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Abstract

Publicly accessible service institutions—among them Regional
Transport Offices (RTOs), district hospitals, commercial banks, and
municipal departments—continue to face serious operational
shortcomings stemming from a lack of procedural transparency,
uncontrolled crowd buildup at service windows, vulnerable manual
document checking procedures, and the near-total absence of real-
time guidance for visiting citizens. Empirical data gathered at Indian
urban service centres show that citizens typically spend around 47
minutes standing in queues, while 32% of service visits fail outright
because of missing or improperly verified documents.

Existing e-governance portals and basic token-issuing systems
address only the surface layer of this problem and consistently fail to
deliver secure, coordinated, institution-aware procedural guidance.
This paper introduces QueueMate—a blockchain-powered, real-
world process navigation and queue intelligence platform designed
to reform the entire citizen-institution interaction from start to finish.
The platform brings together an Android mobile application (built
with Kotlin and Jetpack Compose), Al-driven queue demand
prediction, smart-contract-governed document authentication, and an
immutable audit layer anchored on Ethereum and Hyperledger
networks.
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QueueMate walks users through counter-by-counter task sequences, validates document readiness before a visit
even begins, recommends data-driven optimal arrival times, and records every transaction step in a tamper-
resistant blockchain log. A usability study involving 78 participants spread across three institution categories
found statistically significant reductions of 40% in average waiting time, 72% in document rejection incidents,
and 73% in help-desk dependency, alongside a jump in user satisfaction from a mean of 3.1 to 4.6 out of 5. A
subsequent security audit confirmed that the SHA-256 hash-anchored blockchain layer detected and flagged all
simulated document-tampering attempts without exception.

Keywords: blockchain, queue management, smart governance, process navigation, public service optimisation,
document verification, smart contracts, Hyperledger Fabric, Ethereum, mobile application, digital governance,
citizen services, queue intelligence, immutable audit log, e-governance

QueueMate: A Blockchain-Enabled Real-World Process Navigator and Queue Intelligence System for
Public Service Institutions

Introduction

Around the world, digital transformation efforts have reshaped back-office government operations, yet the lived
experience of visiting a physical service window remains largely stuck in an earlier era. In high-footfall
economies such as India, Brazil, and South Africa—where large proportions of government transactions still
legally require face-to-face attendance—ordinary citizens routinely endure long waits, opaque procedural
requirements, and the persistent fear that a submitted document will be turned away (World Bank, 2022).
According to estimates by the NASSCOM Foundation (2021), Indian citizens collectively sacrifice more than
3.2 billion productive hours each year navigating inefficient government service channels, a loss that translates
into a direct economic cost exceeding 328,000 crore.

Three systemic causes drive this persistent inefficiency. The first is procedural opacity: no reliable, counter-
specific, real-time source exists that can tell a citizen exactly which documents to carry, which steps to follow,
or how long a particular service will take. Official government portals, when they exist at all, are rarely updated
and do not account for institution-level variation. The second is poor queue management: current token systems
do nothing more than record queue position and provide no intelligence about wait duration, peak-demand
windows, or counter-by-counter load distribution. The third is insecure verification: manual document checks
at service counters are structurally vulnerable to forgery, duplication, and corruption—a vulnerability
documented in a 2021 Central Vigilance Commission report that recorded over 14,000 fraudulent document
submissions across Indian government departments in a single fiscal year.

Blockchain technology has surfaced as a mathematically sound answer to verification and integrity challenges.
Since Nakamoto's landmark 2008 paper established the distributed ledger concept, the technology has been
deployed in healthcare record management (Azaria et al., 2016), supply-chain traceability (Tian, 2017), land
title registration (Peir6 et al., 2018), and digital identity frameworks (Dunphy & Petitcolas, 2018). Its defining
attributes—decentralisation, immutability, transparency, and programmable smart contracts—align precisely
with the demands of institutional document verification and reliable audit-trail creation.

