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Abstract

Qualified Trust Service Providers (QTSPs) play a central role in delivering secure,
transparent, and compliant digital trust services. The Standardization and Com-
pliance Framework described in this deliverable offers a methodology for integrat-
ing blockchain technology into QTSP operations, ensuring strict adherence to rel-
evant regulations such as eIDAS and GDPR. The framework elucidates the fun-
damental principles for designing robust REST APIs, provides detailed examples
of core API endpoints, explores essential security mechanisms, and outlines best
practices for documentation, error handling, and system integration. Addition-
ally, it introduces an architectural description featuring a modular, five-layered
structure encompassing the Blockchain Layer, QTSP Core Services Layer, Identity
Management Layer, Interoperability and Integration Layer, and Compliance and
Governance Layer. This layered approach promotes modularity, scalability, and
regulatory compliance, facilitating seamless interactions between various system
components. This standardization and Compliance Framework empowers QT-
SPs to deploy blockchain solutions both effectively.Therefore, QTSPs are suitably
equipped to leverage the transformative capabilities of blockchain, strengthening
their dedication to trust, security, and compliance.
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Executive Summary

This document outlines a framework intended to assist QTSPs in incorporating blockchain
technology within their digital trust activities, ensuring adherence to standards like el-
DAS, GDPR, ISO/IEC, and the ETSI EN 319 series. Drawing from an extensive examina-
tion of existing regulatory frameworks and blockchain’s potential, the framework intro-
duces a layered architectural model addressing governance structures, essential QTSP
services, identity management, interoperability, and compliance management. Each
layer is specified to fulfill particular functional requirements, guaranteeing that orga-
nizations maintain high standards for data protection, user privacy, and system trans-
parency, while maintaining operational effectiveness.

The core components of the framework comprise detailed guidelines for adopting blockchain
technology and developing REST APIs, focusing on security, privacy-preserving meth-
ods, and stringent auditing protocols. Also, it provides practical workflows for handling
the full lifecycle of qualified digital certificates (QDCs) through automated smart con-
tracts, where identity services utilize Decentralized Identifiers (DIDs) and verifiable cre-
dentials to reduce dependence on centralized systems. In addition, the document pro-
vides best practices for merging blockchain networks with current infrastructures, in-
cluding data migration strategies, continuous monitoring, and step-by-step upgrades.
This enables flexibility in innovation with respect to regulatory requirements, allowing
QTSPs to integrate new technologies and adapt to changing compliance needs. This po-
sitions them as leaders in offering secure, transparent and user-focused trust services in
our evolving digital world.



1 Introduction

1.1 Purpose of the Framework

The primary purpose of this document is to guide Qualified Trust Service Providers (QT-
SPs) in integrating blockchain technology into their operations securely and in compli-
ance with relevant regulations. As the digital landscape evolves, QTSPs are increasingly
required to enhance their security measures, ensure regulatory compliance, and main-
tain the trust of their clients. However, the integration of blockchain technology into
QTSP operations is not a simple process, with significant challenges arising from the
standardization and regulatory compliance requirements. In the first deliverable, we
conducted an extensive analysis of existing blockchain technologies and their applica-
bility to trust services, identifying key regulatory requirements and industry standards
that QTSPs must adhere to. Building on this work, in this document, the objective is to
bridge the gap between emerging innovations and regulatory expectations set by bod-
ies such as the European Union’ s eIDAS Regulation and the General Data Protection
Regulation (GDPR). This will enable QTSPs to adopt blockchain solutions that improve
operational efficiency and security, with strict adherence to legal and regulatory require-
ments and offer reliable, transparent and secure trust services.

1.2 Scope

The proposed framework tackles the following key aspects: (i) Regulatory Alignment:
It ensures adherence to the eIDAS Regulation, GDPR, and other EU directives, empha-
sizing blockchain’s capability to fulfill stringent security, transparency, and privacy de-
mands. (ii) Standards Compliance: Itintegrates international standards such as ISO/IEC
27001, ISO/TC 307, and the ETSI EN 319 series to establish solid information security
management systems and promote interoperability. (iii) Best Practices: It covers secu-
rity, privacy, interoperability, and operational efficiency utilizing advanced cryptogra-
phy, secure key management, and ongoing security evaluations. (iv) Governance Struc-
tures: It outlines roles, responsibilities, policies, and oversight bodies to ensure compli-
ance, accountability, and transparency. (v) Risk Management: It involves pinpointing
and mitigating technological, operational, and regulatory risks, ensuring QTSPs are ro-
bust against emerging threats. (vi) Reference Architecture: It details a modular techni-
cal framework for blockchain integration, featuring standardized REST APIs and mid-
dleware for interoperability. (vii) Implementation Guidelines: It offers comprehensive



step-by-step instructions, from planning and policy revisions to infrastructure deploy-
ment, continuous monitoring, and audits.

1.3 Structure of the Document

This document is organized as follows. First, the Introduction lays the foundation by
explaining the purpose, scope, and overall framework layout. Following that, the sec-
tion on Regulatory and Standardization Landscape examines pivotal regulations like el-
DAS and GDPR, as well as standards such as ISO/IEC and the ETSI EN 319 series. The
Proposed Architecture discusses the core components of the framework, including gov-
ernance, technical controls, compliance management, and best practices, crucial for
successful blockchain integration. The REST API Design and Implementation section
delves into principles of design, endpoints, security protocols, data formats, and inte-
gration guidelines crucial for building secure and reliable APIs. Implementation guide-
lines provide practical steps for conducting audits, updating policies, and staff train-
ing to ensure the effective deployment of blockchain technologies. The section on Fu-
ture Considerations and Continuous Improvement proposes strategies for embracing
new technologies, staying compliant with regulatory changes, and establishing feedback
mechanisms to constantly update and enhance the framework. Conclusions with key
insights highlight the importance of a structured and compliant integration approach.
Finally, the References section compiles all cited standards, regulations, and supporting
literature that strengthen and enrich the framework.

2 Regulatory and Standardization Environment

Integrating blockchain technology within the operations of QTSPs requires a compre-
hension of both regulatory and standardization frameworks that oversee digital trust
services in the European Union and other regions. This section summarizes the regula-
tions and global standards QTSPs must adhere to for compliant and secure blockchain
integration, as discussed in the prior deliverable. It examines the requirements and ef-
fects of significant legislative measures like the European Union’ s eIDAS Regulation
and GDPR, along with pertinent international standards including ISO/IEC 27001 and
the ETSI EN 319 series.

At the center of the European regulatory framework for digital trust services lies the el-
DAS Regulation, which serves as the cornerstone for electronic transactions within the
EU internal market. eIDAS establishes a legal framework that ensures the interoperabil-
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ity and mutual recognition of electronic identification and trust services across member
states. For QTSPs, eIDAS mandates stringent security and reliability standards for elec-
tronic signatures, seals, time stamps, and other trust services. The regulation’s emphasis
on creating a seamless digital single market underscores the importance of integrating
blockchain technology in a manner that enhances trust, security, and efficiency with-
out compromising regulatory compliance. However, the security and integrity of the
services offered by QTSPs can be enhanced leveraging blockchain’s inherent features of
decentralization, immutability, and transparency.

The GDPR complements eIDAS by enforcing mandatory data protection and privacy
standards for organizations processing personal data within the EU. These strict rules
regarding data minimization, purpose limitation, and user consent present significant
challenges for blockchain technology, which is aligned with data immutability and trans-
parency. QTSPs are tasked with balancing blockchain’s capabilities with GDPR compli-
ance, especially in terms of the "right to be forgotten” and data portability. This bal-
ance requires the adoption of sophisticated privacy-preserving methods, such as zero-
knowledge proofs and off-chain data storage, to safeguard personal data and uphold
user rights. Additionally, QTSPs need to formulate clear data governance strategies and
employ strong data encryption measures to prevent data breaches and unauthorized
access, ensuring GDPR compliance while benefiting from blockchain technology.

