rates ranging from 13% to 18% for standard annotations, and up to 49% when relying
on similarity-based automated methods.

The global data annotation market is expected to increase exponentially to $6,450.0 million by
2027, highlighting its importance to Al. By interleaving human review at critical touchpoints,
such as flagging ambiguous cases or validating low-confidence outputs, HITL can reduce
annotation errors, improving both accuracy and fairness. This layered approach is
indispensable in healthcare, defense, and finance sectors, where mistakes can have wide-
reaching consequences.
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1.1 What is Human-in-the-Loop Annotation?

Human-in-the-loop (HITL) is a collaborative approach that integrates human input and
expertise into the lifecycle of machine learning (ML) and artificial intelligence systems.
Humans provide guidance, feedback, and annotations during ML model training, evaluation,
and operation. Through this collaboration, HITL uses human and machine capabilities to
improve ML system accuracy, reliability, and adaptability.

1.2 How does it work?

Human-in-the-Loop (HITL) works through a continuous cycle of machine automation and
human expertise. The Al handles large volumes of data, while humans step in only when the
system is uncertain, providing both speed and accuracy.

Initial Annotation Machine Learning Model Active Learning and

(optional but beneficial):

A small portion of the dataset is
initially annotated by humans to
provide a starting point for the
machine learning model.

Iterative Feedback Loop:

Training:

The initial annotated data is
used to train a machine learning
model, allowing it to learn
patterns and make predictions.

Human corrections and

feedback are integrated into the
training data, allowing the
model to learn from its mistakes
and improve its predictions..

Human Review:

The model flags uncertain cases
for human review, improving
accuracy on edge and
ambiguous data.

Continuous Improvement
and Monitoring:

The model is regularly retrained
with feedback, and its
performance is monitored to
ensure quality and address

issues.



https://www.xcelligen.com/artificial-intelligence/
https://www.xcelligen.com/artificial-intelligence/
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1.2 The Evolution from Manual to Hybrid Annotation Workflows

The earliest Al systems relied on purely manual data labeling, which was slow, costly, and
unsustainable for modern datasets that can exceed terabytes in size.

The next phase brought fully automated annotation, which improved throughput but introduced
new risks, lower accuracy in edge cases, misinterpretation of context, and replication of bias.

HITL emerged as a third path, where automation handles scale and humans ensure quality.
Organizations can achieve speed and accuracy without compromise by maintaining a constant
feedback loop between the two.

1.3 Key Stakeholders: Data Annotators, Domain Experts, and ML Engineers

Building a robust Human-in-the-Loop (HITL) technique involves collaboration across different
roles, each offering unique expertise to improve model accuracy and reliability:

Data annotators: They provide the first layer of human
review, flagging inconsistencies and applying detailed
labeling guidelines.

Domain experts: This brings specialized knowledge, for
example, radiologists in medical imaging, or linguists in
natural language processing, to resolve complex cases.

ML engineers and data scientists: It integrates human
feedback into model training pipelines, ensuring that
corrections lead to measurable performance gains.

This layered involvement ensures that HITL is not simply "humans fixing Al mistakes,” but a
collaborative intelligence framework where each participant plays a strategic role in shaping
model behavior.
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Chapter 2: Human-Al Annotation Hybrid Techniques

2.1 Active Learning and Uncertainty Sampling

Active learning is a technique where the Al model identifies the most valuable data points and
asks humans to label them. In uncertainty sampling, the model sends low-confidence
predictions for review. This ensures experts spend time only on challenging cases, improving
efficiency while steadily boosting model accuracy.

Key Advantages of Active Learning and Uncertainty Sampling:

Efficiency Gains: Studies show active learning reduces labelling
requirements compared to random sampling, while still delivering
equal or greater accuracy.

Targeted Human Input: Human experts focus only on ambiguous,
high-value cases, avoiding wasted effort on trivial data.

Bias and Error Detection: By surfacing edge cases, active learning
exposes blind spots and hidden model biases earlier in development.

Cost Savings: Fewer annotations translate directly to lower labeling
costs and faster time-to-market for Al models.