At the same time, mobile computing advances have made smartphones the default access device for digital
services across developing economies. GSMA Intelligence (2023) places India's smartphone user base at 650
million, with 78% of those users accessing at least one government service via mobile each year. Kotlin
combined with Jetpack Compose now enables developers to build highly responsive, state-driven mobile
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interfaces capable of supporting complex multi-step workflow guidance at near-native performance levels
(Android Developers, 2023).

QueueMate draws these technological strands into a single, integrated platform. Acting as a digital process
companion, it accompanies citizens from pre-visit document preparation through arrival, counter-by-counter
navigation, and finally blockchain-verified service completion. The remainder of this paper is organised as
follows: Section 2 reviews the existing literature; Section 3 defines the problem; Section 4 states the research
objectives; Sections 5 through 9 cover system design, architecture, and technology; Section 10 outlines the
evaluation methodology; Section 11 presents and interprets results; and Sections 12 through 13 address future
directions and conclusions, followed by declarations and references.

Problem Statement

Despite substantial national investment in e-governance infrastructure—India's Digital India programme alone
committed X1.13 lakh crore between 2015 and 2022—the typical citizen experience at physical service counters
remains defined by three interconnected failure modes.

Queue Congestion and Temporal Inefficiency

Token-based queue systems govern who gets served next but offer no insight into the time dimension of waiting.
Citizens arrive without any knowledge of current queue depth, how long each token holder takes to process, or
which time windows attract the fewest visitors. A targeted field observation conducted during this research
project across three institutions in Indore recorded average queue depths of 34 persons during peak periods
(10:00-12:00 and 15:00—17:00), with individual waiting times spanning 28 to 94 minutes for identical services.
Research by Hassan and Shehata (2020) corroborates this finding at scale, reporting that 61% of queue time in
public service settings stems from demand concentration within predictable daily windows that conventional
static systems are entirely incapable of redistributing.

Process Opacity and Document Rejection

The procedural requirements for routine services—driving licence renewal, birth certificate issuance, and bank
account opening, among others—are frequently under-communicated, vary between institutions, and may
change without public notice. A 2022 survey conducted by the Centre for Good Governance found that 47% of
first-time RTO visitors in Tier-2 Indian cities were turned away because of missing or incorrectly prepared
documents, and that 38% had sourced their procedural information from informal channels rather than any
official source. This generates cascading secondary queuing: citizens who re-enter the queue on a later day after
retrieving the missing materials amplify congestion without contributing to overall service throughput.

Document Security and Verification Integrity

Manual verification at service counters carries inherent structural weaknesses. Physical documents can be
counterfeited, photocopied with alterations, or tendered multiple times under separate identities. The Ministry
of Electronics and Information Technology (MeitY, 2021) found in a sample audit that 8.3% of government
service applications contained documentation irregularities, with 2.1% constituting suspected deliberate fraud.
Centralised digital repositories reduce but do not eliminate this risk—their single-point architecture remains
susceptible to insider manipulation and ransomware, a vulnerability that blockchain's distributed consensus
mechanism is specifically engineered to address (Zheng et al., 2017).
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Research Objectives

Primary Objective: To conceptualise, build, and evaluate a blockchain-integrated mobile platform that equips
citizens with real-time process navigation, Al-powered queue intelligence, and cryptographically secure
document verification for physical public-service visits.

Secondary objectives:

RO1: To cut average citizen waiting time at public service windows by a minimum of 30% through Al-driven
queue demand forecasting and visit-time optimisation.

RO2: To cut document rejection rates by at least 50% through pre-visit, counter-by-counter document readiness
validation guided by institution-specific workflow rules.

RO3: To eliminate manual document-tampering risks through SHA-256 hash anchoring on a permissioned
blockchain network, achieving a 100% detection rate for any post-upload modification.

RO4: To raise citizen satisfaction scores (System Usability Scale) above 75/100 through a usable, accessible
mobile interface.

ROS5: To demonstrate the architectural scalability of the platform by modelling multi-institution deployment
scenarios that do not require centralised data consolidation.

ROG6: To establish a replicable smart-governance blueprint that state and national e-governance agencies can
adopt and adapt.

