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ABSTRACT: Urban traffic generates massive and diverse data, yet most systems remain fragmented. Current
approaches to congestion management suffer from weak data consistency and poor scalability. This study addresses
this gap by proposing the Urban Traffic Congestion Unified Metadata Model (UTC-UMM). The goal is to provide a
standardized and extensible framework for describing, extracting, and storing multisource traffic data in smart cities.
The model defines a two-tier specification that organizes nine core traffic resource classes. It employs an eXtensible
Markup Language (XML) Schema that connects general elements with resource-specific elements. This design ensures
both syntactic and semantic interoperability across siloed datasets. Extension principles allow new elements or con-
straints to be introduced without breaking backward compatibility. A distributed pipeline is implemented using Hadoop
Distributed File System (HDFS) and HBase. It integrates computer vision for video and natural language processing
for text to automate metadata extraction. Optimized row-key designs enable low-latency queries. Performance is
tested with the Yahoo! Cloud Serving Benchmark (YCSB), which shows linear scalability and high throughput. The
results demonstrate that UTC-UMM can unify heterogeneous traffic data while supporting real-time analytics. The
discussion highlights its potential to improve data reuse, portability, and scalability in urban congestion studies. Future
research will explore integration with association rule mining and advanced knowledge representation to capture richer
spatiotemporal traffic patterns.
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1 Introduction
With the rapid growth of urbanization and the rising number of vehicles, traffic congestion in cities

has become a critical problem. It causes economic losses, energy waste, and psychological stress. To address
this issue, many scholars have studied traffic management optimization [1–3]. Most research emphasizes
congestion detection and prediction. For example, Li et al. [4] proposed a method that uses features from
traffic surveillance videos to estimate congestion levels more accurately. Chen et al. [5] developed PCNN,
a deep convolutional neural network model, to capture periodic patterns in traffic data for short-term
congestion prediction.

Traffic data in these studies show strong features of heterogeneity [6], multi-sourcing [7], and com-
plexity [8]. Heterogeneity refers to diverse data formats. It includes structured data in databases, as well
as semi-structured and unstructured data such as videos, text, and audio. Multi-sourcing means the data
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come from many origins. These include transport infrastructure, communication devices, and intelligent
transportation systems. Complexity describes the intricate structure of traffic data. It contains both dynamic
and static elements. These characteristics create challenges in research and practice. Problems include
semantic inconsistency [9], format mismatch, and integration difficulty [10]. Knowledge graphs are widely
used in smart cities and transportation. They support semantic unification and cross-domain reasoning. For
example, Km4City [11] combines traffic facilities, events, and geography through ontologies and Resource
Description Framework (RDF) triples. This allows semantic search and reasoning-based applications.
Knowledge graphs provide rich semantic representation. They also support advanced reasoning. However,
they require high costs in ontology design, data storage, and maintenance. To avoid these costs, some
researchers propose metadata specifications [12,13]. These aim to solve semantic unification and reasoning
issues. Yet, most specifications target specific data types, such as geospatial data [14] or meteorological
data [15]. They cannot describe the full range of heterogeneous and complex traffic data. This lack of a unified
description limits integration of multi-dimensional and cross-type data. It also restricts research on urban
traffic congestion.

To address these challenges, we propose a metadata specification for heterogeneous and complex traffic
data. The goal is to create a unified and standardized framework for describing urban road congestion
data. This framework improves data interoperability and reusability. It also provides a standard basis for
processing, storage, and analysis. In this way, data from different sources can be integrated and analyzed
more effectively. Our main contributions are as follows:

• We design a unified metadata model for complex and heterogeneous traffic data. The model specifi-
cally addresses the multi-source and complex nature of congestion data. It provides the first unified
description of nine core traffic data types. The framework combines a general metadata element set with
resource-specific element sets. This resolves the limits of existing standards that often cover only one
data type. In addition, we define extension principles and procedures. These allow new elements, code
tables, or constraints to be added without breaking the core specification.