In addition to these regulations, international standards play a crucial role in shaping the
technical and operational aspects of blockchain integration within QTSPs. The ISO/IEC
27001 standard for Information Security Management Systems (ISMS) provides a sys-
tematic approach to managing sensitive information, ensuring its confidentiality, in-
tegrity, and availability. Following ISO / IEC 27001, QTSPs can implement comprehen-
sive security controls that protect against a wide array of cyber threats. Furthermore, the
ISO/TC 307 committee specifically addresses standards for blockchain and distributed
ledger technologies (DLT), offering guidelines that facilitate the secure and efficient de-
ployment of these technologies. ISO/TC 307 standards encompass a range of topics,
including governance frameworks, interoperability protocols, and technical specifica-
tions for blockchain systems. For QTSPs, these standards provide a clear roadmap for in-
tegrating blockchain in a way that ensures compatibility with existing systems and pro-
motes interoperability across different blockchain platforms. By aligning their blockchain
initiatives with ISO/TC 307 standards, QTSPs can achieve greater consistency and relia-
bility in their trust services, thereby enhancing operational efficiency and reducing the
likelihood of technical discrepancies that could undermine service quality.



The ETSIEN 319 series enhances international standards by providing detailed guidance
for trust service providers. These standards specify the necessary requirements for pol-
icy documentation, security protocols, and operational processes that QTSPs must es-
tablish to deliver dependable and secure trust services. Covering various aspects such as
certificate issuance, management, and revocation, the ETSI EN 319 series offers a struc-
tured framework that QTSPs can adopt to remain compliant and achieve operational
excellence. Compliance with these standards enables QTSPs to ensure their blockchain-
integrated services uphold superior security and reliability, thereby building greater trust
and confidence among users and regulatory entities.

In addition, the interaction between these regulations and standards demands a care-
fully planned method for blockchain integration. QTSPs are required to prioritize not
only technological progress but also rigorous adherence to legal and ethical standards.
To achieve this, QTSPs need to implement a comprehensive strategy that includes solid
governance frameworks, ongoing risk evaluations, and forward-thinking compliance
strategies. This approach allows QTSPs to reduce the risks linked to blockchain use, in-
cluding data breaches, regulatory fines, and damage to reputation, while also leveraging
blockchain’s transformative capabilities to improve service delivery and operational ef-
ficiency.

3 A Framework for Integrating Blockchain Technologies

into Qualified Trust Service Providers

3.1 Introduction to the Framework

Section 3 presents the framework for incorporating blockchain into QTSP settings. It
emphasizes the technical elements, governance frameworks, and operational proce-
dures necessary for ensuring secure and compliant trust services.

3.2 Description of the Architecture

This section outlines the basic framework for incorporating blockchain into the opera-
tions of a (Figure 1): Blockchain, QTSP Core Services, Identity Management, Interoper-
ability and Integration, and Compliance and Governance. Each layer is tailored to meet
particular technical and regulatory requirements, with a focus on maintaining security,
scalability, and compliance throughout the architecture. The objective is to enable trust



services to leverage decentralized technologies while upholding performance, user ex-
perience, and adherence to regulations.

Blockchain Layer

QTSP Core Services Layer

Identity Management Layer

Interoperability and Integration Layer

Compliance and Governance Layer

Figure 1. The high level five layer architecture

The proposed architecture adopts a layered design influenced by the OSI model, where
each layer is responsible for a distinct set of technical and regulatory functions. At the
foundational level, the Blockchain Layer guarantees a secure and tamper-evident ledger
for transaction records, leveraging consensus mechanisms and cryptographic proofs to
maintain transparency and immutability. Above it, the QTSP Core Services Layer carries
out key trust operations such as certificate issuance, revocation, and time-stamping,
ensuring alignment with eIDAS and similar regulatory directives. The Identity Man-
agement Layer introduces decentralized identity paradigms, utilizing DIDs and verifi-
able credentials to deliver robust, user-centric identity verification workflows. Next, the
Interoperability and Integration Layer ensures consistent communication between the
blockchain infrastructure and existing QTSP systems, standardizing data formats, pro-
tocols, and APIs to foster seamless integration. Finally, the Compliance and Governance
Layer oversees security, audit trails, policy enforcement, and regulatory conformity, pro-
viding ongoing risk management and accountability mechanisms. In this way, the archi-
tecture supports the concurrent operation of smart contracts and decentralized identity
solutions alongside strict regulatory standards, thus maintaining operational flexibility
while safeguarding trust and compliance.
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3.2.1 The Blockchain Layer

The Blockchain Layer undergirds all trust-related operations by maintaining a permis-
sioned ledger restricted to approved nodes, thereby reducing the risk of unauthorized
participation. At its core, this layer employs consensus algorithms such as Proof of Au-
thority (PoA), Practical Byzantine Fault Tolerance (PBFT), or Proof of Stake variants to
strike an optimal balance between transaction throughput, fault tolerance, and secu-
rity guarantees. These protocols complete transactions rapidly while remaining robust
against adversarial or malfunctioning nodes, preserving the integrity of the ledger.

Smart contracts automate essential trust operations by encoding predetermined logic
for tasks such as issuing, revoking, and timestamping certificates. Through the program-
matic enforcement of trust protocols, these smart contracts lessen the need for manual
supervision, decrease operational mistakes, and enhance compliance processes. The
on-chain ledger maintains cryptographic hashes and unique identifiers of significant
records, guaranteeing immutability and auditable traceability. Meanwhile, any sensi-
tive or large volumes of data are stored off-chain in controlled environments. This hy-
brid storage approach complies with GDPR and other data protection regulations by al-
lowing secure off-chain data handling and modifications while maintaining verifiability
through on-chain cryptographic hashes. As a result, the Blockchain Layer provides the
core security, transparency, and reliability essential for efficient QTSP operations.

3.2.2 QTSP Core Services Layer

The QTSP Core Services Layer delivers the specialized trust functionality required under
eIDAS and related regulatory standards by implementing electronic signatures and elec-
tronic seals that hold legal standing equivalent to traditional handwritten signatures or
physical seals. These trust services leverage strong cryptographic methods to ensure au-
thenticity, integrity, and nonrepudiation of digital transactions and documents. In par-
allel, timestamping services generate precise proofs of existence and sequencing, serv-
ing as critical evidence for legal and evidentiary use cases.

A key component of this layer is the management of the certificate lifecycle, in which
qualified digital certificates (QDCs) are securely generated, distributed, updated, and re-
voked in accordance with the mandates of eIDAS and GDPR. This lifecycle management
process integrates with the underlying Blockchain Layer to immutably record key events,
such as new certificate issuance or revocation, and to provide an auditable trail for all
certificate-related actions. Integrating automated compliance verification and analytics
into these workflows allows the QTSP Core Services Layer to quickly identify irregulari-

11



ties or policy breaches, escalating such issues to authorized staff for swift resolution. As
a result, this layer functions as the operational hub for trust services, guaranteeing the
stable and safe performance of essential tasks while adhering to strict regulatory stan-
dards.

3.2.3 Identity Management Layer

The Identity Management Layer is focused on decentralized identity solutions that pri-
oritize user autonomy. Using DIDs, it allows both users and organizations to indepen-
dently manage their digital identities without the need for reliance on centralized en-
tities. Individuals retain control over their identity information, which helps mitigate
single points of failure and shields against extensive data breaches. This layer also uti-
lizes verifiable credentials, serving as tamper-resistant confirmations of attributes like
names, citizenship, or professional qualifications. Users can choose to reveal only the
necessary information in specific interactions. A digital wallet interface lets users man-
age their DIDs and credentials, handling tasks such as authentication or credential shar-
ing. By collaborating with the Blockchain Layer, the wallet ensures credential integrity
and creates a secure cryptographic record for accountability, all while adhering to GDPR
limitations on data storage and processing.