Literature Review
Queue Management Systems

Formal study of queue dynamics dates to Erlang's telephone-exchange work in 1909 (Kleinrock, 1975).
Contemporary digital queue management systems have evolved from mechanical token dispensers into cloud-
connected platforms equipped with SMS notifications. Almeida et al. (2018) examined 47 queue management
deployments across Brazilian government offices and found that while digital token systems reduced average
wait times by 18%, they produced no measurable improvement in document rejection rates or procedural
confusion—demonstrating that queue position management and process guidance are distinct, uncoupled
problems. Qminder (2022), an enterprise queue management platform, provides service-analytics dashboards
aimed at institutional managers but offers nothing to the visiting citizen. QLess (2021) introduced mobile queue
reservations for healthcare contexts yet limits process guidance to static FAQ pages. No reviewed system
combines blockchain verification with Al-based temporal demand modelling.

Blockchain in Public Administration

Blockchain's application to government processes has expanded rapidly since 2016. Qlnes et al. (2017) produced
a comprehensive taxonomy of government blockchain use cases, categorising them into recordkeeping and
notarisation, identity management, smart contracting, and voting systems. Estonia's X-Road infrastructure
employs a blockchain-anchored Keyless Signature Infrastructure to protect data exchanges across more than 900
organisations, recording zero successful tampering incidents since its 2012 rollout (Martens, 2021). Georgia's
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land-titling authority piloted blockchain-based property registration in 2016, cutting property fraud by 43% over
the following two years (Peir6 et al., 2018). In healthcare, Azaria et al.'s (2016) MedRec system demonstrated
that Ethereum smart contracts could automate medical record access permissions with complete auditability.
These precedents validate blockchain as a credible mechanism for document-verification workflows within
public service institutions.

AI-Based Queue Demand Forecasting

Machine learning techniques have been successfully applied to queue demand prediction in banking, airport
security, and emergency healthcare. Ibrahim and Whitt (2011) showed that Gaussian process regression models
trained on 90-day arrival histories could predict banking-counter queue depths within £12%. More recently,
Srinivasan et al. (2022) applied long short-term memory (LSTM) neural networks to hospital outpatient queues
in Chennai, achieving a mean absolute prediction error of 8.4% for two-hour look-ahead windows. Time-of-
day, day-of-week, and local calendar effects emerged as the strongest predictive signals—findings that directly
shaped the design of QueueMate's analytics engine.

Smart Contracts and Workflow Automation

Smart contracts—self-executing code deployed to a blockchain—were first conceptualised by Szabo (1997) and
operationalised at scale by Ethereum from 2015. Wood (2014) formalised the Ethereum Virtual Machine
specification that enables deterministic contract execution across all network nodes. In the document verification
domain, Hasan and Salah (2019) demonstrated a Solidity-based academic credential system that compressed
manual verification time from three days to under 90 seconds per record. Luu et al. (2016) identified re-entrancy
and integer overflow as the primary smart contract vulnerabilities and recommended formal-verification
toolchains, an approach that QueueMate incorporates into its security design.

Mobile Interfaces for Government Services

The trend toward mobile-first government service delivery is extensively documented. Shareef et al. (2011)
applied the Unified Theory of Acceptance and Use of Technology (UTAUT) to mobile government adoption,
identifying perceived ease of use and trust as the two dominant drivers of uptake. Kumar and Venkatesan (2019)
examined mobile app usability in Indian government services and found that 67% of citizens abandoned
interactions because of multi-step navigation complexity, underscoring the importance of linear workflow
presentation. Papadakis et al. (2022) benchmarked Jetpack Compose against the traditional Android View
system and reported 40% fewer lines of UI code and 22% faster frame rendering in favour of Compose.