• We integrate metadata extraction with distributed storage technologies. The architecture is built on
HDFS and HBase. It supports large-scale heterogeneous data processing. By applying computer vision,
we automate metadata extraction from unstructured data. This makes real-time management and
analysis of traffic data more practical and efficient.

The remainder of this paper is organized as follows. The related work are introduced in Section 2. The
design principles, model framework, and formalization are described in Section 3. Section 4 presents the
metadata extraction process and demonstrates the model’s strong performance on HBase. Finally, Section 5
provides conclusions and future outlook.

2 Literature Review
Metadata is commonly defined as “data about data.” It provides the foundation for information

management and data integration [16]. Widely used metadata standards include Dublin Core [17], ISO
19115 [18], and JATS [19]. Traffic metadata is a specialized form of metadata. It describes urban traffic
information resources using metadata principles. In urban traffic, the big data era and the rise of smart
city concepts [20] have produced vast amounts of data. These data include operational records, traffic
processes, and management information. They come from transport infrastructure, communication devices,
and intelligent transportation systems. As a result, traffic metadata has broad applications across many
fields [21–24]. Bakirci [25] described wide application scenarios of traffic metadata on unmanned aerial
vehicles in smart city environments.
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The use of traffic metadata faces challenges. These challenges arise from diverse storage methods and
complex data structures [26]. Traffic data include both dynamic and static elements. This makes it difficult to
use and manage metadata effectively [11]. To address problems, researchers have studied extraction methods
and application frameworks for traffic metadata worldwide.

In traffic metadata extraction, Zhao et al. [27] built a system for extraction and correction. They
developed a vehicle metadata framework for traffic roads. This improved the quality of metadata extracted
from surveillance videos. Bellini et al. [11] designed a system for data ingestion and coordination. The system
managed data related to road maps, services, and traffic sensors. It handled both static and dynamic data
from multiple sources. Gong et al. [28] proposed a method to collect and analyze metadata from Twitter. This
supported spatiotemporal clustering algorithms for near real-time congestion detection. Das and Purves [29]
created a model to extract location metadata from tweets. This offered a low-cost supplement to physical
traffic infrastructure. These studies reduce some challenges in extracting traffic metadata. However, they
mainly focus on single data types. They lack strong support for integrating diverse data in large-scale urban
traffic systems.

The application framework for urban traffic metadata also faces challenges. It cannot handle multi-type
data effectively. Qiao et al. [30] addressed the problem of isolated geographic data in cities. He proposed
an XML-based web service solution. He also introduced a service model that integrates metadata with
geographic data. Zhou et al. [31] applied metadata cataloging standards to video resources of the Qinghai-
Tibet Railway surveillance system. This resolved inconsistencies in video descriptions. It also enabled fast
retrieval, accurate targeting, and better sharing of video data. Research on single-type traffic data has made
progress. However, little work addresses the integration of comprehensive urban traffic data.

From these studies, we identify two key problems. First, there is a lack of standardization across different
types of data and applications. Second, there is insufficient consistency in the definition and description of
metadata [32]. These problems limit the use of existing frameworks in large-scale traffic systems. To solve
this, we propose a Hadoop-based framework for processing heterogeneous traffic data. We also introduce
metadata standards for traffic big data. This framework provides an effective solution for extracting metadata
from diverse urban traffic data.

3 Construction of Urban Traffic Road Metadata Model
The construction of the metadata standard model is grounded in metadata theory. It applies an object-

oriented modeling method to manage the complexity and heterogeneity of urban road traffic data. The
framework is designed for both human use and computer processing. It supports multi-class, multi-source,
and heterogeneous traffic data resources. The framework enables unified description, exchange, reuse,
conversion, and integration of large-scale congestion data. This allows the aggregation and fusion of urban
road traffic resources, as illustrated in Fig. 1.
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Figure 1: Urban road traffic metadata model construction process