Stronger Models: The model learns from complex examples sooner,
improving robustness and generalization

©06606

Active learning, especially these Human-Al annotation hybrid techniques, uncertainty sampling,
makes annotation a human-robot feedback loop. Businesses can increase performance without
brute-force labeling. Annotated data is expensive in healthcare, defense, and finance, so this
method is efficient and required.
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2.2 Semi-Supervised and Confidence-Threshold Workflows

In semi-supervised HITL workflows, a small set of data is meticulously labeled by humans to
create a "gold standard" training set. This seed dataset trains the initial model, automatically
labeling a larger dataset. Humans review only a subset of the auto-labeled data, usually
determined by confidence thresholds.

For example:

)> Predictions 295% confidence — automatically accepted.
)> Predictions between 70-95% — sent for human review.

)> Predictions <70% — escalated to domain experts for detailed labeling.

il (

< H <N <N

This tiered review process ensures that human labor is invested in the most impactful cases.
The confidence thresholds can be dynamically adjusted based on model maturity, workload

capacity, or quality targets.
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2.3 Collaborative Annotation with Domain Experts

Some annotation tasks demand expertise beyond the capabilities of general annotators.
Collaborative annotation is used in these cases: the Al model pre-labels the data, and
domain experts focus on validating complex cases.

Example: In medical imaging, an Al system may pre-label tumor boundaries on MRI
scans. Radiologists then refine these boundaries, correcting errors and adding notes
about tumor type or stage. The refined data improve the model and serve as a rich
clinical dataset for research and training purposes.

This approach provides that scarce expert resources are used efficiently, not labeling every
image, but applying their skills where the model struggles most.

08
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Chapter 3: HITL Steps in Data Annotation Pipelines

Implementing a Human-in-the-loop techniques for an annotation system in a production-grade
Al environment isn't just about adding a review stage, it's about embedding human oversight into
every point where it impacts model quality, compliance, and operational efficiency. Below is the
typical sequence of HITL Steps for the data annotation pipeline.

3.1 Data Ingestion and Pre-Processing

All annotation workflows begin with controlled ingestion of raw data. This can come from:

My

Sensor feeds
(LIDAR, radar, loT
devices)

—>

o >4

-

~

Enterprise
systems (ERP,
CRM, medical

record systems)

/

—

o .

\

Public or
commercial
datasets

~

—

4

4 U

surveillance feeds)

Continuous
streams
(social mediaq,
financial
transactions,

¥4

Pre-processing standardizes formats, handles missing values, applies encryption, and
removes personally identifiable information (PIl) where privacy regulations require it

(GDPR, HIPAA, FedRAMP). For government and defense use cases, ingestion nodes are
typically deployed in air-gapped or zero-trust environments to prevent data leakage.
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3.2 Model-AssistedPre-Labellingg

Once ingested, raw data passes through one or more Al models trained on historical datasets.
These models:

Apply preliminary labels . . Flag anomalies
PPy P Y Assign a confidence 9

(object classes, based on deviation
. . score to each
sentiment categories, from learned

. prediction
named entities) patterns

This pre-labeling stage can automatically process up to 80% of low-complexity items,
drastically reducing the human workload. However, these predictions are not final they move
to the next stage for validation.

3.3 Human Validation and Correction Cycles

Here, annotators receive batches of Al-labeled data prioritized according to confidence, risk,
and complexity. The human review process includes:

/ / ’
Enrichment:
Validation Correction : Adding mgtodota
Confirming that Fditing (ct::tgltr::lstzd s
correct labels are misclassified situational o
indeed accurate instances
notes)
\

For efficiency, annotation tools often display side-by-side Al suggestions and raw data so
reviewers can accept, reject, or modify predictions with minimal clicks.
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Chapter 4: Best Practices for HITL Annotation

A high-performing HITL annotation best practices in the system isn't just about tools and
architecture, it's about disciplined operational practices that keep quality high, costs under
control, and compliance intact.

4.1 Building Clear Annotation Guidelines

One of the most frequent causes of inconsistent annotations is the absence of well-defined,
practical guidelines. In large-scale data labelling programs, even minor ambiguities in
definitions can cascade into measurable performance drops in downstream Al models, which
directly undermines the reliability of training data and forces costly rounds of re-labelling.

Core Elements of Robust Annotation Guidelines:

Exact Definitions for Each Label/Class:
To avoid subjective interpretation,
every category must be precisely
described. For example, in a healthcare
dataset, the difference between
"delicate” and "suspicious” cannot be
left to an annotator’s intuition it requires
documented diagnostic cues agreed
upon by subject matter experts.