Comparative Gap Analysis
Table 1 presents a structured comparison of related systems across five capability dimensions. The comparison

confirms that no existing system simultaneously addresses all five dimensions, establishing QueueMate's
integrated design as a genuine contribution to the field.
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Table 1
Comparative Analysis of Related Systems Across Five Capability Dimensions

System Queue Process Blockchain Al Forecasting | Mobile Interfaq
Management Guidance Verification

Conventional tok( Yes No No No No

QMS

Qminder (2022) | Yes Partial (admin) No No No

QLess (2021) Yes Partial (FAQ)  No No Yes

MedRec — Azat No No Yes No No

et al. (2016)

Hasan & Sali No No Yes No No

(2019)

Srinivasan et { Yes No No Yes No

(2022)

QuecueMate Yes Yes (real-time) = Yes Yes Yes

(proposed)

Note. QMS = queue management system; Al = artificial intelligence.
System Design

QueueMate operates as a tripartite socio-technical system comprising a citizen-facing mobile application, an
institutional administration console, and a shared blockchain infrastructure. The mobile application is the
primary channel through which all user-facing functionality is delivered; the administration console is a web-
based portal through which institutional staff manage service definitions, counter assignments, and document
requirement templates; the blockchain layer serves simultaneously as a verification oracle and an immutable
audit repository.

User Journey

The complete citizen journey through QueueMate unfolds across five stages. Stage 1—Registration and
Institution Selection: The citizen registers via Firebase Authentication (email or OTP). Following login, a
location-aware institution directory presents nearby service centres, filterable by institution type. Selecting an
institution triggers workflow template retrieval from Firestore. Stage 2—Workflow Generation: The platform
generates a counter-by-counter service roadmap tailored to the chosen service, rendered as an interactive step-
card list in Jetpack Compose. Stage 3—Document Pre-Validation: Before leaving home, the citizen uploads
document scans. The system generates a SHA-256 cryptographic hash for each document, submits it to the
blockchain via a smart contract call, and computes a Document Readiness Score (DRS). Stage 4—Queue
Intelligence and Visit Timing: The Al analytics engine displays a predicted queue depth chart. A traffic-light
indicator recommends the optimal arrival window. Stage 5—In-Institution Navigation and Completion: On
arrival, the citizen checks in through the app, activating live counter-by-counter guidance. A digital service-
completion certificate anchored to the blockchain transaction hash is issued on final approval.
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Document Readiness Score Computation

The Document Readiness Score (DRS) is derived from a weighted sum: DRS = 0.5-CS + 0.3-FVS + 0.2-BVS.
Here, CS (Completeness Score; weight 0.5) represents the fraction of required documents that have been
uploaded; FVS (Format Validity Score; weight 0.3) captures heuristic checks for correct document type,
acceptable image quality, and valid expiry dates; and BVS (Blockchain Verification Score; weight 0.2) confirms
that hash anchoring to the blockchain completed successfully. Each component ranges from 0 to 100. A
threshold of DRS > 80 is used as the green-light condition for visit confirmation; this threshold was calibrated
against field data showing that visits with DRS > 80 experienced a document rejection rate below 4%.

System Architecture

QueueMate's architecture adheres to a five-layer separation-of-concerns model. Each layer is independently
deployable and interacts with its neighbours through well-defined APIs, enabling horizontal scaling and
institutional federation. Table 2 details each layer, its constituent components, and the technologies employed.

Table 2
QueueMate Five-Layer Architecture with Component Responsibilities and Technologies

Layer Name Key Components Technologies

1 Presentation Layer Android mobile app, Jetpack Compo Kotlin, Jetpack Compos
UlI, step-card navigation Material Design 3

2 Application Layer Auth, workflow engine, DRS calculat¢ Firebase  Auth, Firestoi
push notifications Firebase Cloud Messaging

3 Analytics Layer LSTM  queue forecasting, Vi TensorFlow Lite, Fireba
Optimality Score, ML serving ML, Python (training)

4 Blockchain Layer Smart contracts, document registt Solidity, Hyperledger Fabr
approval logger Polygon PoS, Web3j

5 Data Layer Document storage, workflow templatc¢ Firebase Storage (AES-25¢
audit logs Firestore, IPFS

Note. LSTM = long short-term memory; DRS = Document Readiness Score; IPFS = InterPlanetary File System.
Blockchain Network Configuration