3.1 Principles for Constructing the Urban Traffic Road Congestion Metadata Model
In data management, the FAIR guidelines [33] set out four key principles: findability, accessibility, inter-

operability, and reusability. They provide a roadmap for improving the reuse of data assets. In transportation,
the growth of traffic big data and new technologies has increased the demand for fine-grained organization
of information. Metadata descriptions have therefore moved toward greater detail and modularity. To build
a metadata standard for multi-source and heterogeneous urban traffic data, and to comply with FAIR, we
propose three principles:

• Minimal Granularity of Knowledge Units: Precise metadata comes from detailed description objects.
Elements and attributes are defined at the finest level possible.

• Modularity: Traffic resources are divided into multiple entities. This allows flexible and associative
descriptions. The framework includes three modules: general elements, a traffic-data element set, and a
coding system.

• Reusability and Extensibility: The standard aligns with existing national and international norms. It also
allows practical extension. General elements are reusable, and new traffic data types can inherit and
extend the model.

3.2 Establishment of the Technical Framework
The process of constructing the urban road traffic metadata model framework involves four key steps:

feature analysis and classification of traffic data, design of the metadata description framework, development
of the metadata element set, and formal description of metadata.

3.2.1 Analysis and Determination of the Characteristics of Urban Traffic Congestion Data
To build a unified and general framework for urban traffic metadata, it is necessary to define the target

data types. This process requires feature analysis and the identification of relevant traffic data. It includes the
study of traffic features, congestion factors, and references to existing standards.
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• Analyze flow, speed, temporal, incident, environmental, and infrastructure dimensions. Use structured,
semi-structured, and unstructured sources, such as records, text, video, and audio. This reveals system
mechanisms and supports a complete metadata standard.

• Group congestion causes into categories. These include demand and flow, infrastructure design, inci-
dents, weather, socio-economic conditions, public transport quality, and traveler behavior. This guides
traffic management strategies.

• Identify congestion-related data types and compare them with existing standards. Integrate useful parts.
Where no direct standard exists, adapt similar formats and codes. Ground the specification in past
research and actual data conditions.

Based on this analysis, nine data resource types are selected. They include traffic accidents, traffic geog-
raphy, transportation vehicles, traffic indicators, traffic roads, traffic facilities, traffic roles, traffic information,
and traffic-related information, as shown in Table 1.

Table 1: Comprehensive table of urban road traffic metadata

No. Traffic type Definition Example
1 Traffic

incident
An event on the road caused by the behavior of traffic

participants or environmental factors, leading to personal injury,
property damage, or disruption of traffic order

Wenqing
road scratch

2 Traffic
vehicle

Human-made tools used for commuting or traffic on urban
roads

Bus

3 Traffic
geography

The geographical composition of traffic networks and hubs in
urban traffic

Ramp

4 Traffic
indicator

Key data or indicators used to measure the operational state of a
traffic system

Traffic flow

5 Traffic road A road system specifically designed for the passage of vehicles
and pedestrians

Wenqing
road

6 Traffic
facility

Infrastructure that supports and ensures the normal operation of
the traffic system

Camera

7 Traffic role The roles played by different participants in the traffic system Passenger
8 Traffic

information
Auxiliary information related to traffic activities, planning, etc Traffic

policy
9 Traffic-

related
information

Information from non-traffic fields but with a certain
connection to traffic operating conditions

Weather

To present the semantic associations and constraints among these resources, we model the inter-entity
relationships uniformly. Fig. 2 shows the overall network of the nine traffic data entities. The Appendix lists
details of each relationship, including semantic meaning, domain, range, and cardinality constraints [34].

As shown in Fig. 2, TRAFFIC_INCIDENT and TRAFFIC_ROAD entities are linked via the occurs_on
relationship, indicating that a traffic incident has occurred on a specific road or segment. This explicit
modeling approach lays the foundation for subsequent tasks such as automatic validation and semantic
querying. Supplementary Table S39 further lists the English codes, semantic descriptions, domains/ranges,
and cardinality constraints for each relationship, facilitating the implementation of structured constraints
and ensuring consistency at the implementation level.



