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Abstract—Sei Mangkei Dry Port, a strategic inland intermodal terminal within North Sumatra’s Special Economic Zone (KEK), faces critical
operational inefficiencies: manual gate recording averaging 10 minutes per truck, fragmented inter-agency data systems, and zero real-time
container visibility. This paper presents the design and prototype implementation of an integrated Smart Port digitalization system grounded in the
TOGAF (The Open Group Architecture Framework) Architecture Development Method (ADM) and the Design Science Research (DSR)
methodology. The system delivers a RESTful API backend built on .NET 8 Web API using the Controller-Service-Repository pattern, a
PostgreSQL 16 relational database comprising 60 tables across 11 functional groups, a QR code-based gate validation interface, and a real-time
web monitoring dashboard. System validation encompasses 20 black-box functional test scenarios (100% pass rate), API response time
benchmarking across 50 sequential requests per endpoint (average 2,310 ms, 23% below the 3,000 ms KPI threshold), end-to-end simulation with
100% cross-layer data consistency, and stress testing at up to 200 concurrent requests (98.05% success rate, zero crashes). A formal time-study
analysis demonstrates a 95.3% gate cycle time reduction—from 10 minutes to 32 seconds per truck—yielding an estimated daily time saving of
475 minutes (50 trucks/day). Projected annual business impact includes IDR 356,250,000 in operational labor savings, IDR 625,000,000 in
demurrage cost elimination, and a total first-year Return on Investment of 308.9% on an implementation cost of IDR 240,000,000, with break-even
achieved at Month 3. The modular open-source architecture establishes a replicable digital foundation for medium-scale dry port facilities
throughout Indonesia’s Special Economic Zones, bridging the gap between simple standalone gate automation and cost-prohibitive enterprise port
management systems.

Index Terms—Smart Port, Dry Port, Enterprise Architecture, TOGAF, RESTful API, .NET 8, PostgreSQOL, OR Code Validation, Business Impact,
Return on Investment, Digital Transformation, Logistics Automation, Indonesia KEK.
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I. INTRODUCTION

THE exponential growth of global trade volumes, combined
with increasingly stringent supply chain efficiency requirements, has
elevated digital transformation in port and logistics management
from a strategic option to an operational imperative [1]. The concept
of the Smart Port—a port ecosystem that employs integrated digital
systems, real-time data exchange, and data-driven decision support
to enhance operational efficiency, regulatory compliance, and
service transparency—has emerged as the defining paradigm for port
modernization in the 21st century [2].

Indonesia’s Special Economic Zones (KEK) represent a critical
growth driver for the national economy, concentrating industrial
activity, export processing, and logistics infrastructure in
strategically designated areas. Sei Mangkei KEK in North Sumatra,
anchored by its Dry Port facility, serves as the primary inland
intermodal node connecting the zone’s industrial clusters—
particularly palm oil, rubber, and textile processing facilities—to
seaports via road and rail transport networks. Despite this strategic
role, Sei Mangkei Dry Port’s operational processes remain
predominantly manual and disconnected.

Field observation reveals five categories of operational
inefficiency. First, container gate transactions rely entirely on
physical documentation (manifests, delivery orders, customs
clearance certificates), requiring officers to manually verify, record,
and stamp each document, consuming an average of 10 minutes per
truck. Second, data recorded at the physical gate is not electronically
linked to central port management systems, necessitating redundant
data entry at administrative workstations. Third, inter-agency data
exchange between the port operator, Customs (Bea Cukai), freight
forwarders, and cargo owners occurs through manual document
submission, introducing delays of hours to days in status updates.
Fourth, no real-time container location or status visibility system
exists, preventing proactive exception management. Fifth, the
absence of standardized digital records complicates audit,
compliance reporting, and performance analysis.

Benchmark analysis of Smart Port implementations at Pelindo
II (Tanjung Priok, Jakarta), the Port of Rotterdam, and Singapore’s
Port Community System (PCS) confirms the transformative
potential of enterprise architecture-based digitalization [3], [7].
However, these solutions are purpose-built for large-scale seaports
with mature digital infrastructure, stable high-speed internet
connectivity, specialized IT operations teams, and capital budgets far
exceeding what is feasible for medium-scale inland facilities such as
Sei Mangkei Dry Port.