3.2.4 Interoperability and Integration Layer

The Interoperability and Integration Layer promotes stable, secure, and streamlined
data sharing across the blockchain network, QTSP systems, and other external systems.
It provides standardized RESTful APIs for operations such as certificate issuance, sig-
nature verification, and credential revocation. These APIs utilize protocols like HTTPS
to guarantee data privacy and OAuth 2.0 to ensure secure authentication and autho-
rization processes. This layer also standardizes data formats, often employing JSON for
lightweight transactions or XML for more complex, structured data. Common schemas
for certificates, verifiable credentials, and transaction records support data integrity and
interoperability across various environments. If integration with multiple distributed
ledgers is necessary, cross-chain communication is enabled through specialized bridges
and smart contracts that manage asset or data transfers, ensuring atomic updates that
preserve consistency across blockchains. This integration framework allows organiza-
tions with legacy systems to incrementally connect with blockchain services without dis-
rupting their primary operations or compromising security.
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3.2.5 Compliance and Governance Layer

The Compliance and Governance Layer ensures adherence to e[DAS2, GDPR, and var-
ious relevant regulations, guaranteeing the technological integrity and legal validity of
each transaction. It establishes explicit policy guidelines that dictate data management
protocols, allowable network conduct, and the duties of all involved parties. Oversight
can be performed by both internal teams and external Conformity Assessment Bod-
ies conducting thorough audits. The security framework within this layer mandates
strong encryption, access controls based on roles, and meticulously documented re-
sponse strategies for incidents. These precautions fortify the system against sophisti-
cated cyber threats and facilitate the swift resolution of security events. To meet reg-
ulatory and evidentiary criteria, all pertinent operations are meticulously recorded in
unalterable audit logs. These logs capture specifics such as transaction times, issuer cre-
dentials, user activities, and system responses, easing later compliance checks or foren-
sic examinations. Through constant system monitoring and audits, this layer aids in the
early detection of breaches or process inconsistencies, safeguarding the trust service op-
erations and maintaining public confidence in the framework.

3.3 Interaction Between Architectural Layers

Effective integration of blockchain technology within a QTSP framework requires a clear
understanding of how the different architectural layers interact. Although each layer ful-
fills a distinct set of functions, they collectively form a cohesive system that enforces se-
curity, compliance, and operational efficiency. This section examines the key interfaces
and processes through which these layers communicate, highlighting the synergistic re-
lationships that underpin a robust and trustworthy digital trust ecosystem.

3.3.1 Blockchain Layer and QTSP Core Services

The Blockchain Layer serves as the foundation for essential trust functions carried out by
the QTSP Core Services Layer. When certificates are generated, canceled, or validated,
the core services utilize blockchain transactions to form a permanent and clear record
for each activity. Smart contracts integrated within the blockchain automate these tasks
by applying predetermined rules, thereby greatly lowering the need for manual super-
vision. This system enhances the management of certificate lifecycles and diminishes
human error. By preserving logs of all trust service actions that show tampering, the
blockchain bolsters both dependability and legal compliance. Thus, the smooth interac-
tion between the immutability of the blockchain and the functionalities of the core ser-
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vices guarantees data integrity, operational clarity, and effective service performance.

3.3.2 QTSP Core Services and Identity Management Layer

The integration of the QTSP Core Services Layer with the Identity Management Layer
is essential for effective authentication and secure transaction handling. The Identity
Management Layer utilizes DIDs and verifiable credentials to validate user identities,
ensuring that only authorized entities can execute trust operations. Through the use of
DIDs, users gain direct control over their digital identities, improving both privacy and
security. The credentials and electronic signatures issued by the QTSP Core Services are
securely held in digital wallets, which communicate with the Blockchain Layer to offer a
verifiable and tamper-resistant record of the activity of the credentials. This architecture
ensures that identity verification is both trustworthy and privacy-friendly, strengthening
the credibility of the entire trust service framework.

3.3.3 Identity Management Layer and Interoperability and Integration Layer

Close collaboration between the Identity Management Layer and the Interoperability
and Integration Layer is vital to enable cross-platform identity verification and creden-
tial validation. Standardized APIs and middleware solutions allow identity data to flow
securely between various systems, including multiple blockchain networks and external
QTSP environments. This interoperability expands the reach of digital trust services,
allowing verifiable credentials to be recognized and accepted in diverse technical and
regulatory contexts. Such seamless cross-chain capabilities help ensure consistent user
experiences, minimize data silos, and maintain strong data integrity controls across all
integrated platforms.

3.3.4 Interoperability and Integration Layer and Compliance and Governance Layer

The Interoperability and Integration Layer works in conjunction with the Compliance
and Governance Layer to ensure data exchanges and integrations comply with strict se-
curity and regulatory standards. Through the use of standardized protocols like HTTPS
and OAuth 2.0, along with established data handling practices, the Interoperability Layer
ensures every transaction or credential exchange conforms to eIDAS2 and GDPR stan-
dards. At the same time, the Compliance and Governance Layer records and audits these
exchanges, providing evidence of compliance. This collaboration guarantees that each
data transfer operates smoothly while upholding the utmost privacy, accountability, and
adherence to legal requirements.
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3.3.5 Compliance and Governance Layer Encompassing All Layers

Though conceptually deemed the uppermost layer, the Compliance and Governance
Layer has a widespread impact across the entire architecture. It oversees each layer,
identifying deviations from set policies, security measures, or performance standards.
By implementing unified governance policies, it centralizes the management of data
protection, access controls, and risk management. Ongoing audits and real-time moni-
toring bolster transparency, enabling quick resolution of issues that might threaten com-
pliance or service reliability. Through such comprehensive oversight, the Compliance
and Governance Layer ensures that the entire QTSP framework remains secure, flexible,
and legally compliant.

3.4 Workflow Example: Certificate Issuance and Verification

To illustrate the practical application of the defined architecture, consider the following
workflow for issuing and verifying a QDC (Figure 2). This workflow encompasses two
primary processes: Certificate Issuance and Certificate Verification, each involving a se-
ries of coordinated steps that leverage the interaction between different architectural
layers.
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Figure 2. Use Case Process Flowchart for Blockchain-Integrated QTSP Framework

3.4.1 Certificate Issuance

maintaining the integrity and security of the transaction.
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The issuance process commences with the initiation phase, where a QTSP initiates the
certificate issuance by accessing the Signature and Transaction System within the QTSP
Core Services Layer through a secure API endpoint (POST /api/vl/certificates/issue).
This secure access ensures that only authorized entities can initiate the issuance process,



Following initiation, the QTSP proceeds to the data preparation stage. Here, the QTSP
meticulously prepares the certificate data, which includes the subject’ s personal infor-
mation, public key, and the validity period of the certificate. This comprehensive data
set is then submitted through the standardized API endpoint, ensuring that the infor-
mation is structured and transmitted consistently across the system.

The subsequent crucial phase is verifying identity, where the Identity Management Layer
is instrumental. It confirms the subject’s identity through DIDs and verifiable creden-
tials keptin the user’s digital wallet. During this process, the Identity Management Agent
engages in authenticating the user and verifying the truthfulness and coherence of their
credentials. Utilizing decentralized identity technologies ensures that only genuine and
authenticated users are able to receive certificates, thereby improving the security and
reliability of the issuance procedure.

Upon successful identity verification, the process advances to smart contract execu-
tion. A smart contract within the Blockchain Layer is triggered to record the certifi-
cate issuance transaction. This recording ensures that the transaction is immutable and
transparent, providing an indisputable record of the issuance. The smart contract au-
tonomously handles the creation and storage of the QDC on the blockchain, linking it
directly to the subject’ s DID.

The issued QDC is then stored on-chain, providing an immutable and tamper-proof
record of the certificate issuance. Concurrently, sensitive information associated with
the certificate is securely stored off-chain, with cryptographic hashes or references main-
tained on-chain. Following this the need for data integrity and privacy is ensured, while
sensitive information remains protected while still being verifiable through the blockchain.

At last, the QTSP informs the subject about the successful issuance of their QDC. The
subject gains access to their digital wallet, enabling them to manage their credentials
and use them in future transactions. This notification process guarantees that the sub-
ject is quickly informed of their new certificate and can effortlessly incorporate it into
their digital activities.

3.4.2 Certificate Verification

The verification process begins when an entity, such as an employer, requests verifica-
tion of a subject’ s QDC by interacting with the QTSP Core Services Layer through a
standardized API endpoint (GET /api/v1/certificates/certificateID/verify). This request
initiates the verification workflow, ensuring that the entity seeking verification can trust
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the validity and authenticity of the certificate.