6 Comput Mater Contin. 2026;86(2)

Figure 2: Diagram of the relationships among nine categories of data resources

3.2.2 Metadata Description Framework Design
(1) Terminology Definitions
Terminology definitions clarify the terms and their meanings associated with the element attributes

outlined in this specification. This step is crucial for ensuring consistency and eliminating ambiguity in
metadata definitions for resource types. The terms in this document are explicitly defined to ensure clear and
accurate practical application [35]. For example, a “metadata element” is the basic unit of metadata used to
describe a particular characteristic of an information resource. A “metadata attribute” refers to information
or data elements that describe the inherent characteristics of data, used for interpretation, classification,
identification, and management. A “coding system” is a standardized method of identification, used to
uniquely and meaningfully label information or entities.

(2) Metadata Description Framework Conventions
The metadata description framework conventions form the core of the metadata system. These conven-

tions are adapted from the metadata description methods in the Traffic Transportation Information Resource
Catalog System, Part 3: Core Metadata [36]. As shown in Table 2, the framework conventions are described in
nine aspects: name, short name, definition, data type, value domain, frequency, reuse standards, constraints,
and examples. The definitions and constraints of each descriptive item are provided, including explanations
and whether the item can have a null value. Required and optional values are denoted by M (Mandatory)
and O (Optional), respectively.

Table 2: Metadata description framework conventions

No. Description item
name

Definition Cons traint

1 Name The full or official name of the metadata element M
2 Short name The abbreviation or short name of the metadata element M
3 Definition A detailed explanation of the metadata element,

describing its meaning, purpose, and usage
M

(Continued)
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Table 2 (continued)

No. Description item
name

Definition Cons traint

4 Data type Specifies the type of the metadata element, indicating the
form of data that the element can accept

M

5 Value range The range of valid values that the metadata element can
accept

M

6 Frequency Specifies the number of times the metadata element can
appear in the dataset

M

7 Reuse standard Indicates whether the current standard is reused O
8 Constraints Describes whether the metadata element is mandatory or

optional, including required (M) or optional (O)
M

9 Example Actual data example for the metadata element,
demonstrating its specific form in application

O

It is important to follow these guidelines for the abbreviation rules of short names: 1) They must
be unique within the scope of the standard. 2) For words with commonly used English abbreviations in
international or industry contexts, use the standard English abbreviation. 3) The short name should be a
seamless concatenation of the initials of the constituent words, with each initial capitalized.

(3) Description Standards for General Elements and Resource Metadata Element Sets
Building on the established metadata description framework conventions, the description standards for

general elements and resource metadata element sets were further segmented and refined, general elements is
shown in the Supplementary Table S10. And this process involved developing field structure specifications for
both the metadata element set summary table and the detailed specification table for element descriptions.

The metadata element set summary table provides a brief description of resources, allowing data users
to gain an initial understanding. Specific descriptive items include name, reuse standards, and constraints,
as shown in Table 3. And the complete content is shown in the Supplementary Tables S1–9.

Table 3: Metadata element set simplified table

No. Name Field definition Cons traint
1 Name Full name of the element M
2 Data type The value type of the element M
3 Reuse standard Whether to reuse the current standard O
4 Constraint Whether it is mandatory M

The detailed specification table expands upon the summary table by offering a more in-depth expla-
nation of each metadata element. This ensures a clearer understanding of the elements’ purpose and
functionality. Specific descriptive items include name, short name, definition, value domain, frequency,
constraints, and examples, as shown in Table 4. And the complete content is shown in the Supplementary
Tables S11–20.
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Table 4: Element description specification

No. Name Definition Cons traint
1 Name Full name of the element M
2 Short name Abbreviation of the name M
3 Definition Explanation of the element’s content M
4 Value range The value type of the element M
5 Frequency The frequency of the element M
6 Constraint Whether it is mandatory O
7 Example Example of the element O

(4) Standardized Coding System
The “coding system” standardizes the value ranges of elements and attributes using controlled vocabu-

laries or predefined name lists. By regulating these value ranges, the coding system offers several advantages,
including uniqueness, conciseness, extensibility, consistency, and readability. The system consists of a
standardized code list and its corresponding coding table, which organizes the codes and their definitions. As
shown in Table 5, the descriptive items in the coding table include code, name, and description. The complete
content is shown in the Supplementary Tables S21–38.

