
 
Engineering Advances, 2026, 6(3), 182-186 

https://www.hillpublisher.com/journals/ea/ 
ISSN Online: 2768-7961 

 

DOI: 10.26855/ea.2026.09.010 182 Engineering Advances 
 

Research on Scalable Freight Data Integration and 
Consistency Guarantee Mechanisms for Supply 
Chain Resilience 

Haoran Xin 

College of Computing, Georgia Institute of Technology, Atlanta, GA 30332, USA. 
 

How to cite this paper: Haoran Xin. (2026) 
Research on Scalable Freight Data Integra-
tion and Consistency Guarantee Mecha-
nisms for Supply Chain Resilience. Engi-
neering Advances, 6(3), 182-186. 
DOI: 10.26855/ea.2026.09.010 
 
Received: May 29, 2026 
Accepted: June 26, 2026 
Published: July 24, 2026 
 
*Corresponding author: Haoran Xin, 
College of Computing, Georgia Institute of 
Technology, Atlanta, GA 30332, USA. 
 
© 2026 by the author(s). 
This article is an open access article 
distributed under the terms and conditions 
of the Creative Commons Attribution- 
NonCommercial-NoDerivatives (CC BY-
NC-ND) license, which permits non-
commercial use, distribution, and 
reproduction in any medium, provided the 
original work is properly cited and is not 
modified or adapted. 
https://creativecommons.org/licenses/by-
nc-nd/4.0/ 

  Abstract 
Freight networks involving multiple carriers, nodes, and transportation modes re-
quire continuous, reliable, and scalable data infrastructure to support supply chain 
visibility and resilience. However, fragmented freight interfaces, missing event 
states, inconsistent semantic definitions, event-order conflicts, and delayed anomaly 
detection can reduce the accuracy of transportation scheduling, capacity allocation, 
disruption warning, and recovery assessment. To address these challenges, this pa-
per proposes an event-driven freight data integration and consistency assurance 
framework based on multi-source event ingestion, unified semantic encoding, 
stream-batch collaborative processing, master data mapping, time-series conflict 
detection, and closed-loop state write-back. In anonymized test scenarios covering 
100,000 freight events, 12 carriers, and four transportation modes, the proposed 
mechanism increased event completeness from 89.6% to 98.1%, reduced the status 
conflict rate from 7.8% to 1.3%, shortened average status latency from 46 minutes 
to 4 minutes, and compressed exception recognition time from 126 minutes to 12 
minutes. These results demonstrate that scalable freight data integration and con-
sistency assurance can provide reliable data infrastructure for real-time supply chain 
visibility, disruption response, route correction, and operational resilience. 
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The vulnerability of freight networks is often exposed first through small cracks in the data chain rather than through 
final inventory shortages or delivery failures. Port congestion, trajectory interruption, delayed carrier status trans-
mission, or inconsistent event write-back can change the basis for procurement replenishment, transportation ca-
pacity allocation, route correction, and customer commitments. With the development of cross-border transportation, 
multimodal freight, and platform-based carrier collaboration, freight data has shifted from passive operational rec-
ords to early signals for supply chain resilience response. From a computer science perspective, this problem can 
be viewed as a large-scale event integration and consistency assurance challenge in distributed data systems. The 
ability to ingest freight events in real time, encode them semantically, verify their consistency, and write corrected 
states back to operational systems directly affects disruption response speed and recovery decision quality [1]. 

1. Modeling of Freight Data Objects Based on Resilience 

1.1 Hierarchical Modeling of Freight Objects 

In large-scale freight scenarios, data objects should first undergo hierarchical identification to prevent the disorderly 
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circulation of orders, trajectories, documents, and abnormal records among different systems. The basic master data 
is used to define the identity boundaries of goods, carriers, transportation vehicles, warehouses, ports, and route 
nodes. Process event data records the progress of booking, pick-up, warehousing, loading, departure, arrival, cus-
toms clearance, delivery, and signature, while abnormal feedback data captures risk signals such as delays, trajectory 
breaks, temperature control deviations, document returns, and cancellation of shipping space. After events become 
the smallest organizational unit, each record must be bound with the object ID, node position, event type, occurrence 
time, source system, and credibility mark. Subsequent semantic conversion, conflict identification, and status write-
back can then have a unified reference [2]. 