Upon receiving a verification request, the Verification System retrieves the necessary
certificate information stored in the blockchain layer. This retrieval ensures the validity,
unexpired status, and non-revocation of the certificate, thereby maintaining its trust-
worthiness and operational status. By consulting the immutable records on the blockchain,
the system guarantees that the certificate’s status is both accurate and up-to-date.

The next step involves credential validation within the Identity Management Layer. Here,
the system validates the subject’ s verifiable credentials, confirming the authenticity and
integrity of the certificate. This validation process includes interaction with the Identity
Management Agent to ensure that the QDC is indeed linked to a legitimate and verified
DID. Hence, the system ensures that the certificate is both authentic and issued to the
correct individual, thereby maintaining the integrity of the verification process.

After confirming credentials, the system produces a verification reply. This response
conveys the certificate’s authenticity and includes relevant details such as issuer, sub-
ject, issuance date, and expiration date for the requesting party. By supplying this in-
formation, the system guarantees that the verifying entity possesses all essential data to
evaluate the certificate’s validity and its pertinence to their particular requirements.

Lastly, every verification request and its corresponding response are thoroughly docu-
mented on the blockchain, establishing an immutable audit trail that supports compli-
ance and accountability. This detailed logging guarantees that each verification transac-
tion is securely recorded in an unalterable way, offering a transparent and accountable
account that can be consulted for regulatory reviews or audits.

3.5 Security and Privacy considerations

Implementing strong security and privacy protocols is crucial to maintain the integrity
and reliability of QTSP systems integrated with blockchain. This section outlines the
essential security and privacy elements within the architectural framework, emphasiz-
ing the tactics used to protect sensitive information and ensure adherence to regulatory
requirements.

3.5.1 Security Measures

A fundamental aspect of the architecture’s security strategy is the deployment of thor-
ough encryption protocols. For data stored, advanced encryption standards are applied,
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protecting all information on both blockchain and off-chain databases from unautho-
rized access and potential breaches. This encryption process ensures that sensitive trust
service data is defended against malicious attacks, maintaining its confidentiality and
integrity. Furthermore, data transmission is secured using state-of-the-art encryption
protocols, which protect communications between blockchain nodes, QTSP systems,
and external interfaces.

Security protocols are strictly applied to prevent unauthorized access to sensitive func-
tions and information. Role-Based Access Control (RBAC) is utilized to allocate permis-
sions contingent upon user roles and duties, ensuring that only properly authorized in-
dividuals are able to undertake crucial activities. This detailed control reduces the dan-
ger of internal threats and unauthorized data alterations by confining access to essen-
tial users only. Supplementing RBAC, Multi-Factor Authentication (MFA) is obligatory
for every user and administrative entry point. MFA enhances security by demanding
multiple verification methods, thus greatly lowering the possibility of credential-based
breaches and improving the overall security of the system.

Security concerns in smart contracts are thoroughly tackled through consistent code au-
dits and formal validation procedures. Third-party code audits and vulnerability assess-
ments are utilized to detect and address possible security weaknesses within smart con-
tracts, guaranteeing they function as expected without weaknesses. In addition, formal
verification techniques are used to provide mathematical evidence of the correctness
and dependability of smart contracts. This verification process averts unintentional be-
haviors and increases confidence in automated processes, ensuring that smart contracts
carry out transactions correctly and safely.

The reinforcement of network security involves implementing strong defensive strate-
gies, such as firewalls and Intrusion Detection Systems (IDS). Firewalls serve as barriers
that manage both incoming and outgoing traffic by applying predefined security guide-
lines, effectively preventing unauthorized access. IDSs oversee network traffic in real-
time, pinpointing and counteracting potential security threats and unauthorized ac-
tions. This ensures that only verified nodes can engage in consensus protocols, thereby
safeguarding the blockchain network’s integrity and security. Moreover, strategies to
prevent Distributed Denial of Service (DDoS) attacks are putin place to shield blockchain
activities from being overwhelmed by harmful traffic. These protective measures help
guarantee network resilience and availability, maintaining blockchain functionality even
amidst attacks.
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3.5.2 Privacy Considerations

Privacy considerations are intricately woven into the architecture to ensure that user
datais protected and privacy is maintained without compromising the functionality and
integrity of trust service operations. Data minimization strategies are employed to col-
lect and process only the data necessary for specific trust service functions. By adhering
to the GDPR principle of data minimization, the architecture reduces the risk of unnec-
essary data exposure and ensures that only essential information is handled. Regular
data audits are conducted to evaluate data collection and processing practices, identify-
ing and eliminating any superfluous data to maintain ongoing compliance with privacy
standards.

Moreover, anonymization and pseudonymization techniques are pivotal in protecting
user identities and enhancing data privacy. Data anonymization involves applying tech-
niques to irreversibly remove personally identifiable information (PII) from data sets
stored on the blockchain, thereby ensuring that user identities remain confidential and
protected. Pseudonymization replaces PII with pseudonyms, allowing data to be pro-
cessed while maintaining user privacy and reducing the risk of identity exposure. These
strategies ensure that even if data is accessed unlawfully, the ability to trace it back to
individual users is significantly diminished, thereby safeguarding personal information.

Zero-Knowledge Proofs (ZKPs) are cryptographic techniques used to facilitate privacy-
preserving verification methods. ZKPs enable the confirmation of data’s authenticity
and integrity without disclosing sensitive details, thereby bolstering privacy in trust ser-
vice operations. They offer selective disclosure functionality within identity verification,
allowing users to confirm their identities securely and privately without revealing extra-
neous personal information. This approach to information sharing aligns with optimal
privacy practices, ensuring users maintain control over their personal data while fulfill-
ing verification demands.

Decentralized Identity Management enhances users’ autonomy over their digital iden-
tities by employing DIDs. This self-sovereign identity model allows users to control their
personal data independently of central authorities, boosting privacy and security. Ver-
ifiable credentials are crafted to resist tampering and can be independently validated,
ensuring both data integrity and user privacy while facilitating secure identity checks.
By avoiding centralized identity databases, this approach reduces the dangers of data
breaches and unauthorized access, creating a more secure and private digital trust ecosys-
tem.
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3.6 Integration with Existing Systems

Integrating blockchain architecture with existing QTSP systems and legacy infrastruc-
tures is crucial to ensure minimal disruption and a seamless transition to blockchain-
enabled operations. Effective integration not only maintains the continuity of ongoing
trust services but also enhances system capabilities by leveraging the strengths of both
blockchain technology and established QTSP infrastructures. This section delineates
approaches that can be employed to achieve efficient integration and robust data mi-
gration, ensuring that blockchain adoption is smooth, secure, and aligned with organi-
zational objectives.

An essential element of integration is guaranteeing that blockchain systems are compat-
ible with existing QTSP infrastructures. This is mainly accomplished through API inte-
gration and the application of middleware solutions. The use of standardized Applica-
tion Programming Interfaces (APIs) is crucial, as they enable consistent and interopera-
ble exchanges between blockchain and existing QTSP systems. These standardized APIs
greatly simplify integration by offering consistent endpoints and data exchange proto-
cols, allowing disparate systems to communicate seamlessly. Additionally, it is vital that
these APIs follow standard communication protocols, such as HTTPS and OAuth 2.0,
to ensure secure and reliable integration across diverse legacy systems and platforms.
Compliance with these protocols ensures that data transmission is both encrypted and
validated, thus protecting sensitive trust service information during communications.

In addition to integrating APIs, middleware solutions are crucial in connecting different
systems. Serving as an intermediary layer, integration middleware aids in the smooth
translation of data and conversion of protocols, thus enabling efficient interactions be-
tween blockchain platforms and legacy systems. It ensures uniformity in data formats
and structures, fostering interoperability and simplifying the integration of diverse sys-
tems. The process of data normalization within the middleware further boosts compat-
ibility by standardizing the formats and structures across various platforms. This stan-
dardization is essential for preserving data integrity and coherence, ensuring that in-
formation transfers smoothly and accurately between blockchain-enabled trust services
and existing infrastructures. By adopting these middleware solutions, organizations can
establish a comprehensive integration framework that enhances current performance
and supports future growth.