Table 5: Coding table explanation

No. Name Definition Cons traint
1 Code A concise symbol used to represent a specific element M
2 Name The name of the element M
3 Description The explanation M

3.2.3 Metadata Element Set Element Design
Given the complexity and heterogeneity of data related to urban road traffic congestion, the design of

metadata elements includes developing general elements, resource-specific elements, and attributes, along
with compiling detailed specification tables for these components.

(1) Design of General Element Set
The design of the general metadata element set aims to ensure that its elements are both versatile and

reusable, facilitating seamless integration with resource-specific element sets. After a thorough analysis of
various resources, a set of general elements was identified. These elements are outlined in Table 6. Based on
the confirmed elements, detailed specifications were compiled to ensure clarity, consistency, and practical
applicability. For example, the element “Language” is a representative case, and its specifications are provided
in Table 7.

(2) Design of Resource Metadata Element Set
Drawing on transportation-related research and national standards, the resource content is categorized

and detailed. This ensures the designed elements comprehensively and accurately describe resources from
multiple perspectives. Urban road traffic data metadata is classified into nine categories to capture the
diversity of resource types.
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Table 6: General elements simplified table

No. Name Data type Reuse standard Cons traint
1 Language Character – M
2 Information provider Composite – O
3 Keywords Character – O
4 Description Character – O

Table 7: Description details of “Language”

Description item Description content
Name Language

Short name Lang
Definition The description language of the resource information

Value range Follows GB/T 4880.3-2009
Frequency [1,∞)
Annotation M

Example CN

As shown in Tables 8 and 9, traffic road information resources are described using 18 elements, including
Road Name, Road Grade, Road Type, pavement structure type, and others. The design distinguishes core
elements, which capture the primary characteristics of the resource, from general elements that provide
broader context. Building on this foundation, detailed field-level specifications are provided for each
element—for example, the “Road Grade” element of the traffic-road resource is defined in the Element
Specification Details table.

Table 8: Description details for “Road grade”

Description item Description content
Name Road grade

Short name RoadGrade
Definition The classification of the road within the urban road system.

Value range Value follows the road grade table.
Frequency [1, 1]
Annotation M

Example RC001
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Table 9: Traffic road metadata summary table

No. Name Data type Reuse standard Constraint
1 Road name Character M
2 Road grade Character M
3 Road type Character M
4 Number of lanes Character M
5 Design speed Character O
6 Minimum clearance height Character M
7 Allowed vehicle types Character O
8 Pavement structure type Character O
9 Basic traffic capacity Character O
10 Design traffic capacity Character O
11 Lane width Character M
12 Traffic facility level Character O
13 Language Character General element M
14 Information provider Composite General element O
15 Keywords Character General element O
16 Description Character General element O

The value domain for this element is defined based on the Standards for Urban Comprehensive
Transportation System Planning. This ensures consistency with established guidelines. Additionally, road
category codes are created to facilitate standardization and clarity. For example, mixed-use lanes are assigned
the code RT001.

(3) Code List
Based on the nine established categories of data resources and their metadata standards, standardized

coding tables, such as the Traffic Accident Level Code Table, were developed to address value-related issues
encountered during the process, as shown in Table 10. The coding standards are detailed in the appendix.
By establishing a coding system, attribute value ranges and controlled vocabularies are effectively defined,
making the creation of metadata more standardized and efficient.