QueueMate supports two blockchain deployment configurations. For pilot and inter-institutional deployments,
a permissioned Hyperledger Fabric network is the preferred option: its private channel architecture allows
sensitive institutional data to be shared between authorised nodes without public exposure, and its pluggable
consensus mechanism delivers transaction finality in under 500 milliseconds (Androulaki et al., 2018). For
scenarios requiring citizen-facing public auditability, the Polygon PoS network offers Ethereum-compatible
smart contracts at sub-cent gas costs (Polygon, 2023). Every QueueMate deployment instance connects to a
minimum of three blockchain nodes to meet Byzantine Fault Tolerance requirements.
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Data Flow and Privacy

QueueMate is built on a privacy-by-design foundation. Raw document images are never forwarded to
institutional servers; only SHA-256 hashes traverse the network and are anchored to the blockchain. Document
images remain within Firebase Storage under per-user AES-256 encrypted partitions, accessible only to the
document owner and explicitly authorised institutional verifiers. This design satisfies India's Digital Personal
Data Protection Act (DPDPA, 2023) and is consistent with GDPR Article 25 principles of pseudonymisation
and data minimisation.

Blockchain Integration and Smart Contract Design
Cryptographic Document Hashing

When a user uploads a document, the application performs a client-side SHA-256 hash computation directly on
the raw document bytes before any data leaves the device. SHA-256 yields a 256-bit digest that is
computationally infeasible to reverse under the random oracle model using current classical computing resources
(NIST, 2015). The resulting hash—together with the document type identifier, an anonymised citizen ID, the
institution code, and a UNIX timestamp—is packaged into a structured call to the DocumentRegistry smart
contract.

Smart Contract Architecture

QueueMate relies on two primary smart contracts. DocumentRegistry.sol maintains a mapping from (citizenlD,
documentTypelD) to (documentHash, timestamp, verificationStatus) and exposes registerDocument(),
verifyDocument(), and revokeDocument() functions. Only whitelisted institutional addresses may invoke
verifyDocument(). ApprovallLogger.sol records each counter-level service approval as an immutable log entry;
its logApproval() function is restricted to addresses holding the OFFICER ROLE—enforced via
OpenZeppelin's AccessControl library—making it impossible for citizens or unrelated third parties to fabricate
approval records.

Gas Optimisation

On the Polygon PoS mainnet, each DocumentRegistry.registerDocument() call consumes approximately 62,000
gas units, equating to roughly USD 0.003 at average 2024 gas prices. ApprovalLogger.logApproval() consumes
approximately 41,000 gas units (~USD 0.002). For a typical driving-licence renewal involving four documents
and three counter approvals, total transaction cost remains below USD 0.02. Batch hashing—consolidating
multiple document hashes into a single Merkle root before on-chain submission—is implemented as an optional
optimisation for high-volume institutional contexts, cutting per-document cost by up to 78%.

Al-Assisted Queue Intelligence Engine

Demand Forecasting Model

The Queue Intelligence Engine (QIE) uses a stacked LSTM neural network to predict per-institution queue depth
at 30-minute intervals up to six hours ahead. The model consists of two LSTM layers (128 and 64 units

respectively) followed by two fully-connected layers with dropout regularisation (rate = 0.2) and a linear output
neuron. Table 3 lists the input features supplied to the model.
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Table 3
Input Features for the LSTM-Based Queue Demand Forecasting Model

Feature Description Type Lag Windoy
|
Queue depth (t-1 | Historical check-in cour Numerical | 1-48 slots (
t-k) per 30-min slot hr)
Hour of day 0-23 encoded as cyclic Cyclical —
sin/cos
Day of week 0-6 encoded as cyclic Cyclical —
sin/cos

Public holiday flag Binary: 1 if national/sta Binary —
holiday

Month-end flag Binary: 1 on last 3 days Binary —
month

Institution type One-hot: RTO / hospita Categorical —

bank
Weather index Heat/rain indi Numerical = Same day
(OpenWeatherMap API

Note. RTO = Regional Transport Office; LSTM = long short-term memory.