Data migration plays a crucial role in the integration of blockchain technology with ex-
istinglegacy systems, requiring careful planning and flawless execution to maintain data
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integrity and system stability. Effective strategies for data migration include data map-
ping and transformation, gradual migration, and thorough data validation and verifica-
tion procedures. The foundation of this process is creating comprehensive data map-
ping schemas, which are necessary for converting legacy data structures into formats
suitable for blockchain. Proper schema mapping ensures the consistency and integrity
of data throughout the migration, avoiding errors and preventing data loss. By develop-
ing precise and detailed mapping schemas, organizations can efficiently convert legacy
data into blockchain-compatible formats, thus ensuring a seamless and accurate tran-
sition.

To minimize disruptions to ongoing operations, an incremental migration strategy is
adopted, in which data are moved in phases rather than all at once. This phased ap-
proach allows for systematic migration, ensuring that each stage is thoroughly tested
and validated before proceeding to the next. The operation of legacy and blockchain-
integrated systems in parallel during the migration process is another critical strategy.
This parallel operation enables a gradual transition, allowing for continuous validation
of data integrity and system functionality. By maintaining both systems concurrently,
organizations can identify and address any issues that arise during migration without
compromising the availability of trust services. This approach ensures that the migra-
tion process is stable and resilient, reducing the risk of operational disruption.

Once migration is complete, it is crucial to perform thorough data validation and veri-
fication to ensure all data has been precisely and entirely transferred to the blockchain
system. Conducting integrity checks is necessary to confirm data consistency and to ver-
ify that no information has been altered or lost during migration. Moreover, involving
end-users in the validation process is vital to confirm the data’s accuracy from a practi-
cal viewpoint. User validation plays a key role in quickly identifying and correcting any
inconsistencies, ensuring the migrated data achieves the required accuracy and relia-
bility standards. These detailed validation procedures are essential for maintaining the
blockchain-integrated QTSP framework’s trustworthiness and effectiveness.

Utilizing standardized APIs along with reliable middleware solutions allows organiza-
tions to ensure blockchain systems work harmoniously with existing legacy infrastruc-
tures, thereby creating an efficient and unified digital trust environment. Thorough data
migration plans, which include meticulous data mapping, gradual migration, and strin-
gent validation processes, safeguard data integrity and ensure operational stability dur-
ing the transition. This comprehensive integration and migration strategy reduces the
risk of disruptions, enhances operational efficiency, and establishes a strong founda-
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tion for fully benefiting from blockchain technology. As a result, QTSPs can seamlessly
and securely transition to operations empowered by blockchain, maintaining continuity
while improving system capabilities and adhering to regulatory standards.

3.7 Monitoring and Auditing Enhancements

To uphold the integrity, security, and compliance of blockchain-integrated QTSP frame-
works, establishing strong monitoring and auditing systems is crucial. This section de-
scribes strategies for thorough monitoring and auditing, highlighting the core compo-
nents and their roles in guaranteeing the system’s dependability and compliance with
regulatory standards.

3.7.1 Advanced Monitoring Tools

An essential aspect of the Monitoring and Auditing Enhancements layer is the integra-
tion of sophisticated monitoring tools, which include blockchain analytics and perfor-
mance dashboards. Blockchain analytics tools are crucial for observing transaction flows,
spotting anomalies, and maintaining data integrity within the blockchain network. These
tools provide continuous analysis of transaction patterns, enabling the detection of sus-
picious behavior or deviations from standard operations, which allows for prompt ac-
tion to counteract potential security threats. Additionally, mechanisms for security threat
detection are deployed to identify and address potential risks, like irregular transaction
volumes or unauthorized access attempts. These preventive strategies are vital for pro-
tecting the network from malicious activities and maintaining the security of trust ser-
vice operations.

Performance dashboards enhance these analytics tools by delivering immediate insights
into system performance metrics such as transaction speed, network latency, and re-
source utilization. These dashboards are crafted to give administrators a thorough overview
of the system’s operational status, allowing them to track performance patterns and
pinpoint areas needing optimization. Furthermore, the customizable views in these
dashboards let administrators concentrate on metrics pertinent to their operational and
compliance requirements, thereby aiding targeted performance management and boost-
ing system efficiency. By incorporating these sophisticated monitoring tools, the archi-
tecture ensures that trust service operations are consistently optimized and safeguarded
against evolving threats, thus upholding high standards of security and performance.
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3.7.2 Automated Compliance Checks

Automated compliance checks play a crucial role in verifying that blockchain operations
conform to regulatory standards and internal rules. This system utilizes smart contracts
for automated rule enforcement, integrating compliance rules directly into the transac-
tion processes. By automating the application of regulatory standards, smart contracts
ensure all transactions are conducted according to established policies, decreasing the
reliance on manual oversight and lowering the chance of human error. Furthermore,
automated auditing tools are used to constantly confirm compliance with eIDAS2 and
GDPR standards. These tools observe transactions and operations in real time, issuing
alerts for any discrepancies or violations, thus allowing for swift corrective measures to
sustain regulatory compliance.

Another essential aspect of this component is the compliance dashboards, which offer
a straightforward summary of the current compliance standing within the blockchain-
integrated QTSP framework. These dashboards pinpoint both compliant and non-compliant
areas, enabling administrators to swiftly detect and rectify emerging problems. Audit
trail visualization tools provide graphical depictions of audit trails, simplifying the pro-
cess of tracking and verifying all transactions and operations related to trust services.
This visualization supports the maintenance of transparency and accountability, mak-
ing sure all activities are documented and can be reviewed when necessary. By incorpo-
rating automated compliance checks, the architecture not only guarantees compliance
with regulatory standards but also bolsters the overall accountability and transparency
of trust service operations, thus promoting a reliable digital trust ecosystem.

3.7.3 Audit Trail Management

Proper management of audit trails is crucial to ensure transparency and accountabil-
ity within the QTSP framework connected to the blockchain. Extensive logging mech-
anisms are utilized to keep detailed and unchangeable records of all blockchain trans-
actions, user interactions, and system activities. These permanent logs are essential for
conducting thorough audits and verifying compliance, offering a transparent and se-
cure record of all activities within the system. Detailed logging captures comprehensive
information about each transaction and interaction, ensuring that every facet of system
operations is carefully documented. Periodic audits play an important role in the ongo-
ing assessment of the system’s performance, security measures, and compliance adher-
ence. Internal audits are conducted regularly to evaluate the effectiveness of security
protocols and compliance measures, identifying areas for improvement and ensuring
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continuous alignment with regulatory standards. External audits, performed by accred-
ited Conformity Assessment Bodies (CABs), provide independent validation of compli-
ance with eIDAS2 and GDPR standards, offering an additional layer of assurance regard-
ing the system’s integrity and reliability. These audits are instrumental in maintaining
stakeholder confidence and ensuring that the QTSP framework consistently meets high
standards of security and compliance.

3.8 User Experience and Accessibility

Ensuring a user-friendly experience and adherence to accessibility standards is criti-
cal for the widespread adoption and effectiveness of blockchain-integrated Qualified
Trust Service Provider (QTSP) frameworks. This section outlines strategies for enhanc-
ing user experience and ensuring accessibility, focusing on the design of user interfaces
and compliance with accessibility guidelines.

3.8.1 User-Friendly Interfaces

An essential component of improving user experience in blockchain-integrated QTSP
frameworks is crafting interfaces that are intuitive and easy to use. Digital wallets, which
are the main interfaces for handling DIDs, verifiable credentials, and electronic signa-
tures, are developed with a focus on straightforwardness and user-friendliness. Imple-
menting an intuitive design allows users to navigate and make use of the digital wallet’s
features with ease, thereby minimizing the learning curve and fostering active user in-
volvement. Furthermore, the design of digital wallets integrates guided processes and
tooltips to aid users in executing different tasks. These guided features offer contextual
support, assisting users in effectively managing their credentials and signatures, ulti-
mately boosting user satisfaction and reducing the chances of errors.