Table 10: List of standard coding tables

No. Name No. Name
1 Traffic accident levels table 10 Road grades table
2 Vehicle types table 11 Road types table
3 Plate number types table 12 Allowed vehicle types for lanes table
4 Vehicle driving status table 13 Road surface structure types table
5 Vehicle usage nature table 14 Traffic facility levels table
6 Geographic types table 15 Traffic facility categories table
7 Active times table 16 Traffic role categories table
8 Indicator categories table 17 Classification levels table
9 Indicator evaluation objects table 18 Document types table
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3.2.4 Formal Description of Metadata
The formalized description of metadata is designed to represent its structure, content, semantics, and

constraints in a precise manner. This ensures that computer systems can effectively interpret, process, and
validate the metadata. XML and JSON are among the most commonly used languages for formalized
descriptions. This standard adopts XML as the formalization language, given its flexibility and compatibility
with metadata processing requirements.

XML provides a robust set of rules for defining semantic tags. This enables the transformation of
metadata specifications into XML Schema description (XSD) files. These schema files encapsulate various
types of resource metadata into XML files. They also facilitate automatic identification, interpretation, and
validation by computer systems [37].

• Formalized Metadata Description Based on XML Schema: Using XMLSpy software, XML Schemas
were created for the metadata describing the four categories of general elements and nine categories of
resource data. The corresponding XSD files were generated.

• Metadata Description Example: Based on the compiled XML Schema, an XML data file was generated.
This file contains specific metadata content for urban road traffic information resources.

3.3 Principles and Methods for the Extension of Urban Road Traffic Congestion Metadata
Urban traffic big data is large in volume, diverse in type, and time-sensitive. As regulations and standards

evolve, metadata specifications must adapt as well. The principles and methods for metadata expansion are
outlined below.

Permitted expansions to core metadata include: adding new metadata elements; adding new metadata
entities; creating coding tables to replace free-text value domains; adding new coding table elements to
extend existing domains; applying stricter optionality constraints; applying stricter maximum occurrence
constraints; and narrowing value domains of existing metadata. Before expansion, existing metadata and
their attributes must be reviewed. This ensures that essential metadata are not missing.

For each new metadata element, define its name, short name, definition, data type, value domain,
maximum occurrences, and constraints. Provide examples where possible. For new coding tables and
elements, specify the name, code, and description of each value.

Basic principles for creating new metadata are as follows:

• Select metadata according to resource characteristics and task complexity. Ensure that traffic information
can support user needs in querying and extraction.

• Metadata must meet current transportation standards and anticipate future requirements. Referencing
advanced industry standards is recommended.

• Added elements should follow hierarchical organization. If current metadata are insufficient, new ones
may be created, and must not conflict with the names or definitions of existing elements or coding tables.

• New metadata may be composite, combining existing and new elements.
• Free-text value domains may be replaced by coding tables.
• Coding tables may be extended, provided they remain consistent with original rules.
• Value domains of existing elements may be narrowed.
• Stricter rules for optionality and maximum occurrences are allowed. For example, optional metadata

may become mandatory, and unlimited elements may be restricted to one.
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4 Metadata Extraction Process
Following the establishment of the specifications, we outline the metadata extraction process within the

Hadoop environment. The process, shown in Fig. 3, consists of two main steps: traffic data collection and
storage, and the distributed extraction and storage of metadata.

Figure 3: Metadata extraction process

4.1 Data Collection and Storage
Urban road traffic data are collected in many forms, including flow records, video, images, and text.

These data fall into two categories: structured and unstructured, each with different processing needs.

• Structured data can be stored directly in databases. It is represented logically in two-dimensional tables
and requires no extra processing.

• Unstructured data have no fixed format, which makes them hard to standardize. They often require
a specialized file system for storage. In this study, we store unstructured data in HDFS, while their
metadata—such as location, size, and format—are stored in HBase.

