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Parallel transportation serves as a holistic
paradigm for achieving intelligent traffic manage-
ment and control, focusing on addressing the com-
plexity of human and social factors. Recently, the
emergence and development of foundational models
(FMs) have ushered in a new era for the realization
of parallel transportation. However, the inherent
issues of “hallucinations,” outdated knowledge, and
the “black-box” nature of FMs render their generated
decisions unreliable and untrustworthy. To address
these issues, we propose a TransRAG framework for
parallel transportation based on retrieval-augmented
generation and chain-of-thought (CoT) prompting.
TransRAG is composed of three interacting layers,
storage, management, and execution, which work
together to deliver personalized and diverse traffic
services to users. The external knowledge from the
storage layer is incorporated to augment the FM in
management layers for computational experiments.
The real-virtual interaction between artificial and

* Corresponding author

* Project supported by the Science and Technology Development

Fund of Macao SAR, China (No. 0093/2023/RIA2) and the

National Natural Science Foundation of China (No. U1811463)
ORCID: Jing YANG, https://orcid.org/0000-0002-5918-

2991; Xingyuan DAI, https://orcid.org/0000-0001-7517-5049;

Yisheng LV, https://orcid.org/0000-0002-7565-4979; Lev-

ente KOVACS, https://orcid.org/0000-0002-3188-0800; Fei-Yue

WANG, https://orcid.org/0000-0001-9185-3989

(© Zhejiang University Press 2024

actual transportation systems is used to continu-
ously optimize the decisions from the management
layer. Therefore, TransRAG can incrementally up-
date knowledge and adjust strategies to adapt to the
evolving and dynamic traffic environment. Addition-
ally, the integration of blockchain, smart contracts,
and caching into TransRAG is expected to address
a range of challenges, such as single point of failure,
potential privacy breaches, and delays in data access,
thereby advancing the transition to “6S” Transporta-
tion 5.0.

1 Introduction

A transportation system is a complex cyber—
physical-social system (CPSS) (Wang X et al., 2022,
2024; Yang et al., 2023a), seamlessly integrating
physical infrastructure, information processing, and
social behaviors, all of which are intricately intercon-
nected and interact with each other. However, ex-
isting models address each transportation subprob-
lem (e.g., path planning, traffic flow prediction, and
decision recommendation) independently from dif-
ferent perspectives, and no universal model offers
comprehensive management of the entire transporta-
tion system. Additionally, the uncertainty, diver-
sity, and complexity of human and social factors
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further exacerbate the difficulty of effective system
management.

To address these issues, the concept and frame-
work of parallel transportation (Wang FY, 2010)
were proposed to enhance the agility, focus, and con-
vergence in system management and control. Its
core principle is artificial transportation systems,
computational experiments, and parallel execution
(ACP) (Wang FY, 2010; Zhu et al., 2020); that is,
the extensive real traffic data collected by ubiquitous
terminals alongside virtual data generated by artifi-
cial models are used to build artificial transporta-
tion systems, where computational experiments are
conducted to analyze traffic patterns and their un-
derlying causes, ultimately enabling the implementa-
tion of optimal management solutions in real-world
systems.

Recently, the advancement of FMs, such as
ChatGPT (Zhou et al., 2023), GPT-4, and Sora, has
elevated the implementation of parallel transporta-
tion systems (Jin et al., 2021; Dai et al., 2024; Gan
et al., 2024; Zhang et al., 2024) to a new level because
of their exceptional understanding, generation, and
reasoning abilities.
hinder their application in actual transportation sys-

However, FMs’ inherent flaws

tems and could even jeopardize the safety of passen-
gers and drivers as follows: (1) “Hallucination” phe-
nomena and outdated knowledge within FMs con-
tribute to the unreliability of their inferences; (2)
The fact that FMs are neural network based “black-
box” models makes their generation results inexpli-
cable and untrustworthy.

Retrieval-augmented generation (RAG) (Lewis
et al., 2020; Chen et al., 2024) has garnered
widespread attention for enhancing generated con-
tent by integrating external knowledge into prompts.
The design of CoT prompts (Wei et al., 2022; Feng
et al., 2024) is also regarded as an effective method
for improving the interpretability and understand-
ability of results by elaborating on the intermediate
reasoning steps. Therefore, incorporating RAG and
CoT can enable FMs to access real-time knowledge
and information without the need for re-pretraining,
steering them toward generating more accurate and
interpretable outcomes, which, in turn, ensures the
reliability of traffic decisions. To this end, we propose
a unified parallel transportation framework based on
RAG and CoT to guarantee the dependability and
trustworthiness of FMs’ decision-making in different

traffic scenarios and thus the safety of traffic system
operations.

2 Parallel transportation

Parallel transportation (Wang FY, 2010) aims
at intelligent transportation management and con-
trol, whose core is ACP, and infrastructure is CPSS,
as shown in Fig. 1. It primarily involves creating one
or more artificial transportation systems that mirror
an actual transportation system. This includes not
only simulating vehicle movements but also modeling
human behaviors and activities in the entire societal
context. Subsequently, a series of computational ex-
periments are performed within these artificial sys-
tems to analyze historical traffic scenarios, particu-
larly severe situations such as traffic accidents and
congestion, and to assess the effectiveness of vari-
ous decisions under different conditions. Finally, the
optimal decision is executed in the actual systems
and continuously refined through real-virtual inter-
actions with artificial systems.