G
Decision Trees for Edge Cases: ﬁ — L]
Ambiguity often arises in borderline

cases. Providing flowcharts or decision
trees helps annotators follow a

consistent reasoning path, reducing

variance when encountering rare or ‘Q\ 0

confusing examples. .
40
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Annotated Examples of Correct and Incorrect Labels: Humans learn more effectively
from concrete examples. Embedding real annotated samples, both positive and
negative, ensures that annotators understand subtle distinctions that textual
descriptions alone cannot convey.

Special Handling Rules for Ambiguous Data: Real-world data inevitably contains noise:
blurry images, incomplete text, or contradictory metadata. Guidelines should specify
fallback strategies, such as escalating to a domain expert or using a standardized
‘uncertain’ tag, rather than forcing inconsistent guesses.

()

6)

Guidelines should be living documents, updated as new cases appear during production.
Xcelligen's approach includes "annotation playbooks™ tailored to each client domain, ensuring
consistent interpretation across teams and over time. One experimental study found that
annotators with explicit rules rather than vague standards achieved around 14% higher accuracy.

12
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4.2 Selecting and Training Skilled Annotators

Not all annotators are interchangeable, and complex projects like radiology imaging or
multilingual sentiment analysis require domain expertise. Best practices include:

e Pre-project assessments to match annotators to tasks based on skills
e Calibration rounds where annotators label the same data to measure agreement

e Ongoing micro-training to adapt to new label definitions or evolving data patterns

Government projects often require additional security clearance vetting for annotators,
especially when dealing with sensitive intelligence or personally identifiable information.
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4.3 Balancing Automation and Human Review for Efficiency
The goal is not to have humans check everything, but to maximize impact per human-hour.

This means:

e Using confidence thresholds to filter out high-certainty predictions from review queues
e Deploying active learning to prioritise uncertain cases

 Monitoring throughput metrics to adjust the Al/human split dynamically
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This balance can cut annotation costs by 30-50% when calibrated well without compromising
dataset integrity.

14,
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Chapter 5: Real-World Applications of HITL

Human-in-the-Loop annotation isn't a theoretical improvement, it's already embedded in
mission-critical Al systems across sectors. The common thread is the need for accuracy under
uncertainty, where mistakes have operational, financial, or even life-or-death consequences.

5.1 Autonomous Vehicle Perception Systems

Self-driving cars rely on computer vision, LIDAR, and radar to detect lanes, signs, pedestrians,
and other vehicles. Harsh conditions like glare, fog, or occlusion (e.g., foliage covering a stop
sign) often degrade accuracy.

To manage this, perception models pre-label data in real time and route uncertain cases to
human reviewers. Annotators refine bounding boxes, correct classifications, and add context
tags such as "blocked"” or "damaged.” These human-verified labels are then fed into the
training pipeline, improving the detection of rare but critical edge cases.

This human-in-the-loop process strengthens robustness, reduces false negatives, and
ensures safer deployment of AV perception systems in real-world environments.
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5.2 Medical Imaging and Diagnostics

HITL ensures that diagnostic models are safe for clinical use in radiology, pathology, and
cardiology. An Al model may pre-segment regions of interest in MRI or CT scans. However,
board-certified radiologists validate those segments, correct misalignments, and annotate
subtle anomalies (e.g., microcalcifications in mammograms) that models often miss.

Xcelligen's healthcare-focused HITL deployments integrate Digital Imaging and
Communications in Medicine (DICOM)-compliant annotation tools with secure, HIPAA-
approved storage. These allow clinicians to work within compliance constraints while feeding
high-fidelity corrections into models. In one case study, adding a HITL layer to a lung cancer
screening model reduced false negatives without impacting throughput.
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5.3 Natural Language Processing and Sentiment Analysis

Language models can misinterpret sarcasm, idiomatic expressions, or domain-specific
jargon. For example, in sentiment analysis for financial markets, a phrase like "short squeeze
could be misclassified as negative sentiment without domain context.

In HITL workflows, the Al first labels news articles, analyst reports, or social media posts, and
then human reviewers trained in the relevant financial terminology validate and adjust
labels. Over time, models learn to correctly map nuanced phrasing to sentiment classes,
improving real-world trading signal reliability.
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5.4 Financial Fraud Detection and Human-in-the-Loop (HITL)

Al systems in banking and payments routinely monitor millions of transactions per hour,
flagging suspicious behavior at scale. However, the flood of alerts,s many of which are
legitimate, can overload compliance teams.