4.2 Distributed Extraction and Storage of Metadata
After the data are ingested into HDFS, metadata are extracted with algorithms tailored to each data

type and aligned with the previously defined schema. For traffic video streams, we employ YOLOv8 for
object detection and SORT for online multi-object tracking, and then aggregate counts via a line-crossing
strategy. For textual traffic reports, Jieba is used for word segmentation, while a BERT-based model performs
syntactic parsing, named-entity recognition, and event extraction, such as controlled sections, incident
start/end times, and locations. The resulting metadata are stored in HBase, with row keys engineered to
match common query patterns and exposed through convenient access interfaces. The Rowkey is shown in
the Supplementary Table S40.

4.3 Experiment and Evaluation
4.3.1 Formal Description of Metadata

In this study, the Hadoop cluster server was deployed on Alibaba Cloud servers. The cloud server is
configured with the following specifications: instance type: 2-core, 2 GB RAM, ecs.e series; system disk: ESSD
Entry/dev/xvda 40 GB module properties; bandwidth: 3 Mbps; CPU: 2 cores; operating system: CentOS
7.9 64-bit Linux; memory: 2 GB. Furthermore, the relevant software versions utilized in the system include
hbase-2.2.5, hadoop-2.8.5, apache-zookeeper-3.8.2.
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4.3.2 Performance Evaluation
To evaluate the performance of the aforementioned HBase database, YCSB plugin was employed for

testing [38]. YCSB is a widely used benchmarking framework designed specifically to assess the performance
of various large-scale cloud service database systems. The framework operates in two primary phases: the
loading phase and the transaction phase, thereby determining the database system’s behavior under high-
load conditions.

In this study, throughput and garbage collection (GC) are used as the metrics to evaluate HBase
performance. GC is a memory management mechanism in the Java Virtual Machine. It reclaims unused
memory automatically. This prevents memory leaks and improves memory efficiency. In YCSB performance
metrics, GC is a key indicator. It affects both application responsiveness and throughput directly.

Using traffic roads as an example, we first set the number of operations to 70,000 and tested the column
families ‘RoadGrade’, ‘RoadName’, ‘RoadType’, ‘LaneWidth’, and ‘AllowedVehicles’. As shown in Fig. 4a, the
overall performance is satisfactory, with throughput ranging from 2250 to 2350 ops/sec, including both
read and write operations. During the system’s runtime, 4.00% to 5.00% of the time was consumed by GC,
indicating acceptable performance. Moreover, it can be observed that under the same number of operations,
the overall performance differences among the various column families are minimal, remaining within a
specific range.

Figure 4: Analysis of column family performance in Hbase

Building on this, the column family ’RoadGrade’ was selected for further testing by varying the number
of operations to measure its performance under different load conditions. As illustrated in Fig. 4b, to a certain
extent, as the number of operations increases, the system’s throughput consistently improves while garbage
collection time decreases. These results demonstrate that the system exhibits excellent performance.

4.3.3 Coverage Evaluation and Comparisons
To validate the effectiveness of the proposed framework, we further quantified the extent to which

UTC-UMM meets the requirements of the transportation domain and aligns with representative standards,
comparing it against two existing models [39,40]. We defined four evaluation metrics: Resource-Class
Coverage (RCC), Controlled Vocabulary Ratio (CVR), Extensibility Effort Score (EES), and Coverage
Effectiveness (CE).
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RCC is defined as: RCC = ∣Cmodel∣/∣Cdomain∣, whereCmodel denotes the set of resource classes covered by
the model, andCdomain refers to the complete set of domain-relevant classes, which in this study is empirically
determined as 9 based on a comprehensive literature review.

CVR is defined as: CVR = ∣Ecv∣/∣Etotal∣, where Ecv is the number of elements with controlled vocabular-
ies, and Etotal is the total number of elements in the model.

EES: This metric assesses the relative effort needed to extend the model to support a new data type,
considering both the number of modification steps and the scope of the required changes. It is scored on a
five point scale, with lower values indicating greater extensibility.