Interfaces for trust services, such as those used for issuing and verifying certificates, need
to maintain a uniform design language. This consistency enhances usability by offering
a cohesive look and experience across various trust service functions, reducing user con-
fusion and promoting smooth interactions. In addition, responsive design principles
are applied to make these interfaces accessible and effective on a wide array of devices
and screen sizes. Adapting to different devices, the interfaces offer a user-friendly and
adaptable experience, catering to users accessing trust services from desktops, tablets,
and smartphones. This adaptability not only improves accessibility, but also ensures
efficient interaction with trust services, regardless of the device in use.
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3.8.2 Accessibility Standards

Ensuring compliance with accessibility standards is crucial for creating blockchain in-
tegrated QTSP frameworks that are inclusive and usable by everyone, including those
with disabilities. A major aspect is adhering to the Web Content Accessibility Guidelines
(WCAG), which focus on designing user interfaces that can be accessed by individuals
with visual, auditory, or motor disabilities. By aligning with WCAG, trust services are
made more accessible, enabling users with disabilities to efficiently navigate and use the
services. This involves integrating features like text alternatives for non-text elements,
keyboard accessibility, and adequate contrast ratios to improve readability and ease of
use for all users.

The integration of assistive technologies constitutes an essential aspect of accessibility
initiatives. Interfaces are crafted to work smoothly with screen readers, allowing visu-
ally impaired individuals to effortlessly access and use digital wallets and trust services.
Additionally, keyboard navigation is facilitated, enabling those with motor impairments
to operate interfaces without a mouse. These assistive technologies make trust services
more accessible, fostering inclusivity and improving the user experience for a wider au-
dience.

4 REST API Design and Implementation

Representational State Transfer (REST) APIs form the backbone of communication within
a blockchain-integrated QTSP environment. RESTful architectures, known for their de-
fined endpoints, standardized data exchange protocols, and strong security measures,
allow diverse components, from blockchain networks to identity verification systems, to
interact smoothly and dependably. This chapter delves into the fundamental principles
that guide REST API design, showcases comprehensive examples of primary API end-
points, examines crucial security features, and suggests best practices for documenta-
tion, handlingerrors, and integration. In addition, we explore specific workflows, demon-
strating how these APIs support processes such as certificate issuance and verification,
which are central to QTSP services.

Contemporary trust service ecosystems require interoperability, scalability, and adher-
ence to strict regulations such as eIDAS and GDPR. REST APIs fulfill these requirements
by standardizing interactions, ensuring requests and responses have a predictable for-
mat, and enabling secure authentication and authorization. Stateless communication

26



further facilitates load balancing and fault tolerance, enhancing the reliability crucial for
mission-critical trust operations. Fundamental design principles heavily influence the
efficacy and maintainability of a REST API. While various architectural styles exist, REST
stands out due to its simplicity, scalability, and ubiquity in modern web services. Below
we describe several core principles that guide the creation of robust APIs in the context
of QTSP frameworks.

APIs should be intuitive to ensure that developers can easily discover, learn, and inte-
grate new endpoints. Consistent resource naming, predictable URL structures, and uni-
form response formats are crucial. A well-structured API reduces the learning curve,
reduces the chance of implementation errors, and accelerates the overall development
lifecycle. In practice, each resource might be assigned to an entity in the trust ecosystem,
such as a certificate, a DID, or a verifiable credential, promoting a clear logical separation
of responsibilities. Statelessness implies that each request contains all the information
necessary for the server to understand and process it, without relying on stored context
in the server. In trust service contexts, stateless design allows for better scalability and
fault-tolerance. Servers can easily distribute requests among multiple nodes, as no ses-
sion data is required to maintain continuity. This approach is particularly beneficial in
high-availability systems where consistent performance and reliability are prerequisites
for handling critical transactions like certificate generation or revocation.

Instead of modeling endpoints around actions, REST advocates modeling them around
resources. In a blockchain-integrated environment, resources can include certificates,
identity records, revocation lists, or transaction logs. By using meaningful nouns in end-
point URLs (e.g., /certificates and /users), the APl remains both descriptive and user-
friendly. Coupled with the correct use of HTTP methods (GET, POST, PUT, DELETE), this
resource-based strategy simplifies understanding of the system’s data structures and in-
teractions.
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Figure 3. High-Level REST API Architecture

Figure 3 illustrates the high-level REST API architecture for the blockchain-integrated
QTSP framework.
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4.1 Standard HTTP Methods

Utilizing conventional HTTP methods is consistent with established REST practices, thereby
improving compatibility and ease of use for developers. The methods include: (i) GET

for data retrieval, such as accessing certificate information or examining audit logs. (ii)
POST for the creation of new resources, like generating a new certificate or registering a
user. (iii) PUT for modifying existing resources, such as updating user profiles or renew-

ing a certificate’s duration. (iv) DELETE for resource removal, for instance, canceling a
certificate or deleting user accounts.

Employing these standard methods also clarifies intent and integrates effectively with
existing infrastructure components such as caching proxies, firewalls, and load balancers.

An effective trust ecosystem relies on robust security measures. Implementing security
during the initial API design phase is essential for maintaining data integrity and pre-
venting unauthorized access. Within the QTSP framework, standard practices involve
employing OAuth 2.0 for safe authorization, using API keys to verify third-party services,
and requiring data encryption during transit with TLS (Transport Layer Security). Se-
curity by design not only covers authentication and encryption but also includes role-
based access controls, thorough audit logs, and exhaustive input validation.

This section details the core API endpoints required to facilitate certificate issuance and
verification, identity verification, administrative tasks, and user management within a
blockchain-integrated QTSP framework. Each endpointis described in terms ofits HTTP
method, path, request body, and expected response.

4.1.1 Certificate Issuance

Certificate Issuance is a critical operation that involves creating a new QDC for a par-
ticular user or entity. Below is an example endpoint illustrating how the API handles
requests to issue a new certificate.

Request

POST /api/vl/certificates/issue
Content-Type: application/json

"subject": {

"name": "John Doe",
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"publicKey": "--—-- BEGIN PUBLIC KEY----- \nMIIBIjANBgkq. .."
3,
"validityPeriod": {

"startDate": "2025-01-01T00:00:00Z",

"endDate": "2026-01-01T00:00:00Z"

}

The request encompasses crucial information including the subject’s name, their public
key, and the anticipated validity duration. The API server, along with blockchain mech-
anisms, will verify these points, confirming the authenticity of the public key and adher-
ence to internal or regulatory guidelines. Upon successful validation, a new certificate
isissued and linked to the subject, with its details permanently stored on the blockchain
through a smart contract.

Response

{
"certificateID": "123e4567-e89b-12d3-a456-426614174000",
"status": "Issued",
"issuedAt": "2025-01-10T12:00:00Z"

}

The reply verifies that the certificate has been generated successfully by providing a
unique identifier and the issuance timestamp. The certificateID facilitates further ac-
tions such as verifying or revoking the certificate. The status field shows whether the
certificate was issued successfully, is in line for issuance, or if an error has occurred.

4.1.2 Certificate Verification

To verify a certificate, one must confirm its validity by assessing if it is still active and de-
termining whether it has been revoked or expired. This endpoint enables both external
entities and internal systems to inquire about the present status of a certificate.

Request

GET /api/vl/certificates/{certificateID}/verify

The client sends a GET request to the specified path, where certificatelD is a unique
identifier returned during certificate issuance. Upon receiving this request, the system
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fetches on-chain data (or references to off-chain storage) to determine the certificate’ s
legitimacy, revocation status, and expiration.

Response

{
"certificateID": "123e4567-e89b-12d3-a456-426614174000",
"valid": true,
"issuer": "QTSP Authority",
"subject": "John Doe",
"issueDate": "2025-01-01T00:00:00Z",
"expiryDate": "2026-01-01T00:00:00Z",
"revoked": false

}

Key fields, such as valid and revoked, indicate the certificate’s current condition. The
issuer field provides the issuing authority, which may be validated against the blockchain
or an internal trust store. If the certificate is valid, third parties can rely on it for secure
communication or legal recognition in compliance with eIDAS.

4.1.3 Identity Verification

Identity verification ensures that access to and management of certificates is restricted
to approved and genuine users. Utilizing DIDs alongside verifiable credentials, the QTSP
framework upholds rigorous authentication standards while protecting user privacy.