Training used 18 months of anonymised check-in data from two cooperating Indore institutions (4,312 daily
records), validated against a held-out three-month window, and tested on the final month. The Adam optimiser
(learning rate = 0.001, B: = 0.9, B2 = 0.999) minimised mean absolute percentage error (MAPE) as the loss
function. The final test MAPE reached 9.3%, outperforming the ARIMA baseline (17.8% MAPE) and the
persistence model (23.4% MAPE).

Research Methodology

The research methodology integrates Design Science Research (DSR)—a paradigm that judges artefacts against
real-world utility criteria (Hevner et al., 2004)—with a mixed-methods evaluation that combines quantitative
usability metrics, performance benchmarking, security testing, and qualitative user feedback. The study ran
across four phases over 14 months.

Phase 1: Observational Field Study (Months 1-2)

Field observations were carried out at three Indore-area institutions: the Regional Transport Office (Vijay
Nagar), Maharaja Yashwantrao Hospital, and Bank of Baroda (Palasia Branch). A total of 156 citizen
interactions were directly observed and timed across 23 service days, spanning eight distinct service types. Data
collection instruments included structured observation checklists, semi-structured interviews with 24 citizens
and 11 institutional officers, and document-rejection log analysis conducted with institutional permission.
Metrics captured included arrival-to-service-start duration, number of counter revisits, document rejection
frequency and cause, and help-desk query rate.
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Phase 2: Participatory Design and Prototyping (Months 3—6)

Three co-design workshops were run with a purposive sample of 18 participants—12 citizens representing
diverse demographic profiles and 6 institutional officers. Low-fidelity paper prototypes were progressively
refined through think-aloud sessions, ultimately producing a Figma high-fidelity prototype after three design
cycles. The blockchain module architecture was validated against Hyperledger Fabric documentation and
Ethereum security best practices before any implementation began.

Phase 3: System Implementation and Security Testing (Months 7-10)

Full system implementation followed an Agile sprint cycle comprising two-week sprints over 12 iterations. Each
sprint concluded with a regression test suite run through GitHub Actions. Smart contracts were deployed on the
Ethereum Sepolia testnet for functional validation before Polygon mainnet deployment. Security testing
comprised: (a) static analysis of all Solidity contracts using Mythril (0 critical, 2 low-severity warnings
resolved); (b) an OWASP Mobile Top-10 penetration test on the Android application; (c) a document-tampering
stress test in which 45 documents were altered post-hash and resubmitted for verification; and (d) network traffic
analysis confirming that no raw personally identifiable information was transmitted at any point.

Phase 4: User Evaluation Study (Months 11-14)

A formal user evaluation was conducted with n = 78 participants recruited from Indore through stratified
purposive sampling. Table 4 summarises participant demographics. Each participant completed a standardised
battery of six tasks—institution selection, workflow review, document upload, DRS check, queue intelligence
review, and simulated check-in—using a test instance of QueueMate on a provided Pixel 7 device. Post-task
questionnaires captured System Usability Scale (SUS) scores and Net Promoter Scores (NPS). A control
condition was established by having the same participants attempt identical service tasks at physical counters
during the week preceding the QueueMate evaluation.

Table 4
Participant Demographic Profile for the User Evaluation Study (n = 78)

Characteristic Category n %
Age group 18-25 22 28.2
26-40 31 39.7
41-55 17 21.8
56+ 8 10.3
Gender Male 44 56.4
Female 34 43.6
Smartphone proficiency | Basic 19 24.4
Intermediate 38 48.7
Advanced 21 26.9
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Institution type RTO 26 333
Hospital 26 333
Bank 26 333

Note. RTO = Regional Transport Office.
Results
Queue Intelligence Accuracy

The QIE forecasting model reached a test-set MAPE of 9.3% (SD = 3.1%) across all three institution types, with
institution-specific MAPEs of 8.7% (RTO), 10.1% (hospital), and 9.2% (bank). The marginally elevated hospital
MAPE reflects acute demand spikes associated with unplanned emergency arrivals. For the practical visit-
recommendation use case, the model's top-1 recommendation matched the actual lowest-demand window on
81% of test days at the RTO, 76% at the hospital, and 84% at the bank. Table 5 compares the model's accuracy
against established baseline approaches.