1.2 Design of Resilience Requirements Mapping 

In the freight data layer of supply chain resilience, it should be transformed into observable, calculable, and traceable 
operational indicators. Risk perception corresponds to the update frequency of node status, trajectory continuity rate, 
and expected arrival time deviation, while scheduling response corresponds to the reserve capacity of carriers, line 
congestion degree, warehouse capacity occupation, and delivery priority. Alternative arrangement corresponds to 
backup carriers, switchable routes, temporary transfer nodes, and batch shipment conditions, and recovery and re-
view correspond to the time of abnormal occurrence, identification time, handling time, and closed-loop time. By 
establishing evaluation metrics such as event completeness rate, state consistency rate, node write-back delay, ab-
normal identification time, and recovery decision time around these indicators, resilience requirements can be in-
corporated into subsequent architecture design and experimental comparison [3]. 

2. Design of Scalable Freight Data Integration Architecture 

2.1 Multi-source Event Access Specification 

For freight data integration, a unified entry rule based on event granularity should be adopted to avoid each system 
(such as API, EDI, GPS/AIS, IoT sensors, warehouse scanning, and carrier platforms) forming its own closed rec-
ords. Each event should consistently carry eight fields: Freight ID, Event Type, Node Code, Status Value, Event 
Time, Upload Time, Source System, and Trust Level. Trajectory data should be returned at intervals of 10-60 sec-
onds, temperature-controlled data should be collected at a 5-minute granularity, and order, document, and fee data 
should be synchronized by batch. High-risk events such as delays, rejections, cancellation of shipping space, and 
temperature control exceeding boundaries need to enter the real-time channel. Priority labels, duplicate event filter-
ing, and source credibility marking should be configured in the message queue to reserve stable input for subsequent 
semantic mapping and consistency verification [4]. 

2.2 Unified Semantic Encoding Model 

In the multi-contractor scenario, the same transportation status is often recorded as Loaded, In Transit, Released, or 
Delivered in different systems. If directly imported into the event warehouse, it will cause confusion in node mean-
ings and deviations in status judgment [5]. The semantic encoding model should uniformly decompose the freight 
process into ten standard events: Booking, Pickup, Warehouse-In, Loading, Departure, Arrival, Customs, Transfer, 
Delivery, and Exception. At the same time, node dictionaries, contractor dictionaries, transportation method dic-
tionaries, and exception type libraries should be configured synchronously. The original fields are retained as Source 
Status, and after conversion, Unified Status is generated. The accuracy rate of status mapping should be controlled 
above 95%. Unmatched fields enter the rule pool for review to ensure that subsequent traceability, reconciliation, 
and conflict identification have a unified standard. 

2.3 Stream-Batch Collaborative Expansion Architecture 

The scalable architecture needs to handle both real-time event streams and batch business data. Real-time traces, 
temperature control, and node scanning enter the stream processing path, while orders, documents, fees, and cus-
tomer profiles enter the batch processing path. These two types of data are associated in the event warehouse based 
on the Freight ID. As shown in Figure 1, the architecture consists of multiple source entrances, message queues, 
event standardization, semantic mapping, consistency verification, event storage, and resilient applications. At the 
bottom, Data Lineage, Quality Rules, Access Control, and Audit Log are configured as governance support. The 
peak throughput of the message queue can be designed at 10,000 - 12,000 messages per second. The delay of key 
events is controlled within 5 minutes, and duplicate filtering is determined by combining four fields: Freight ID, 
Event Type, Node Code, and Event Time [6]. 
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Figure 1. Scalable Freight Event Integration and Consistency Assurance Architecture. 

3. Construction of Cross-node Data Consistency Guarantee Mechanism 

3.1 Mapping and Verification of Main Data 

The mapping of main data should start from the freight identity chain. Firstly, Bill of Lading, Container ID, Freight 
ID, Vehicle ID, Voyage No., Carrier Code, and Warehouse Code should be set as the core identification fields, and 
the matching should be completed in three layers: strong primary key - combined key - similarity key [7]. The strong 
primary key directly enters the event warehouse, the combined key generates candidate records using Freight ID, 
Node Code, Carrier Code, and 30-minute Event Time Window, and the similarity key sets a confidence threshold 
of 0.85 or above for the carrier name, node address, route fragment, and cargo description. After the system receives 
a new event, it first reads the source system and Trust Level, then compares it with the main data index table. If the 
fields are complete and the confidence level meets the rules, the unified Object ID is automatically bound; if the 
container number is missing, the order number format is inconsistent, or the node code is conflicting, it enters the 
candidate pool, and the rule engine lists the top 3 similar records for review. The review desk needs to retain Source 
Value, Matched Value, Rule ID, Confidence Score, Operator, and Update Time. The revised results are written back 
to TMS, WMS, and carrier interfaces, providing a stable identity foundation for subsequent time sequence verifica-
tion, status correction, and liability tracking [8]. 