Parallel
execution

Artificial transportation
systems

Actual trasprtation
systems

Computational experiments

Learning & Experimentation & Control &
training evaluation management

Descriptive Predictive Prescriptive

intelligence intelligence intelligence

Fig. 1 Parallel transportation

There are three typical modes of connection
and operation in parallel transportation (Wang FY,
2008), that is, learning and training, experimen-
tation and evaluation, and control and manage-
ment. In the learning-and-training mode, opera-
tors and administrators interact with various ar-
tificial systems to swiftly learn operational proce-
dures for descriptive intelligence, especially gain-
ing experience in handling extreme traffic scenar-
ios. In the experimentation-and-evaluation mode,
the systematic, continuous conduction of computa-
tional experiments in artificial systems allows us to
analyze and predict the behavior of actual systems
in various scenarios and thus to estimate and eval-
uate the performance of different decision-making
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for applications, known as predictive intelligence.
In the control-and-management mode, artificial sys-
tems and actual systems maintain a real-time on-
line connection, where operational parameters are
identified and feedback control is generated by us-
ing the differences in their behaviors. This allows
the rolling-horizon optimization of control strate-
gies, thus enabling the generation of prescriptive

intelligence.

3 TransRAG

To build reliable, trustworthy, and safe trans-
portation systems, TransRAG is proposed as an
RAG-based parallel transportation framework, as il-
lustrated in Fig. 2, consisting of three layers: storage,
management, and execution. The functionality and
design details of these layers are as follows.

3.1 Storage layer

The storage layer is the lowest tier, primarily
responsible for storing actual data and knowledge
and supporting Web-based retrieval functions. The
stored data can be updated in real time, aiming to
provide more accurate data support for the higher
tiers, which can be divided into five types accord-
ing to their sources and contents: real-time traffic
data, traffic engineering knowledge, traffic scenario
library, historical traffic data, and social media &
survey data.

The real-time traffic data refer to the current
and up-to-date traffic and environmental informa-
tion from diverse terminal sensors and monitoring
devices, including traffic flow, vehicle speed, road
The traffic

engineering knowledge involves professional theories

conditions, congestion, and weather.
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and practical experience in areas such as traffic flow
analysis, road design, and traffic control and man-
agement. The traffic scenario library stores extensive
map data, area classifications, and activity details,
aiding in the analysis of traffic patterns within spe-
cific geographic and social contexts, as well as in the
construction of various artificial transportation sys-
tems. The historical traffic data include past traffic
statistics and essential scenario data, including the
number of traffic accidents on specific road segments
and traffic volume during particular periods, such as
holidays. The social media & survey data refer to
the traffic information and knowledge derived from
social media and search engines, such as recent traffic
policies and rules, the reported details of traffic con-
gestion and accidents, and public reactions to traffic
conditions and their needs.

These multi-source data are selected based on
some criteria such as reliability, relevance, and time-
liness. They are then integrated and stored in rela-
tional databases (such as MySQL, SQLite, and Post-
greSQL) or non-relational databases (such as Mon-
goDB, Redis, and Cassandra) using data integra-
tion platforms and extract—transform—load (ETL)
tools (e.g., Stitch, Talend, and Informatica). The
weight assigned to the information from each source
is adjusted and determined by factors including
the source’s credibility, task-specific metrics, and
user feedback. However, the vast volume of data
makes retrieval more time-consuming and resource-
intensive. To speed up retrieval and meet FMs’ input
token limits, all the texts in the database are broken
down into several smaller and more approachable
chunks. Subsequently, an embedding model is used
to encode these chunks as corresponding vector rep-
resentations, and thus an index is created, where
chunks are stored as values and vector representa-
tions as keys. This method enables efficient, agile,
and scalable search from the storage layer.

3.2 Management layer

The management layer is the middle tier and
leverages RAG and CoT to guide FMs in making
reliable and interpretable decisions through compu-
tational experiments. The entire decision-making
process is framed around RAG and can be divided
into two stages, retrieval and generation, so the layer
includes at least one retriever and one generator. In
the retrieval stage, after a query is asked, the same

embedding model as the storage layer is leveraged
to encode it as a query vector. The similarity be-
tween the query vector and each chunk vector from
the storage layer is computed to choose the top-K
similar chunk vectors. Based on these chunk vectors,
the corresponding chunks are indexed and integrated
as the relevant information of the query.

In the generation stage, the query, its relevant
information, and task-specific prompts are combined
as a coherent contextual prompt, which thus is fed
into the generator to formulate a response. To en-
hance the interpretability of generated content, the
task-specific prompts are designed in the form of
CoT, which compels an FM as the generator to out-
put a series of intermediate steps to reach the desired
answer. Depending on the different needs and input
modalities (e.g., texts, images, and videos), various
FMs or their combinations can be used as gener-
ators, such as ChatGPT (Wang FY et al., 2023a)
for text-to-text tasks, GPT-4 (Sanderson, 2023) for
image/text-to-text tasks, and Sora (Wang FY et al.,
2024) for text-to-video tasks.