Request

POST /api/vl/identity/verify
Content-Type: application/json

"did": "did:example:abcdef1234567890",
"credentials": [
{
"type": "VerifiableCredential",
"credentialData": {
"name": "John Doe",

"email": "john.doe@example.com"
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}

In the above case, a user or entity presents a DID alongside verifiable credentials that at-
test to specific attributes (e.g., name, email). The identity service checks cryptographic
signatures and possibly references a blockchain record to ensure that these credentials
have not been revoked or tampered with. If the credentials are valid, the user may pro-
ceed with certificate issuance, renewal, or other trust operations.

Response

{
"did": "did:example:abcdef1234567890",
"authenticated": true,
"verifiedCredentials": ["email", "name"]

3

The response confirms successful authentication, specifying the verified credentials. If
the credentials are invalid or out of date, the response can indicate the error accord-
ingly, prompting the user or the external system to re-initiate the verification process or
update credentials.

4.1.4 Administrative Operations

Managing administrative tasks, including the revocation of certificates, is crucial for
effective lifecycle management. Efficient and dependable revocation procedures safe-
guard users and dependent entities by preventing the misuse of certificates that are com-
promised or no longer valid.

Request

DELETE /api/vl/certificates/{certificateID}
Content-Type: application/json

"certificateID": "123e4567-e89b-12d3-a456-426614174000",
"status": "Revoked",
"revokedAt": "2025-06-15T08:30:00Z"
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The DELETE method indicates a removal or invalidation of the specified resource—in
this case, a certificate. Upon receiving this request, the system updates the blockchain
record to reflect the revocation, ensuring that any future certificate validation checks
will fail if the certificate is attempted to be used.

4.1.5 User Management

User registration and profile management allow new participants to join the QTSP envi-
ronment, establishing baseline credentials and permissions.

Request

POST /api/v1/users/register
Content-Type: application/json

{
"username": "johndoe",
"password": "SecureP@sswOrd",
"email": "john.doe@example.com"
+

This endpoint collects essential registration details, which can be augmented with ad-
ditional identity checks (e.g., email verification or an external identity provider). The
server may also initiate further checks to ensure the user does not already exist and that
password policies (strength, uniqueness, etc.) are satisfied.

Response

{
"userID": "user-12345",
"status": "Registered",

"registeredAt": "2025-01-10T12:05:00Z"
}

Successfully registering a user returns a unique user ID, which can be used to manage
user profiles, link them to DIDs, or issue verifiable credentials. The status field indi-
cates the registration outcome, while registeredAt provides an audit reference for sub-
sequent processes or disputes.
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4.2 Security Measures

Ensuring security within a RESTful API involves more than just authentication and au-
thorization processes. In a QTSP environment, notable steps are crucial due to the high
assurance needed for user trust and legal liability. OAuth 2.0 offers a token-based frame-
work for fine-tuned access management, blocking unauthorized clients from protected
endpoints. Additionally, the API may provide keys to third-party developers who need
programmatic access. Each key is configurable to access specific endpoints or resources,
with its usage being monitored for auditing purposes. Together, these strategies create
a balance between flexibility and security for various use cases, ranging from user inter-
faces to backend connections with other trust systems.

Rate limiting serves to protect against denial-of-service attacks by controlling the re-
quest rate from a particular client or IP address within a specific timeframe, ensuring
API services remain operable during heavy traffic. Throttling can prioritize certain traf-
fic types, ensuring essential services such as certificate revocation requests proceed even
under duress. User input is a frequent attack point, making validation and sanitization
crucial. The API must validate fields like user names, certificate data, or DID strings us-
ing well-defined schemas or patterns. By dismissing malformed or suspicious inputs,
the system minimizes risks of injection attacks, buffer overflows, and other vulnerabil-
ities that could threaten data integrity or lead to leaks of sensitive information. Thor-
ough logging is vital for overseeing all interactions, whether they succeed or fail. De-
tailed records, including timestamps, request paths, and response codes, support foren-
sic investigations and compliance checks. Real-time monitoring can spotlight irregular
usage patterns, such as increased revocation requests or multiple failed authentication
attempts, triggering alerts that encourage administrators to swiftly address potential
threats.

5 Data Formats and Standards

Data formats and standards are crucial for making APIs adaptable and easy to integrate
across various settings. In blockchain-integrated QTSP ecosystems, rapid data exchange
occurs involving multiple participants, such as legacy systems, third-party applications,
and regulatory authorities, all demanding stable and trustworthy data flows. By adopt-
ing standardized formats like JSON (JavaScript Object Notation) and XML (Extensible
Markup Language), organizations can establish a unified method for data exchange,
while considering each system’s limitations and strengths. JSON is preferred by most
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modern web services due to its ease of reading, lightweight nature, and inherent support
in numerous programming frameworks, facilitating speedy development, easier debug-
ging, and straightforward maintenance. Conversely, XML is advantageous for handling
intricate data structures or where compatibility with older systems is critical; using XSD
(XML Schema Definition), developers can impose strict validation rules to ensure data
accuracy and prevent incorrect messages.

Whether JSON or XML is employed, the use of standardized schemas greatly enhances
both integration quality and developer efficiency. These schemas—typically appearing
as JSON Schema for JSON exchanges or XSD for XML documents—serve as contracts
between components, specifying object structures and expected data types. Aligning
certificates, DIDs, and verifiable credentials with these schemas simplifies the imple-
mentation of automated validation, allows for early anomaly detection, and reduces the
risk of incompatible updates. Additionally, sharing these schemas with integrators pro-
motes transparent collaboration, enabling systems to parse and create messages with
consistent reliability. Ultimately, robust data formats and schema definitions form the
foundation for scalable and dependable trust service architectures, ensuring the integra-
tion of new features, adherence to regulatory changes, or external partnerships without
compromising coherence or reliability.

6 APIVersioning, Documentation, Error Handling, and In-

tegration

As QTSPs manage the challenges of changing technical and regulatory environments,
having strong and flexible APIs is crucial. By setting clear versioning strategies, offering
detailed documentation, implementing efficient error handling, and creating smooth
integration processes, QTSPs can expand their services while keeping current operations
intact. This section explores these key aspects in detail, offering insights and technical
guidelines to aid in the development and maintenance of durable APIs within blockchain-
integrated trust service frameworks.

6.1 API Versioning

Managing API versioning effectively is crucial for handling updates, improvements, and
the retirement of features without hindering current client integrations. Two primary
strategies for versioning are URL-based and header-based methods. With URL-based
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versioning, the version is included directly in the endpoint path, for example, /api/v1/certificates
or /api/v2/users. This method provides clear visibility of the accessed API version,

making client-side routing straightforward and minimizing confusion. It also supports

easy documentation and discoverability, as developers can effortlessly determine the

version from the endpoint’s layout.

On the other hand, header-based versioning stores version details within custom HTTP

headers like X-API-Version: 1.0. This approach keeps URLs cleaner and consolidates

version data in the headers, enabling more adaptable client-server interactions. Al-

though it requires clients to handle extra header fields, it facilitates seamless transitions
between versions without changing endpoint paths. Regardless of the approach, it is

vital to follow best practices such as maintaining backward compatibility, setting clear
deprecation policies, implementing a semantic versioning scheme (e.g., MAJOR.MINOR.PATCH)),
and providing version-specific documentation. These strategies allow QTSPs to manage

API evolution effectively, allowing integrators enough time to upgrade to newer versions

without service disruptions.

6.2 Documentation

Thorough documentation is fundamental to effectively using and integrating APIs. In-
teractive documentation tools like Swagger or the OpenAPI Specification enhance de-
velopers’ experiences by presenting user-friendly platforms to explore API endpoints,
comprehend input parameters, and examine response structures along with error codes.
These tools facilitate the creation of dynamic, interactive interfaces that allow real-time
testing of API calls, thus speeding up development and debugging. Detailed endpoint
descriptions, encompassing URLs, HTTP methods, and necessary parameters, are es-
sential for structured documentation.