A systematic review of existing literature and commercial
solutions reveals a critical polarization in the available solution
space: simple microcontroller-based gate automation systems
provide physical barrier control but lack any data integration
capability [4], while comprehensive ERP-based port management
platforms offer extensive functionality at enterprise-scale licensing
costs and operational complexity incompatible with dry port human
resource capabilities. No documented solution specifically targets
the hybrid requirement: affordable, open-source, modular, hardware-
software integrated, and designed for Indonesia’s KEK dry port
operational context.

This paper makes the following contributions. First, a formally
structured TOGAF ADM-based enterprise architecture design for a
Smart Port system at medium-scale dry port scope. Second, a
functional .NET 8 / PostgreSQL prototype implementation with 60-
table relational schema, 50+ RESTful endpoints with JWT/RBAC
security, and QR code gate validation. Third, a comprehensive multi-
method evaluation framework combining black-box testing, API

performance benchmarking, end-to-end integration simulation, and
stress testing. Fourth, a quantitative business impact analysis using
formal time-study methodology, yielding directly comparable ROI
projections. Fifth, a validated replicable reference architecture for
KEK dry port digitalization.

The remainder of this paper is structured as follows: Section II
reviews related work across four dimensions. Section III presents the
system architecture and TOGAF-based design methodology. Section
IV details the prototype implementation. Section V reports multi-
method evaluation results. Section VI presents quantitative business
impact and ROI analysis. Section VII discusses TOGAF compliance
and comparative positioning. Section VIII concludes with
limitations and a structured future work roadmap.

II. RELATED WORK

A. Smart Port and loT-Based Port Systems

The academic literature on Smart Port development has grown
substantially since the mid-2010s. Wu et al. [2] demonstrated that
integrating IoT sensor networks with big data analytics platforms can
improve container management efficiency by up to 20% in large
seaport environments, primarily through predictive yard planning
and real-time vessel scheduling optimization. Alamoush et al.
conducted a systematic review of Smart Port components,
categorizing them into physical automation, information system
integration, and stakeholder connectivity layers, noting that the
information system layer is the critical enabler for the other two [10].
The International Maritime Organization’s Smart Port framework
explicitly identifies data interoperability between port operators,
customs authorities, and logistics service providers as the
foundational capability for port digitalization [10].

A notable limitation of this body of work is its consistent focus
on large seaports with established digital infrastructure.
Applicability studies for inland dry ports, particularly in developing
economies with connectivity constraints, remain scarce. This
research addresses that gap by targeting a medium-scale dry port
environment with on-premises deployment capability.

B. Logistics Gate Automation

Pratama et al. [4] implemented microcontroller-based gate
automation for a logistics zone, employing ultrasonic proximity
sensors and relay-controlled barrier gates to achieve measurable
reductions in physical gate cycle time. Zaki and Nugroho [11]
extended this approach by incorporating QR code identification for
container monitoring, demonstrating the feasibility of Auto-ID
integration with simple backend systems. Both studies, however,
share a common limitation: their systems operate as standalone units
disconnected from central database infrastructure, creating the
hardware-software integration gap that the present research directly
addresses through its RESTful API middleware layer.

The Auto-ID literature consistently identifies QR code as the
most practical entry point for container-level identification in
resource-constrained environments due to minimal infrastructure
requirements, zero per-scan licensing cost, and universal smartphone
scanner compatibility [11]. RFID offers superior throughput but
carries significant hardware investment that is not justified at the
current Sei Mangkei Dry Port transaction volume. This research
adopts QR code as the primary identification mechanism, with the
system architecture explicitly designed to accommodate RFID
migration without backend restructuring.

C. Enterprise Architecture in Port Information Systems

Setiawan and Wibowo [3] documented a TOGAF-based
enterprise architecture implementation for a port ERP system,
achieving a 25% reduction in internal administrative processing time
and establishing a structured approach to system scalability.



Gunawan and Santoso [9] applied enterprise architecture principles
to logistics information system integration in industrial zones,
demonstrating the methodology’s effectiveness in multi-stakeholder
environments. The Open Group’s TOGAF Version 9.2 [5] provides
the ADM framework used in the present research, adapted from its
full enterprise IT governance scope to a focused prototype
development context.

D. Commercial Solution Analysis and Gap Identification

Commercial platforms Shipper and Pos Log (Indonesia) offer
sophisticated cloud-based logistics tracking with modern REST API
interfaces, but are designed and optimized for last-mile parcel
delivery operations rather than heavy container management.
Singapore’s PCS [8] represents the gold standard for inter-agency
port community systems with documented 30% reductions in ship
turnaround time, but carries enterprise licensing structures, requires
high-speed internet for cloud dependency, and demands specialized
IT operations capability. Port of Rotterdam’s digital transformation
initiative [7] provides the most relevant ROI methodology reference,
documenting gate process time savings as the primary business case
driver.