A more strategic solution is a Human-in-the-Loop (HITL) workflow:

& Al flags high-uncertainty or high-value alerts and routes them to analysts.

4 Human feedback is used to retrain the model, reducing alert fatigue and
misclassification rates.

& While exact real-world statistics vary, industry studies show that HITL frameworks
significantly enhance accuracy and reduce false positives.

» @
2545 2154 . * 254

One influential academic study found that, in a banking context using graph-based models
and human feedback, HITL integration improved model performance metrics such as

AUC (Area Under the Curve) by over a published case study from a global bank shows that
a HITL fraud detection system achieved a 30% reduction in false alarms, streamlining
operations and boosting detection effectiveness.
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5.5 Al Services for Federal Agencies

Government use cases demand transparency, accountability, and explainability. Federal Al
projects from citizen-facing chatbots to satellite image analysis often embed HITL to meet
these requirements.

In a satellite reconnaissance example, Al models detect changes in terrain or infrastructure.
Analysts review flagged images to confirm changes, classify their nature, and eliminate false
alarms from environmental noise (e.g., shadows mistaken for new structures). This ensures
decision-makers receive actionable, verified intelligence.

The U.S. Blueprint for an Al Bill of Rights explicitly calls for "Thuman alternatives, consideration,
and fallback,” making HITL a best practice and a compliance necessity for federal Al systems.
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Chapter 6: Strategic Benefits for Government and
Enterprise Al

While the technical merits of HITL are clear, its strategic value to organizations lies in risk
reduction, operational scalability, and regulatory compliance while preserving public trust.

6.1 Accuracy, Transparency, and Trust in Public Sector Al

Government agencies face a higher bar for accuracy and fairness. Public sector Al systems
are often subject to Freedom of Information Act (FOIA) requests, independent audits, and
legal challenges. HITL enables:

> Traceable decision histories through audit logs of human and machine actions.
> Error mitigation before outputs reach the public or influence policy.

> Bias detection by allowing human reviewers to identify and correct systemic skew in data.

This transparency builds stakeholder confidence, whether the audience is legislative oversight
committees, citizen advocacy groups, or the general public.
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6.2 Scalability Without Quality Loss

Fully manual annotation can't scale to modern dataset volumes; fully automated
annotation sacrifices quality. HITL allows organizations to scale without the typical quality
drop-off by dynamically adjusting the ratio of Al-handled vs. human-reviewed data.

For example, A real-world crisis called Rapid Damage Assessment. A disaster response Al
system examined 280,000 social media photographs. Nearly 90% of the photos were
processed automatically, with only 10% given to human reviewers for expert verification.
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6.3 Compliance with Al Ethics and Governance Frameworks

From the European Union Artificial Intelligence Act (EU Al Act) to the National Institute of
Standards and Technology (NIST) 's Artificial Intelligence Risk Management Framework,
emerging regulations converge on three common principles: human oversight,
transparency, and accountability. HITL operationalizes all three by:

)>  Documenting human involvement in decision-making loops.
)>  Providing explainable corrections that improve model interpretability.

> Enforcing segregation of duties between automated systems and human reviewers.

Xcelligen's compliance-driven HITL architectures include automated compliance reporting
modules so organizations can produce audit-ready evidence of oversight on demand.
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Chapter 7: How Xcelligen Supports HITL-Enabled
Al Solutions

Xcelligen has been delivering Al/ML solutions for federal and enterprise clients since 2014,
and Human-in-the-Loop annotation is embedded in many of our deployments. Our approach
blends MLOps best practices, compliance-first architecture, and domain-specific annotation
workflows to create accurate, scalable, and audit-ready systems.

7.1 Capabilities in AI/ML Development for Federal Clients

Xcelligen specializes in projects where high accuracy and compliance are non-negotiable.
We design HITL-enabled solutions that:

Integrate directly into secure government
networks (FedRAMP, DoD IL4/IL5)

Provide role-based access control to
manage sensitive annotation tasks

Automate version control of datasets
and annotations for auditability

| Deliver models that improve with each
- annotation cycle via continuous
feedback loops
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7.2 Experience in Secure, Compliance-Driven Annotation Systems

Many Al service providers can build annotation tools; few can design them to withstand
federal compliance audits. Our HITL data annotation methods deploys:

Immutable audit Pll anonymization
logs to trace at ingestion for
every annotation citizen-facing

and correction datasets

Real-time
Encrypted monitoring for
pipelines data drift and
(AES-256 at rest, model

TLS 1.3 in transit) degradation

In one federal healthcare program, these measures allowed the agency to deploy a HITL-enabled
diagnostic support system that met HIPAA, FISMA, and NIST SP 800-53 requirements without
adding extra clearance delays for reviewers.