It should also clearly define schemas for request and response payloads, often using
JSON Schema for APIs based on JSON or XML Schema Definitions (XSD) for XML-based
APIs. Itis vital to thoroughly document authentication methods, such as OAuth 2.0 flows
and API key management, to aid developers in implementing secure access controls.
Furthermore, error codes and related messages must be clearly listed to help developers
handle exceptions effectively. Including use case examples and practical implementa-
tion scenarios can further assist developers in understanding complex workflows and
successfully integrating APIs. Keeping documentation synchronized with specific ver-
sions ensures that as APIs change, developers have access to the most current informa-
tion, reducing support needs and minimizing integration errors.
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6.3 Error Handling and Response Standards

Error handling mechanisms are critical for diagnosing issues and ensuring reliable client-
server interactions. By implementing structured error responses and adhering to stan-
dardized HTTP status codes, QTSPs can provide clear and actionable feedback to client
applications, facilitating efficient troubleshooting and enhancing overall user experi-
ence.

Standardized error objects typically include an error code and a descriptive message,

such as:
{
"error": {
"code": "InvalidRequest",
"message": "The provided certificate ID does not exist.",
"details": {

"field": "certificateID",

"issue": "NotFound"
1,
"timestamp": "2025-04-27T15:30:00Z",
"traceID": "abc123xyz789"

}

This structure enables clients to programmatically respond to specific error types using
the code field while providing human-readable context through the message and details
fields. Additional metadata such as timestamp and traceID support debugging and in-
cident analysis by linking errors to specific system states or logs.

Aligning error responses with RESTful HTTP status codes enhances predictability and
consistency. Commonly used status codes include:

¢ 200 OK: Indicates successful request processing.

201 Created: Signifies successful creation of a resource.

400 Bad Request: Denotes malformed syntax or invalid input.

401 Unauthorized: Indicates authentication failure or missing credentials.

403 Forbidden: Implies insufficient permissions to access the resource.
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* 404 Not Found: Signals that the requested resource does not exist.
* 409 Conflict: Highlights conflicts with the current state of the resource.
* 500 Internal Server Error: Represents generic server-side errors.

Maintaining consistent messaging ensures that clients receive clear, actionable infor-
mation without exposing sensitive system details. Error responses should guide devel-
opers on corrective actions while safeguarding the system’ s security by avoiding the
disclosure of internal mechanisms or stack traces.

6.4 Integration with Existing Systems

Ensuring smooth integration with current QTSP systems and external platforms is cru-
cial for sustaining uninterrupted operations and enhancing service functionalities. REST-
ful APIs provide the necessary flexibility and uniformity to enable successful integra-
tion across varied settings, such as traditional architectures, financial entities, and gov-
ernment databases. Embracing established communication standards and data for-
mats is crucial for compatibility and straightforward integration. Using JSON facilitates
lightweight, human-friendly data interchange, while XML caters to more intricate or
nested data structures, ensuring seamless API interaction with diverse systems. Employ-
ing secure communication protocols like HTTPS safeguards data during transmission,
and OAuth 2.0 offers strong authentication and authorization frameworks for managing
access to API endpoints.

Middleware solutions function as the layer that mitigates discrepancies between legacy
and new components by overseeing tasks such as data conversion, protocol adaptation,
and authentication protocols. By consolidating these adjustment processes, middle-
ware promotes uniform communication among diverse systems, eliminating the need
for substantial changes to each component. This method streamlines integration efforts
and bolsters security by imposing consistent policies and standards across all connected
systems. Moreover, middleware ensures data consistency and integrity, guaranteeing
precise and secure information exchange between the blockchain framework and exist-
ing QTSP operations. Consequently, robust middleware solutions empower QTSPs to
optimize their current investments while harnessing the transformational potential of
blockchain technology.
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6.5 BestPractices

Implementing best practices in API design and management is crucial to ensure that
QTSP APIs remain secure, maintainable, and user-friendly. Consistency in API design
involves adopting uniform naming conventions, predictable resource paths, and stan-
dardized data formats across all endpoints. For instance, using plural nouns for re-
source collections (e.g., /certificates, /users) and singular nouns for individual re-
sources (e.g., /certificates/{id}) promotes a logical and intuitive structure that sim-
plifies client integration and reduces the likelihood of errors.

Testing represents a fundamental aspect of solid API development. A comprehensive
testing approach should include functional tests to evaluate endpoint behaviors across
different situations, security tests to detect and address vulnerabilities like injection at-
tacks or unauthorized data access, and performance tests to measure the API’s respon-
siveness and stability during regular and peak traffic. Incorporating automated testing
processes within continuous integration (CI) and continuous deployment (CD) frame-
works guarantees that tests are routinely carried out with every code modification, aid-
ing in the early identification of regressions or security vulnerabilities.

Considering scalability is crucial to handle a growing number of requests without de-
grading performance. Utilizing pagination for extensive datasets, caching for commonly
accessed information, and employing asynchronous processing for demanding tasks are
effective strategies to manage server load while keeping APIs responsive. Moreover, dis-
tributing the load across several server instances boosts resilience and guarantees stable
performance during traffic peaks or unexpected demand increases.

Consistent enhancement via iterative development processes allows QTSPs to adjust
to changing regulatory demands and technological progressions. Utilizing agile tech-
niques supports swift development iterations, integrating input from integrators and
end-users to perfect API functions and tackle new requirements. Creating feedbackloops
and analyzing API usage with analytics tools yield important insights that guide contin-
ued improvements and optimizations, ensuring the API framework remains in sync with
organizational objectives and industry norms.

REST APIs are integral to the functionality, security, and adaptability of blockchain-
integrated QTSP ecosystems. By implementing robust versioning strategies, maintain-
ing comprehensive documentation, enforcing standardized error handling, and ensur-
ing seamless integration with existing systems, QTSPs can deliver reliable and compli-
ant digital trust services. Adhering to best practices in API design and management not
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only enhances operational efficiency but also fosters trust among stakeholders and reg-
ulatory bodies. As technological advancements and regulatory requirements continue
to evolve, a proactive and structured approach to API development will enable QTSPs to
maintain their leadership in providing secure, transparent, and user-centric trust ser-
vices within the digital landscape.

7 Conclusion

The integration of blockchain technology into QTSPs marks a considerable step for-
ward in the development of digital trust services. This framework has carefully crafted
a comprehensive method for integrating blockchain into QTSP functions, guaranteeing
full compliance with essential regulations like eIDAS and GDPR while capitalizing on
blockchain’s strengths such as decentralization, immutability, and transparency. At the
core of this integration is a proposed five-layered architectural model, which specifies
distinct roles for the Blockchain Layer, QTSP Core Services Layer, Identity Management
Layer, Interoperability and Integration Layer, and Compliance and Governance Layer.
This structured method not only enhances modularity and scalability but also ensures
that each layer independently addresses specific technical and regulatory needs. As a
result, the architecture enhances seamless interaction among various system elements,
thereby improving operational efficiency and upholding strong security and compliance
measures.

The emphasis on API design and implementation further underscores the framework’s
commitment to interoperability and ease of integration. By adopting standardized data
formats such as JSON and XML, and implementing clear versioning strategies and com-
prehensive documentation, QTSPs can ensure that their APIs are both flexible and re-
silient. This facilitates smooth integration with existing legacy systems and external
platforms, enabling QTSPs to expand their service offerings without disrupting ongoing
operations.

In addition, the framework addresses critical aspects of security and privacy, which are
paramount in maintaining user trust and regulatory compliance. Through the deploy-
ment of advanced encryption protocols, role-based access controls, and privacy-preserving
techniques such as zero-knowledge proofs, the architecture safeguards sensitive infor-
mation and ensures that user data remain protected against unauthorized access and
breaches. In addition, the implementation of comprehensive monitoring and auditing
mechanisms provides continuous oversight, ensuring that all operations are compliant
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with regulatory standards and are resilient to emerging threats.

Examples of workflows related to certificate issuance and verification showcase the prac-
tical use of the framework, illustrating the interaction between various architectural lay-
ers that enable dependable and secure trust service operations. These cases underscore
the benefits of integrating smart contracts and decentralized identity solutions to aug-
ment the integrity and transparency of trust services.
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