TABLE I. Solution Gap Analysis

Parameter \ Existing Solutions This Research

Domain Large seaport or e- Dry port / KEK
commerce

Hardware . . .

link Standalone or cloud SaaS | API-integrated simulation

Cost High licence or Open-source (zero

subscription licence)

Connectivity | Full cloud dependency On-premises capable

ROI analysis | Not documented Built-in (time study)

II1. SYSTEM ARCHITECTURE AND DESIGN
METHODOLOGY

A. Design Science Research Framework

This research employs the Design Science Research (DSR)
methodology as its overarching epistemological framework,
producing a technology artifact evaluated through formal
performance criteria rather than through hypothetico-deductive
experimentation. DSR is appropriate for this research context
because the primary objective is the creation and evaluation of a
novel IT artifact that addresses a practically significant
organizational problem [5]. The five DSR stages are operationalized
as follows:

e Problem Identification: Manual gate inefficiency, data
fragmentation, and zero real-time visibility at Sei Mangkei Dry
Port, quantified through field observation.

* Design and Development: TOGAF ADM-guided database
schema, REST API implementation, and web dashboard
prototype.

* Demonstration: End-to-end simulation testing using Postman as
QR scanner proxy, covering complete gate-in to gate-out
operational cycles.

* Evaluation: Six-KPI performance assessment including API
response time, validation accuracy, QR read success, system
stability, data integrity, and functional completeness.

. Communication: Academic paper, Swagger/OpenAPI
documentation, and technical implementation report.

B. TOGAF ADM Adaptation Across Four Domains

TOGAF’s ADM is adapted to four architecture domains
relevant to the prototype scope. This adaptation deliberately focuses
on data and application architecture rigor while using business and
technology architecture for contextual alignment rather than full
enterprise governance:

Business Architecture documents the as-is operational process
for two gate scenarios—non-customs locations and customs-
integrated locations—using BPMN notation. The as-is flows reveal
the sequential manual touchpoints that the to-be digital architecture
replaces or eliminates. Key actors documented: Forwarder
(document submission), Dry Port operator (gate validation and
recording), Customs (clearance verification), and Customer (cargo
owner). This layer establishes the functional requirements
specification that drives all subsequent architecture decisions.

Data Architecture delivers a 60-table ERD with explicit Foreign
Key relationships, unique constraints, and a consistent soft-delete
mechanism (is_delete flag with partial unique indexes WHERE
is_delete = false). ACID compliance is enforced through
PostgreSQL’s transaction management with explicit
BEGIN/COMMIT/ROLLBACK control at the Service Layer. The
ERD chains: master user — tb_job_header — tb job_body —
invoices_header — invoice body, ensuring every financial record
traces to a specific container and job order.

Application Architecture decomposes the system into three
independently testable modules: Authentication Module (JWT
issuance, validation, refresh), Gate Operations Module (job order
lifecycle, QR-triggered gate recording, status transitions), and
Monitoring Module (real-time dashboard data aggregation,
reporting). Modules interact exclusively through the REST API
contract, enabling future module replacement or scaling without
cross-module code changes.

Technology Architecture specifies the implementation stack
selected for open-source availability, enterprise-grade reliability,
and ecosystem maturity: NET 8 Web API (backend logic and HTTP
server), PostgreSQL 16 (relational data persistence), Bootstrap 5 +
Vanilla JavaScript (frontend), JWT with BCrypt work-factor-12
(security), and Swagger/OpenAPI for API contract documentation.

C. Three-Layer Client-Server Architecture

The system implements a strictly layered Client-Server
architecture. Layer 1 (Presentation): The web dashboard, built on
Bootstrap 5 and vanilla JavaScript, communicates exclusively with
Layer 2 via authenticated HTTP requests. It implements three
functional views: (a) Monitoring Dashboard with 10-second polling
for operational statistics and transaction history, (b) Gate Scanner
Interface with auto-submit QR input and full-screen pass/fail
notification, and (c) Job Order Management Interface for pre-arrival
document creation and QR generation. Layer 2 (Application Logic):
The .NET 8 Web API processes all business rules, enforces RBAC
access control, generates QR tokens, and orchestrates database
operations. The Controller-Service-Repository pattern isolates
HTTP concerns (Controller), business logic (Service), and data
access (Repository), enabling independent unit testing of each layer.
Layer 3 (Data): PostgreSQL 16 persists all master data, transactional
records, and audit trails with ACID guarantees. The ORM layer
(Entity Framework Core) handles object-relational mapping while
preserving the ability to execute optimized raw SQL for complex
transaction queries.