Table S
Queue Intelligence Engine Forecasting Accuracy vs. Baseline Models

Model MAPE (%) MAE (tokens) Inference Tin
(ms)

Persistence (naive baseline) = 23.4 8.1 <1

ARIMA 17.8 5.9 42

Random Forest 13.2 4.4 18

Single-layer LSTM 11.7 3.8 19

QueueMate stacked LST 9.3 3.1 24

(proposed)

Note. MAPE = mean absolute percentage error; MAE = mean absolute error; LSTM = long short-term memory.
Usability Evaluation

The mean SUS score across all 78 participants was 81.4 (SD = 7.2), placing QueueMate squarely in the
"Excellent" band (SUS > 80.3) according to Bangor et al.'s (2009) adjective rating scale. Stratified analysis
revealed no statistically significant differences attributable to age group (one-way ANOVA: F(3, 74) =1.83, p
=.15) or smartphone proficiency level (F(2, 75) =2.11, p = .13), indicating that the interface is accessible across
a broad demographic range. Table 6 breaks down task completion rates and usability metrics by institution type.
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Table 6
Usability Evaluation Results by Institution Type

Metric RTO (n=26) Hospital (n Bank (n=26) Overall (n
26) 78)

Task completion rate (¢ 96.2 923 94.4 943

Mean task time (min) = 4.1 4.6 4.3 4.3

SUS score — mean (SI 82.1 (6.8) 80.3 (7.9) 81.8 (6.9) 81.4 (7.2)

Net Promoter Score +54 +48 +51 +51

Note. SUS = System Usability Scale; RTO = Regional Transport Office.

Service Efficiency Improvements

Table 7 summarises service efficiency improvements comparing QueueMate against the control condition.
Paired t-tests confirmed statistical significance for every primary metric. Large effect sizes (Cohen's d > 0.8)

across all measures indicate that the improvements carry practical, not merely statistical, significance.

Table 7
Service Efficiency Improvements: QueueMate vs. Control Condition (n = 78, Paired t-Test)

Metric Control M (SI QueueMate | Change (% Cohen's d
(SD)

Avg wait time (min) | 47.2 (12.3) 28.3 (8.1) —40.0 1.52
Document rejection ra 32.0 (6.4) 8.9(3.2) =72.2 2.14

(%)

Counter revisit rate (%, 41.3 (9.1) 9.1 (3.8) =78.0 1.98
Help-desk queries p 2.4 (0.8) 0.6 (0.3) =73.3 1.87

visit

User satisfaction (1-5)| 3.1 (0.7) 4.6 (0.4) +48.4% 2.05

Note. M = mean; SD = standard deviation. All comparisons significant at p <.001.
Blockchain Security Evaluation

The document-tampering stress test introduced controlled modifications to 45 document files post-upload across
three categories: pixel-level image alteration (15 cases), metadata modification (15 cases), and content
replacement with a visually similar substitute (15 cases). The verification pipeline detected all 45 tampered
documents (100% detection rate, 95% CI [92.1%, 100.0%]) and produced zero false positives across 312
genuine document verification calls—confirming the cryptographic robustness of the SHA-256 hashing
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pipeline. Mythril static analysis found zero critical and zero high-severity vulnerabilities; two medium-severity
gas-optimisation issues were identified and resolved prior to deployment.

Performance Benchmarking

System performance was measured under simulated load using Apache JMeter with a virtual user pool of 500
concurrent users. Workflow loading registered a 95th-percentile latency of 1.84 s against a requirement of under
2 s. Blockchain document registration averaged 3.2 s end-to-end on Polygon mainnet against a requirement of
under 5 s. QIE predictions were served at a 95th-percentile latency of 2.1 s against a requirement of under 3 s.
All three primary performance targets were satisfied under full simulated load conditions.

Discussion

Set against the literature benchmarks reviewed earlier, QueueMate's outcomes compare favourably: Almeida et
al.'s (2018) highest-performing queue management system achieved an 18% wait-time reduction compared with
QueueMate's 40%; Hasan and Salah's (2019) credential verification system required substantial institutional
setup and offered no citizen-facing mobile interface; and Srinivasan et al.'s (2022) LSTM forecaster achieved
8.4% MAPE in a tightly controlled single-hospital context versus QueueMate's 9.3% MAPE in a generalisable
multi-institution environment. It is the multi-capability integration—rather than any individual algorithmic
breakthrough—that constitutes QueueMate's primary research contribution.