CE is computed as: CE = Nvalid/Ntotal, where Nvalid is the number of successfully validated records, and
Ntotal is the total number of records in the dataset.

To ensure consistency, the EES was normalized to a 0-1 scale, denoted as EES*. The results for four
metrics are shown in Table 11. UTC-UMM reaches an RCC of 1.0 across all nine core data domains, while the
two baseline models cover only part of these classes. UTC-UMM also achieves a CVR of 0.78 and a CE of 0.94,
both higher than the comparison standards. With a normalized EES of 0.85, UTC-UMM surpasses IEEE 1512
and DATEX II in extensibility. Overall, UTC-UMM shows stronger balance and effectiveness across four
dimensions: coverage, standardization, extensibility, and operational performance.

Table 11: Coverage-oriented metrics comparison among IEEE 1512, DATEX II and UTC-UMM

Model/Standard RCC CVR EES* CE
IEEE 1512 Series 0.33 0.45 0.40 0.60

DATEX II 0.67 0.70 0.65 0.78
UTC-UMM 1.00 0.78 0.85 0.94

4.3.4 Schema Validity and Coding Gains
A supplementary validation experiment was conducted to assess the effectiveness of UTC-UMM’s

schema constraints and controlled vocabularies. Four resource classes, Traffic Road, Traffic Incident, Traffic
Role and Traffic Vehicle, were randomly sampled (100 records each). Raw metadata were first validated
against XSD. Subsequently, the same records were normalized by mapping free-text values to standardized
code tables, filling mandatory fields, and correcting format inconsistencies.

As shown in Table 12, CE improved markedly: Traffic Road rose from 0.96 to 0.99, Traffic Incident
from 0.92 to 0.97, Traffic Role from 0.89 to 0.93, and Traffic Vehicle from 0.85 to 0.88. The most frequent
initial errors involved uncontrolled values, missing mandatory items, and formatting mismatches. After
normalization, these errors dropped to negligible levels.

Table 12: CE before and after normalization

Resource class Before After
Traffic road 0.96 0.99

Traffic incident 0.92 0.97
Traffic role 0.89 0.93

Traffic vehicle 0.85 0.88
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This test highlights that, without additional algorithms or hardware, the UTC-UMM framework
enhances metadata quality by enforcing semantic and syntactic consistency. Together with the performance
results, it confirms both the scalability and the practical usability of the model.

5 Conclusion
This study addresses the complexity of urban-road congestion by introducing a unified metadata

framework that covers nine core data domains, including accidents, roads, geography, vehicles, indicators,
facilities, roles, traffic information, and related information. The framework applies a two-tier schema
that links generic elements with resource-specific elements. It provides a complete specification that can
describe structured, semi-structured, and unstructured data, and it reconciles semantic inconsistency and
format heterogeneity.

The major finding is that UTC-UMM achieves broader coverage and better extensibility than existing
standards. Previous studies often focused on single-type data, such as videos or relied on knowledge graphs
that require high construction costs. In contrast, UTC-UMM integrates multiple heterogeneous sources
within one consistent schema. Benchmark comparisons further show that it outperforms IEEE 1512 and
DATEX II in coverage, controlled vocabulary use, and scalability. The results demonstrate that the model
offers both technical feasibility and practical superiority.

Operational viability was confirmed on a cloud-based platform using the YCSB benchmark. Tests on
five road column families sustained throughputs of 2250–2350 ops s−1 under 70,000 operations, while Java
garbage collection consumed only 4%–5% of execution time. As the workload increased, throughput rose
and GC overhead declined. This shows that the framework has good scalability even with limited resources.

Despite these promising results, several challenges remain. Future work will integrate traffic metadata
with association rule mining to reveal spatio-temporal relationships among pedestrians, vehicles, and other
entities. It will also focus on improving metadata extraction and quality control, expanding distributed stor-
age and computing architectures, and designing a rule-based framework under spatio-temporal constraints.
Through these efforts, the model can further support in-depth analysis of complex traffic phenomena.
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