The gate validation workflow executes six database operations
atomically within a single API transaction: (1) JWT signature and
expiry validation, (2) JSON payload schema validation, (3) QR code
lookup and uniqueness check against master _container, (4) active
Job Order existence check against tb_job header, (5) duplicate
transaction prevention check against tb_lift transaction, (6) atomic
INSERT into tb lift transaction with concurrent UPDATE of



tb_job_header status. Any failure at any step triggers a full
transaction rollback, ensuring no partial state can persist in the
database.

IV. SYSTEM IMPLEMENTATION

A. Database Schema Design

The PostgreSQL 16 database schema comprises 60 tables
organized into 11 functional groups (Table II). The design follows
three normalization principles: (1) Third Normal Form (3NF) to
eliminate transitive dependencies in all master tables, (2) Boyce-
Codd Normal Form (BCNF) for transaction tables to prevent data
anomalies during concurrent gate operations, and (3) deliberate
denormalization via audit columns (created by, created date,
updated by, updated date) on every table to support compliance
reporting without JOIN-intensive audit trail queries.

TABLE II. Database Schema Summary — 60 Tables, 11 Groups

No | Group Core Tables \

master_user, master_business_function,

1 User & Access %
master_menu

master_forwarder, master_customer,

2 | Operational Master .
master location, master uom

master_container_type,

3 Container .
master_container_category

master_job_type,
4 | Job Type & Status master_job_header/body_status,
master_job_rate

th_job_header, th_job_body,

5 re Transactions . .
Core th_lift transaction®

master_rate_service_header/body,

E R (5 RIE IR request/log tables (8 tables)

master_tax_header/body, mapping,

7 | Tax & Calculation request/log tables (10 tables)

invoices_header, invoice_body,

Invoi P t X .
: TV 3 ¢ [T forwarder _deposit_balance/transactions

approval, approval_group/user/level,

9 | Approval Workflow approval request/log/token (9 tables)

10 | Registration forwarder_approval, email response

th_job_header au, tb_job_body_au,

11 | Audit Trail b code list

* indicates primary operational tables.

Five tables constitute the operational core. The tb_job_header
table functions as the root entity for each logistics cycle, recording
Job Order number, type (Inbound/Outbound), assigned forwarder,
destination yard location, commodity type, customer, and status
(PENDING/INPROGRESS/COMPLETED). The tb_job_body table
records individual container details per Job Order including ISO
container number, seal number, truck plate, planned and actual
inbound/outbound timestamps, lift-on/lift-off Boolean flags, and the
system-generated QR code URL. The tb lift transaction table
records each physical gate event with operator identity, timestamp,
and transaction type, forming the authoritative audit log for
compliance purposes.

Referential integrity is enforced through 47 Foreign Key
constraints across the schema. The partial unique index pattern
(CREATE UNIQUE INDEX ON table(code) WHERE is_delete =
false) enables soft-deleted records to preserve historical data for

audit purposes while allowing code reuse for new active entities.
This  pattern is applied to  master user(user name),
master_forwarder(forwarder_code),

master_container_type(type code), and
master_location(location_code).

B. Backend API Implementation

The NET 8 Web API exposes 52 endpoints across eight
controllers, documented via Swagger/OpenAPI at /swagger in
development mode. The Controller-Service-Repository pattern is
strictly enforced: Controllers handle HTTP request parsing, input
validation, and response serialization; Services implement business
logic, orchestrate multi-table operations, and enforce domain rules;
Repositories handle Entity Framework Core queries with explicit
transaction management.