24
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7.3 Example HITL Deployment Case Studies

U.S. Census Bureau — Al/ML Support Services:

The Census Bureau deployed Large Language Models (LLMs) within secure Cloud
environments, where HITL reviewers ensured transparency, accountability, and compliance
with the NIST Al Risk Management Framework. Human oversight was critical in validating
Al-generated outputs and establishing Al governance structures to ensure safe and
trustworthy deployment.

\
DoD - Defense Technical Information Center (DTIC):

.

DTIC modernized its systems by integrating Al/ML services with human-in-the-loop
validation. During the transition to Cloud One IL5/IL6 environments, human annotators and
domain experts reviewed Al-processed outputs in data storage, web interfaces, and Azure
Cognitive Services. This ensured that automation gains were balanced with expert
oversight, improving accuracy and compliance assurance.

1001000010
000110010000
1001000010
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Chapter-8: Recommendations and Conclusion

8.1 Recommendations

Based on the technical foundations, hybrid methods, and best practices outlined in this white
paper, the following recommendations can help organizations integrate Human-in-the-Loop
(HITL) annotation effectively and sustainably:

Vo
£
£
L

Adopt HITL Early in the Al Lifecycle:

Incorporate HITL from the initial dataset design phase. This ensures
that annotation guidelines, review workflows, and quality metrics align
with model objectives and compliance requirements.

Implement dynamic thresholds that automatically route high-certainty
cases for automated approval while directing low-confidence or
high-risk cases to human reviewers. This maximizes efficiency without
compromising accuracy.

Invest in Domain-Specific Expertise:

Recruit annotators and reviewers with relevant subject-matter
knowledge for specialized projects, e.g.,, medical professionals for
imaging tasks, linguists for NLP, or financial analysts for fraud detection.

Integrate HITL into MLOps Pipelines:

Automate retraining cycles, maintain version-controlled datasets, and
track annotation corrections through immutable audit logs to ensure
continuous improvement and governance readiness.

Measure and Iterate:

Monitor annotation accuracy, inter-annotator agreement, and model
improvement rates regularly. Adjust thresholds, retraining frequency,
and human allocation based on measurable results.
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Conclusion

In the current Al generation, where speed and accuracy are strategic imperatives,
Human-in-the-Loop annotation is not a luxury but a necessity. Fully automated systems may
excel at scale, but without human oversight, they risk producing brittle models prone to error,
bias, and poor generalization.

HITL enables a closed feedback loop where automation accelerates throughput, and human
expertise ensures precision, contextual understanding, and ethical alignment. This hybrid
approach provides the accuracy, transparency, and adaptability needed to maintain
stakeholder trust and meet regulatory standards for mission-critical applications from
defence intelligence to healthcare diagnostics.

The organizations that treat HITL as a core architectural principle rather than a bolt-on review
stage will be best positioned to build Al systems that are not only powerful but also reliable
and accountable.

Xcelligen, with its proven track record in building secure, compliance-driven Al/ML solutions
for federal and enterprise clients, is uniquely positioned to help organizations operationalize
these principles. By partnering with Xcelligen, you can provide Al systems that are intelligent,
trustworthy, auditable, and aligned with your mission objectives.

Acknowledgment

This white paper on Human-in-the-Loop (HITL) annotation systems was made possible
through the collective expertise of Xcelligen's Al/ML research and engineering teams, whose
ongoing work in real-world deployments across healthcare, defense, financial services, and

federal agencies provided the technical foundation for this study. We would also like to

recognize the contributions of domain experts, data annotators, and machine learning
specialists whose insights into the challenges of large-scale annotation directly informed the
recommendations outlined here. Finally, we acknowledge the trust of our government and
commercial clients, whose partnership continues to shape and validate the practical

application of HITL-driven Al systems in mission-critical environments.



https://www.xcelligen.com/artificial-intelligence/

133 xcelligen.

Thank You

Contact@xcelligen.corT)
Www.reallygreotsite.coﬁ

13873 Park Center Road, . ‘.'. '.°. ’.'. °.°'
Suite 55M Herndon, VA 20171 AL AT A
o