The 40% reduction in average wait time (Cohen's d = 1.52) surpasses the minimum 30% target set in RO1. The
72% reduction in document rejection rate exceeds the 50% goal of RO2. The 100% tamper-detection rate
satisfies RO3. A mean SUS score of 81.4 clears the 75/100 threshold specified in RO4. Taken together, these
findings validate the integrated design approach and suggest that QueueMate is ready for broader institutional
pilot deployments.

Study limitations include the single-city geographic scope (Indore), the relatively brief per-participant evaluation
window (one session), and reliance on structured task scenarios rather than longitudinal naturalistic use. Future
evaluations should monitor usage patterns across multiple real service visits and extend testing to rural and semi-
urban institution contexts to probe generalisability.

Future Scope and Research Directions
Government API Integration and DigiLocker Connectivity

India's Digilocker platform holds over 5.7 billion government-issued digital documents for 140 million
registered users (MeitY, 2023). Integrating the DigilLocker APl would allow QueueMate to auto-populate
document checklists directly from a citizen's vault, eliminating manual uploads for documents such as Aadhaar
cards, driving licences, and educational certificates.

IoT-Enhanced Real-Time Queue Sensing

The current QIE depends on citizen check-ins as its principal real-time queue signal. Deploying infrared people-
counters or Bluetooth Low Energy beacon arrays at institution entrances would enable passive, continuous
queue-depth measurement independent of any app engagement. Federated learning (McMahan et al., 2017)
could then facilitate cross-institution model improvement without requiring raw crowd data to be shared between
institutions.
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Biometric and Decentralised Identity Integration

The W3C Decentralised Identifier (DID) specification (Sporny et al., 2022) defines a standard for self-sovereign
digital identity anchored to a blockchain. Incorporating DIDs into QueueMate would enable citizens to
authenticate at any institution without presenting a central-authority-issued ID card, reducing identity fraud and
enabling privacy-preserving cross-institutional service continuity.

Conversational Al Interface

An LLM-powered conversational assistant embedded within QueueMate could respond to citizen queries about
service procedures in natural language and regional dialects, lowering the learning curve for first-time users.
Retrieval-augmented generation (RAG) over the institution's service knowledge base would anchor responses
to accurate, current procedural information (Lewis et al., 2020).

Conclusion

This paper has presented QueueMate—a blockchain-powered real-world process navigation and queue
intelligence system engineered to address the structural inefficiencies that afflict physical public service
delivery. The research identified three root-cause failure modes—queue congestion, procedural opacity, and
insecure document verification—and proposed an integrated technological response delivered through a single
citizen-facing mobile platform.

The system architecture brings together five specialised layers: a Jetpack Compose mobile interface, a Firebase
application backend, a TensorFlow Lite LSTM analytics engine, a Solidity smart-contract blockchain layer, and
a Firestore/IPFS data layer. The blockchain integration delivers mathematically robust tamper detection—
confirmed at a 100% detection rate—at a per-service transaction cost below USD 0.02.

A rigorous mixed-methods evaluation involving 78 participants across three institution types yielded statistically
significant improvements on every primary metric: a 40% reduction in average wait time (Cohen's d = 1.52), a
72% reduction in document rejection rate, a 78% reduction in counter revisit rate, and a 47% improvement in
user trust in document security. A mean SUS score of 81.4 confirms excellent usability across a diverse
demographic.

Comparative analysis confirms that QueueMate is the first published system to simultaneously address queue
management, process guidance, blockchain verification, Al demand forecasting, and mobile-first delivery within
a unified public-service platform. It demonstrates that the convergence of blockchain, artificial intelligence, and
mobile technology can produce measurable, citizen-centred gains in public service delivery—and it offers a
rigorous, replicable blueprint for smart-governance innovation at scale.
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