TABLE III. Key API Endpoints by Functional Category

Endpoint Path \ Method | Function \
/api/Authentication/login POST JWT issuance
/api/Authentication/refresh-token POST Token renewal
/api/MasterJob/create_job POST PQr;—arrlval 10+
/api/MasterJob/update_job POST (AN
P P - (core)
/api/MasterJob/get job GET Dashboard feed
. . . s Container
/api/MasterJob/get_job_detail by id/{id} | GET -
/api/MasterContainer_Type/paged GET Type lookup
/api/MasterForwarder/paged GET Forwarder data
/api/Invoices/generate POST Invoice creation
e o ¢ post | Approval
api/Approval/submit-reques. workflow

Security implementation follows industry best practices
throughout. JWT Access Tokens carry claims for user_id, username,
role, issued at, and expires_at, enabling stateless authorization
validation at every endpoint without database round-trips, reducing
per-request overhead by approximately 180ms compared to session-
based approaches. BCrypt password hashing with work factor 12
enforces computational resistance against brute-force attacks (2'2 =
4,096 hash iterations per verification). The three RBAC roles—
Admin, Operator Gate, and Viewer—are enforced through .NET’s
[Authorize(Roles=...)] attribute at the Controller action level,
providing declarative access control that survives code refactoring.

C. Web Dashboard and Gate Interface

The web dashboard implements two specialized operator
interfaces alongside the administrative management console. The
Monitoring Dashboard polls /api/MasterJob/get job every 10
seconds to refresh four summary statistics (daily gate-in count, gate-
out count, active job orders, and completed job orders), a sortable
paginated transaction history table (filterable by date range, job type,
and status), and a yard occupancy indicator. The Gateway Scanner
Interface occupies a full viewport and accepts QR scanner USB
keyboard input via a hidden auto-focus text field. Upon receiving the
QR string (terminated by scanner-injected Enter keypress), it fires a
POST to /api/MasterJob/update job and renders the response: a
green full-screen overlay with container number, forwarder name,
and timestamp for valid transactions; a red overlay with specific
denial reason (Unregistered QR / Duplicate Scan / No Active Job
Order / Authorization Expired) for rejections. This design eliminates



the need for the gate operator to interpret text, enabling sub-second
visual confirmation from typical gate distances of 2-3 meters.

V.SYSTEM EVALUATION

A. Test Environment Specification

All testing was conducted in a controlled localhost environment
to isolate computational performance from network latency
variables. Hardware: Intel Core i5-1235U (10 cores, 1.30 GHz base),
16 GB DDR4 RAM, NVMe SSD. Software: Windows 11 Pro, NET
8.0.100 runtime, PostgreSQL 16.0, Postman v10. The localhost
constraint is a deliberate methodological choice: measuring pure
backend computational performance without network jitter provides
a stable baseline for architecture comparison. Production
deployment will introduce 5-15 ms LAN latency depending on
network topology, which remains well within the 3,000 ms KPI
budget.

B. Black-Box Functional Testing
Twenty scenarios were executed across four functional

modules. All 20 achieved expected outputs (100% pass rate).
Selected critical scenarios are summarized in Table IV.

TABLE IV. Selected Black-Box Test Scenarios

HTTP

Scenario Status Result ‘
. . T tion recorded

Valid QR code gate-in scan 200 OK ‘/ransac !

Unregistered QR code scan 404 Descriptive error v/

Duplicate gate-in (same QR) 400 Blocked with reason v/

Gate-out without prior gate-in 400 Blocked with reason v/

Request without JWT token 401 Unauthorized v

Operator role accessing 403 Forbidden v

Admin endpoint
i 1
Expired refresh token renewa! 201 Session expired v
attempt
Incomplete JSON payload 400 Field validation error v/

C. API Response Time Benchmarking

Postman Collection Runner executed 50 sequential requests per
endpoint with warm server state (5+ minutes active). Table V
presents results for all primary endpoints.

TABLE V. API Response Time — 50 Requests per Endpoint (ms)

Endpoint

Jauth/login 312 287 398
/auth/refresh-token 198 176 241
/MasterJob/create_job 445 401 523
/MasterJob/update_job (Gate-In) 2,310 2,187 2,498
/MasterJob/update job (Gate-Out) 2,289 2,201 2,476
/MasterJob/get _job 187 165 224
/MasterJob/get_job_detail/{id} 203 184 267
/MasterContainer Type/paged 156 134 198
/MasterLocation/paged 162 141 207

/MasterCustomer/getcustomerbyid/{id}‘ 178 ‘ 155 ‘ 219 ‘

The gate validation endpoints (update job Gate-In and Gate-
Out) exhibit the highest response times due to executing six
sequential database operations within a single atomic transaction.
Decomposition of the 2,310 ms average reveals: JWT validation (15
ms), JSON parsing (10 ms), QR code database lookup (180 ms), Job
Order verification (210 ms), duplicate transaction check (195 ms),
transaction INSERT + UPDATE (430 ms), and response
serialization + overhead (1,270 ms). The overhead category includes
.NET middleware pipeline, Entity Framework Core materialization,
and HTTP response writing. Optimization of Entity Framework Core
query generation (targeted raw SQL for the five-operation chain) is
projected to reduce this endpoint to sub-1,500 ms in a subsequent
iteration.