3.2 Event Time Sequence Conflict Identification 

Event time sequence identification should be based on the standard transportation chain configuration rule template. 
The Booking, Pickup, Warehouse-In, Loading, Departure, Arrival, Customs, Transfer, Delivery, and Exception 
steps should be split according to the transportation mode into verifiable nodes. Time window parameters should 
be set for different scenarios, such as the control period from port loading to departure being 0 to 48 hours, from 
cross-border customs clearance to departure being 2 to 72 hours, and from end delivery to signature being 0 to 24 
hours. After the system receives the event, it first reads the previous record by Object ID, then verifies the sequence 
relationship between Event Time, Upload Time, and Node Code. Situations such as signature before arrival, customs 
clearance before departure, and continuous in-transit status after arrival are marked as Errors. Records with node 
stay exceeding the threshold, trajectory interruption exceeding 60 minutes, and expected arrival time deviation ex-
ceeding 20% are marked as Warnings. Records with delayed return or missing preceding events are placed in the 
Pending queue, with a compensation window of 6 to 12 hours. After subsequent events are completed, the calcula-
tion is redone to avoid mistakenly classifying normal delay uploads as process conflicts [9].  
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3.3 State Writeback Closed-loop Control 

The state writeback process should be carried out in the following sequence: “Conflict list generation, credibility 
determination, rule correction, review confirmation, interface synchronization, log recording”. Firstly, the differ-
ence records are output by the verification layer, and then the processing path is selected based on event type, source 
weight, and business impact level. Records with low risks such as time format differences, duplicate trajectories, 
and synonymous state transitions are automatically corrected by the rule engine. States such as Delivery, Customs 
Release, Temperature Breach, and Chargeable Delay, which involve delivery, customs clearance, temperature con-
trol, and cost responsibilities, enter the manual review stage and require the reviewers to verify the original return 
screenshot, node scanning records, and carrier confirmation information. After the writeback is completed, the TMS, 
WMS, Carrier API, and customer visualization end are synchronized and updated. The log will always retain Before 
Value, After Value, Rule ID, Reviewer ID, Write-back Time, and Affected System. As shown in Table 1, in a 
100,000 anonymous freight event test, the event-driven consistency mechanism shows more stable processing ca-
pabilities compared to the point-to-point interface mode and the centralized batch synchronization mode in terms 
of event completeness rate, state conflict rate, average state delay, abnormal identification duration, and recovery 
decision time. 

Table 1. Experimental Comparison of Different Freight Data Processing Schemes 

Indicator Point-to-Point Interface 
Mode 

Centralized Batch Synchronization 
Mode 

Event-Driven Consistency 
Mechanism 

Event Completeness Rate 89.6% 94.2% 98.1% 

Status Conflict Rate 7.8% 4.1% 1.3% 

Average Status Latency 46 min 18 min 4 min 

Exception Recognition 
Time 126 min 51 min 12 min 

Peak Processing Through-
put 1,800 events/s 4,500 events/s 12,000 events/s 

Recovery Decision Time 9.5 h 5.2 h 2.1 h 

4. Conclusion 

The key to scalable freight data integration and consistency assurance lies in converting scattered orders, trajectories, 
documents, node statuses, and exception feedback into a continuous, verifiable, and semantically unified freight 
event stream. This paper proposes an event-driven data integration and consistency assurance framework that com-
bines multi-source event ingestion, unified semantic encoding, stream-batch collaborative processing, master data 
mapping, time-sequence conflict detection, and closed-loop state write-back. Experimental results show that the 
proposed mechanism improves event completeness, reduces status conflicts, shortens average status latency, com-
presses exception recognition time, increases peak processing throughput, and accelerates recovery decision-making 
compared with point-to-point interface mode and centralized batch synchronization mode. These results demon-
strate that event-driven data processing and consistency assurance can provide reliable data infrastructure for real-
time supply chain visibility, disruption warning, route correction, capacity allocation, recovery assessment, and 
operational resilience in complex freight networks. Future research may further introduce predictive models and 
adaptive rule libraries to identify abnormal evolution trends and evaluate the framework in cold chain transportation, 
cross-border e-commerce, and high-value spare parts distribution scenarios. 
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