3.3 Execution layer

The execution layer is the highest tier, where
the decisions from the management layer are exe-
cuted in actual transportation systems in parallel
with artificial transportation systems. A variety of
artificial systems are built using scenario data from
the storage layer, where computational experiments
are performed by the management layer. Specifi-
cally, RAG is used to create diverse and plausible
scenarios based on the existing data, which are then
employed in artificial systems where data are gener-
ated for specific tasks to support training and test-
ing. During parallel execution, the differences be-
tween the two types of systems are fed back into the
management layer to continuously optimize decision-
making. Additionally, generated intermediate data
and tested case studies are transmitted to the stor-
age layer for storage, thereby accumulating experi-
ence for future strategy formulation. By this means,
the results from solving a range of problems can
be tested, executed, and visualized within the layer,
such as scenario generation, traffic data imputation,
path planning, decision recommendation, and traffic
flow prediction, thereby providing diverse personal-
ized services to users.
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3.4 Opportunities and challenges

Transportation systems continually enable the
movement of people and goods, which are closely in-
tertwined with the economic development of society.
Therefore, it is crucial to improve the intelligence
of transportation systems through the combination
of telecommunications and computer technologies.
TransRAG, as a typical intelligent transportation
framework, holds promise in achieving more au-
tonomous and reliable transportation management
and control, propelling transportation systems to-
ward Transportation 5.0 (Wang FY et al., 2023b).
In particular, we expect that ongoing progress in FM
technology could allow TransRAG to truly achieve
“6S” in Transportation 5.0: Safe in physical spaces,
Secure in cyberspaces, Sustainable in ecology, Sen-
sitive in individual privacy and rights, Service for
all, and Smartness of all. However, before reaching
this goal, there are several challenges to overcome,
as shown in Fig. 3.

Personalized transportation systems require an
increasing amount of individual data, but regu-
lations such as General Data Protection Regula-
tion (GDPR) and California Consumer Privacy Act

(CCPA) restrict centralized data collection. Con-
cerns about privacy breaches and data loss for cen-
tralized data storage diminish user enthusiasm for
data sharing. Additionally, centralized systems are
inherently vulnerable to single point of failure, which
could jeopardize personal safety. Therefore, a decen-
tralized TransRAG needs to be explored. Blockchain
(Yang et al., 2023b; Li et al., 2024), as a decentral-
ized, immutable, and distributed ledger technology,
offers a secure, transparent, and automated environ-
ment for data storage and system operations. Smart
contracts (Wang S et al., 2018; Ouyang et al., 2022),
as a piece of code that runs on a blockchain, de-
fine the rights, obligations, and triggering conditions
for the involved parties, which can be executed auto-
matically without requiring third-party intervention,
thereby reducing transaction costs and trust risks.
Therefore, the incorporation of blockchain and smart
contracts into TransRAG is expected to construct a
decentralized, secure, and personalized transporta-
tion system.

During the operation of TransRAG, the storage
layer transmits the retrieved data to the manage-
ment or execution layer through the network, which
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results in a certain amount of delay and thus a re-
duction in traffic efficiency. In particular, as data
volume increases and transmission frequency rises,
insufficient Internet bandwidth leads to high-latency
data processing and poor user experience. There-
fore, there is an urgent need to develop a method for
optimizing the data storage and transmission pro-
cess to reduce access latency and enhance response
speed. Caching (Lai et al., 2001; Zeng et al., 2004) is
a technique that stores the results of a request in a
location different from the original one or in a tem-
porary storage area to avoid performing the same op-
erations. Obviously, it contributes to the fulfillment
of data access demands and the reduction in user-
perceived network latency by optimizing the storage
location of the data based on the user’s preferences.
Therefore, caching can be regarded as a promising
method for TransRAG’s efficient operations.

4 Conclusions

Transportation is a multifaceted and intercon-
nected system involving traffic lights, individuals,
roads, vehicles, regulations, and navigation systems.
The evolution from Transportation 4.0 to Trans-
portation 5.0 requires a unified approach that seam-
lessly integrates all these elements, especially human
and societal factors, instead of addressing them as
separate issues. Considering the general knowledge
embedded in FMs and the adaptability shown by
RAG technology, the proposed TransRAG for par-
allel transportation shows promise in advancing the
shift toward Transportation 5.0 as a holistic frame-
In TransRAG, RAG can integrate knowl-
edge from the external traffic databases into CoT

work.

prompts to enhance the accuracy, reliability, and
interpretability of FMs in problem-solving, thereby
preventing errors that could result in traffic acci-
dents. Finally, the shortcomings of TransRAG, such
as privacy breaches, single point of failure, and de-
lays in data access, are analyzed, and the corre-
sponding solutions are offered, including the use of
blockchain, smart contracts, and caching. We hope
that TransRAG can inspire more work on further
advancements in Transportation 5.0.
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