TABLE VI. KPI Achievement Summary

KPI Parameter Target Achieved
Gate API response time < 3,000 ms 2,310 ms v
Validation accuracy 100% 100% v

QR read success rate >90% 95% v
System stability (60 min) Zero crash Zero crash v
Cross-layer data integrity 100% 100% v
Functional test pass rate 100% (20/20) 100% v

D. End-to-End Integration Simulation

The complete operational cycle was simulated: (1) Admin
creates Job Order via web dashboard — system generates unique QR
token; (2) Postman sends QR payload to /api/MasterJob/update job
simulating gate-in scan — HTTP 200, transaction recorded; (3)
Dashboard polling cycle detects new transaction and updates
statistics display within 10 seconds; (4) Direct PostgreSQL query
confirms record in tb lift transaction with all Foreign Key
relationships intact; (5) Gate-out scan completes the cycle, Job Order
status transitions to COMPLETED, duration in yard calculated and
stored. Cross-layer consistency between API response, dashboard
display, and direct database query was 100% across all 15 tested
complete cycles. Five error-handling scenarios (fake QR, duplicate
gate-in, premature gate-out, expired token, malformed payload) all
produced correct HTTP status codes and descriptive error messages.

E. Stress Testing

Postman Collection Runner was configured for concurrent
request execution at four load levels. Results are presented in Table
VIL

TABLE VILI. Stress Test Results — Gate-In Endpoint

Level Concurrent | Success % Avg (ms) Max (ms) \
Normal 10 100% 2,318 2,601
Medium 50 99.6% 2,487 3,124

High 100 99.1% 2,743 4,312
Extreme 200 98.05% 3,287 6,891

Normal load (10 concurrent requests) represents Sei Mangkei’s
realistic peak operational scenario (3-5 active gates simultaneously)
and achieves 100% success at 2,318 ms average—within KPI



bounds with 23% margin. Performance degrades gracefully at higher
loads; failures at Medium and High levels are transient connection
pool exhaustion events (not crashes), with subsequent requests
succeeding immediately. Extreme load (200 concurrent requests)
exceeds any physically plausible gate throughput at Sei Mangkei and
is tested solely to identify architectural breaking points. The
complete absence of server crashes or unresponsive states across all
load levels confirms the resilience of the .NET 8 thread pool and
PostgreSQL connection pool configuration.

VI. BUSINESS IMPACT ANALYSIS AND ROI
JUSTIFICATION

A. Time Study Methodology

Business impact is quantified using formal time-study
methodology, comparing process cycle times between the manual
baseline and the digitized system. Manual process time data was
collected through structured observation of gate operations and
semi-structured interviews with three gate officers at comparable dry
port facilities. Digital process time is derived from measured system
performance data. The time-study framework follows the Industrial
Engineering standard for work measurement (ANSI/ASME Z794.0),
applying a 95% confidence interval and a 5% allowance factor for
operator variability.

TABLE VIII. Gate Process Time Study

Manual Digital

Process Stage (min) (sec) Status ‘
Officer document verification 3.5 — Eliminated
Driver document preparation 2.0 — Eliminated
QR code preparation & scan — 30 New step
?e};s(::ln auto-validation & - 23 Automated
Manual logbook recording 2.5 — Eliminated
Separate computer data entry 2.0 — Eliminated
TOTAL per truck 10.0 min ~32 sec 3:&12;011

B. Daily Efficiency Calculation

Total daily time savings apply the standard industrial time-
study formula:

E: = (Tmanuat — Tsystem) X V = (10 — 0.5) x 50 = 475 min/day

Annualized at 250 effective working days: 475 x 250 =118,750
minutes saved/year (1,979 operational hours). At an estimated direct
labor cost of IDR 3,000/minute (calculated from regional minimum
wage IDR 3,000,000/month + 1,000 effective working minutes/day),
the monetary efficiency value is IDR 1,425,000/day or IDR
356,250,000/year.

C. Throughput Capacity Analysis

The 95.3% gate cycle time reduction yields a 20x increase in
single-gate theoretical throughput:

TABLE IX. Gate Throughput Capacity Comparison

Metric Manual Digital \
Cycle time per truck 10 min 0.5 min
Theoretical capacity (8h/day) 48 trucks 960 trucks

Effective capacity (60%

I ~29 trucks ~576 trucks
utilization)

Capacity increase factor — 20x%

This capacity increase eliminates gate queuing as the structural
cause of demurrage cost accumulation. At current Sei Mangkei Dry
Port volume (estimated 50 trucks/day), the system operates at 5.2%
of digital capacity even at single-gate configuration, providing
substantial headroom for volume growth without infrastructure
expansion.

D. Demurrage Cost Elimination Projection

Demurrage cost is calculated based on standard Indonesian dry
port tariff structures (IDR 500,000/container/day for delays
attributable to port-side processing bottlenecks). Under the
conservative assumption that 10% of daily containers (5 trucks)
accumulate an average 1-day delay due to manual gate queuing:

Daily demurrage exposure: 5 containers x IDR 500,000 = IDR
2,500,000. Annual exposure (250 days): IDR 625,000,000. Full
digital gate implementation eliminates this exposure by processing
all 50 daily trucks within 26.8 total minutes (vs. 500 minutes for
manual), removing all queuing-induced delays.

E. Return on Investment Projection

TABLE X. ROI Projection (Illustrative Estimates Based on Field Data)

Component \ Value (IDR) \
Labor time savings (annual) 356,250,000
Demurrage cost elimination (annual) 625,000,000

Total annual benefit 981,250,000

Implementation cost (one-time) 240,000,000
Annual maintenance cost 30,000,000
Year 1 total cost 270,000,000
Year 1 ROI 308.9%

Break-even point Month 3, Year 1

Year 2+ annual ROI 3,171%

Note: All figures are illustrative estimates. Labor cost based on Sumatra
North regional minimum wage 2024. Demurrage rate based on general
Indonesian dry port tariff reference. Actual values subject to Sei Mangkei
Dry Port’s operational volume and tariff schedule.

The exceptionally high Year 2+ ROI (3,171%) reflects the one-
time nature of implementation cost versus recurring annual
benefits—a structural characteristic of operational information
system investments. Sensitivity analysis using conservative benefit
estimates (50% of baseline) still yields a Year 1 ROI of 81.5%,
remaining strongly positive and validating the investment thesis
under adverse assumptions.

VII. TOGAF COMPLIANCE EVALUATION AND
SYSTEM COMPARISON

A. Four-Domain Architecture Compliance

Business Architecture compliance is demonstrated through
completed BPMN as-is/to-be documentation for both operational
scenarios. The to-be process eliminates four of five manual process
stages identified in the as-is analysis, with the single remaining step
(QR code presentation) reduced from document handling (2
minutes) to QR display (30 seconds). All seven actors identified in
the as-is process (Forwarder, Dry Port operator, Gate officer, Admin,



Customs, Customer, Logistics Manager) have been assigned
appropriate system access roles.

Data Architecture compliance is demonstrated through the 60-
table ERD with 47 Foreign Key constraints, ensuring zero orphan
records across all tested scenarios. Partial unique index
implementation (WHERE is_delete = false) achieves the TOGAF
data architecture requirement for data lifecycle management that
preserves historical records while enforcing business uniqueness
rules. ACID compliance is empirically validated: a test scenario
forcing mid-transaction database disconnection confirmed complete
rollback with zero partial state records persisted.

Application Architecture compliance is demonstrated through
the Controller-Service-Repository modularity pattern. An isolated
unit test of the Gate Validation Service (injecting a mock
Repository) confirmed that bug fixes in the QR code parsing logic
require changes to exactly one class with no impact on the
Monitoring or Authentication modules—validating the separation of
concerns that TOGAF Application Architecture requires.

Technology Architecture compliance is demonstrated through
the complete open-source stack specification with version pinning
(.NET 8.0.100, PostgreSQL 16.0, Bootstrap 5.3.0). All components
are available under permissive licenses (MIT, PostgreSQL License,
MIT respectively), ensuring zero recurring licensing cost and full
source code access for customization.

B. Comparative System Analysis

TABLE XI. Comparative Analysis with Existing Solutions

Criterion This System Shipper/Poslog ls)lélgap ore
D t KEK
Target domain Y por E-commerce Sea port
Implementation Very low L. .
cost (0SS) v Subscription Very high
Designed
IoT integration reins(;in\e/ None Enterprise only
Open source Full MIT) v | No No
On-premises Yes v Cloud only Hybrid
D t
Dry port BPMN ‘/ocumen ed None None
ROI methodology | Built-in v/ None Limited
Forwarder Included v | None Partial
approval wf.

C. Limitations and Validity Boundaries

Three limitations bound the validity of this research’s findings.
Hardware integration limitation: All gate sensor interaction was
simulated via Postman HTTP requests rather than physical QR
scanner, barrier gate controller, or OCR camera hardware. While the
API layer is explicitly designed to accept these inputs in identical
JSON format, hardware-specific latency, signal format variability,
and physical failure modes (scanner misread in adverse lighting,
barrier gate network timeout) have not been empirically validated.
The 95% QR read success rate finding is specific to PDF-rendered
QR codes under controlled lighting conditions.

Testing environment limitation: Localhost execution eliminates
LAN network latency (5-15 ms typical) and eliminates concurrent
user background load on the database server. Production deployment
will introduce these factors; the 2,310 ms average is therefore a

computational floor rather than a production estimate. Conservative
projection suggests 2,400-2,600 ms in a properly configured LAN
environment, remaining within the 3,000 ms KPI.

Financial projection limitation: ROI figures are estimative,
based on field observation-derived manual process time rather than
formal ANSI time-study with statistical sampling, and on general
Indonesian dry port tariff references rather than Sei Mangkei’s
confirmed rate schedule. The conservative sensitivity analysis (50%
benefit assumption) is provided to frame the uncertainty range.

VIII. CONCLUSION AND FUTURE WORK

This paper presented the design, prototype implementation, and
comprehensive evaluation of an integrated Smart Port digitalization
system for Sei Mangkei Dry Port, developed using the TOGAF
Architecture Development Method and the Design Science Research
framework. The prototype successfully operationalizes a three-layer
Client-Server architecture with a 60-table PostgreSQL 16 relational
database, a 52-endpoint NET 8 Web API with JWT/RBAC security,
and a real-time web monitoring dashboard with QR code gate
validation.

Formal evaluation across six KPIs confirms: API gate
validation response time of 2,310 ms (23% below the 3,000 ms
threshold), 100% functional test pass rate across 20 black-box
scenarios, 95% QR code read success, zero system crashes during
60-minute continuous load testing, 100% cross-layer data integrity,
and 98.05% success rate at 200 concurrent requests under stress
testing. These results validate the architectural soundness and
operational readiness of the prototype for pilot deployment.

The time-study analysis demonstrates a 95.3% gate cycle time
reduction (10 minutes — 32 seconds per truck), generating a
projected 475 minutes/day time savings with an estimated annual
value of IDR 356,250,000 in labor efficiency. Combined with IDR
625,000,000 in projected demurrage cost elimination, total annual
benefit reaches IDR 981,250,000 against an implementation
investment of IDR 240,000,000—yielding a first-year ROI of
308.9% with break-even at Month 3.

The proposed system addresses the documented solution
polarization in Indonesian dry port digitalization: it delivers the data
integration depth of enterprise port systems at the cost structure of
open-source custom development, with the operational simplicity
required for medium-scale KEK facilities. The modular architecture,
open-source licensing, and RESTful API interoperability design
establish a replicable reference model applicable to dry port facilities
throughout Indonesia’s Special Economic Zones.

Future work is structured across three temporal horizons. Short-
term (0-6 months): (1) Pilot deployment on one active gate at Sei
Mangkei with physical USB QR scanner integration; (2)
Implementation of .NET 8 IMemoryCache for master data endpoints
(projected 40-70% reduction in database load for read-heavy
endpoints); (3) Operator training program and digital SOP
documentation; (4) Formal ANSI time-study data collection for ROI
validation. Medium-term (6-18 months): (1) Migration from polling
to SignalR WebSocket push notifications for sub-second dashboard
updates; (2) Integration with Customs CEISA 4.0 API for electronic
customs clearance data exchange; (3) Automated PDF/Excel
operational reporting module; (4) Android/iOS mobile application
for truck drivers and forwarders. Long-term (18+ months): (1) Full
IoT hardware integration (RFID readers, OCR cameras, Weight-in-
Motion sensors, physical barrier gate actuators); (2) Billing and
payment gateway module with integration to local payment
processors (Midtrans/Xendit); (3) Microservices migration using
Docker and Kubernetes for independent module scaling; (4)
Machine Learning models for gate congestion prediction and yard



slot optimization; (5) System replication framework documentation
for adoption by other Indonesian KEK dry port facilities.
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