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Abstract

A time-space (TS) traffic diagram is one of the most important tools for traffic visualization and analysis. Recently, it has been empirically shown
that using parallelogram cells to construct a TS diagram outperforms using rectangular cells due to its incorporation of traffic wave speed.
However, it is not realistic to immediately change the fundamental method of TS diagram construction that has been well embedded in various
systems. To quickly make the existing TS diagram incorporate traffic wave speed and exhibit more realistic traffic patterns, the paper proposes an
area-weighted transformation method that directly transforms rectangular-cell-based TS (rTS) diagrams into parallelogram-cell-based TS (pTS)
diagrams, avoiding tracing back the raw data of speed to make the transformation. Two five-hour trajectory datasets from Japanese highway
segments are used to demonstrate the effectiveness of the proposed methods. The travel time-based comparison involves assessing the
disparities between actual travel times and those computed using rTS diagrams, as well as travel times derived directly from pTS diagrams based
on rTS diagrams. The results show that travel times calculated from pTS diagrams converted from rTS diagrams are closer to the actual values,
especially in congested conditions, demonstrating superior performance in parallelogram representation. The proposed transformation method

has promising prospects for practical applications, making the widely-existing TS diagrams show more realistic traffic patterns.
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Introduction

The time-space (TS) traffic diagram is an important tool for
visualizing and analyzing traffic flow!'-3l. It serves to represent
traffic conditions under various circumstances, with time and
space as the primary axes. Researchers utilized TS traffic
diagrams to identify traffic bottlenecks and assess the extent of
delays in bottleneck sectionsll. This contributes to understand-
ing the operational characteristics of highways and facilitates
the formulation of policies and measures aimed at alleviating
traffic congestionl®, addressing bottleneck issues, improving
travel comfort, and enhancing the overall travel experiencel67],
The TS diagram also enhanced its functionality in comprehen-
sive traffic analysis by contributing to the estimation of travel
times(®-101 and the identification of constant vehicle speeds!''l.
The TS diagram also played a role in developing time-space
unit models for estimating carbon dioxide emissions from high-
waysl'213], thereby enriching its applications in various fields.

Initially, the TS traffic diagram was directly represented on a
map and colored based on instantaneous speed!'4. However,
due to the discrete distribution of trajectory points, visualizing
the direct evolution process of traffic posed challenges. Conse-
quently, some researchers introduced mosaic graphics to
depict the changes in average speed. Each mosaic represented
the average speed of vehicle trajectory points for a certain
section during a specific period!'5l. Some studies also provided
new insights into the hysteresis phenomenon and introduced a

© The Author(s)

figure-eight hysteresis pattern('617], Laval employed the paral-
lelogram method to characterize the hysteresis phenomenon
in the driving process, which is often associated with driver
behaviorl'6l, These findings employed a convolutional neural
network capable of accurately predicting average traffic
speed'8l, Through continuous research, the TS diagram
evolved from simply coloring individual trajectory points to the
utilization of rectangular cells that covered the coordinate
system. These cells were then filled with gradient colors based
on the average speed of all trajectory points within each cell('9],
This improvement allows the TS diagram to achieve an aggre-
gated dynamic visualization of traffic flow, overcoming the limi-
tations of discrete trajectory points.

Trajectory data serves as the important data foundation for
constructing TS traffic diagrams. Typically, the data required for
generating TS traffic diagrams are collected by road detectors
at various time intervalsi29, The traffic data obtained from
detectors offered insights into the traffic conditions on high-
ways21-23 and served as valuable information for estimating
the traffic statel2425]. Because of variations in transportation
investments across different regions, the deployment density
of road detectors cannot achieve an optimal state and typically
ranges from several hundred to several thousand kilometers(261,
Simultaneously, the upload frequency of floating car data is set
between one minute and several minutest!. Under these condi-
tions, the collected data exhibits certain dispersed characteris-
tics. Due to the discrete nature of trajectory datal2®, achieving
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visualization effects in the past often required the use of exter-
nal tools such as GIS for map processing?’}, presenting certain
challenges(®l. Alternatively, new fundamental diagram construc-
tion methods were proposed based on detector pass rates(28l,
Jiang et al. conducted multidimensional analyses of spatiotem-
poral patterns in the data using circular pixel graphs, spatio-
temporal stacked graphs, and nested pixel barsi?°l. Wang et al.
mapped processed data to road networks and visualized traffic
conditions from a propagation perspectivel3031,  They
employed a straightforward mapping method to match detec-
tion data with TS traffic diagrams for understanding traffic
congestion situations32l. In summary, the construction of TS
diagrams relies heavily on trajectory data collected by road
detectors. However, the discrete nature of this data often
presents visualization challenges, leading to the development
of various methods aimed at enhancing the effectiveness of
traffic diagram visualization.

According to Edie's general definition, average traffic vari-
ables can accurately represent fundamental traffic conditions
only when homogeneous traffic states are maintained within
the cellsi331. This means that traffic variables are stable and reli-
able when the traffic within each cell is uniform. However, due
to the inherent shape characteristics of rectangular cells, trajec-
tory points falling within them cannot fully encompass the
start-stop driving behaviors of vehicles, resulting in variations
in traffic states between adjacent cells. As research progresses,
the researcher proposed constructing parallelogram cells with
the reverse congestion wave propagation rate as the slopel'l.
The trajectory data contained within these cells are more likely
to encompass the complete process of acceleration and dece-
leration states. Even if the complete acceleration and dece-
leration processes cannot be entirely contained due to the
limitations of cell size, adjacent cell units capture more simi-
lar vehicle operating conditions. This facilitates the capture of
similar traffic waves, resulting in enhanced stability when
constructing TS traffic diagrams and improving the visual repre-
sentation of congestion processes. The reverse traffic wave
propagation rate typically ranges from —10 to —20 km/hB4,
Selecting the reverse traffic wave propagation rate as the slope
for drawing pTS diagrams plays a crucial role in visualizing
traffic states and identifying typical traffic patterns.

Due to data accuracy limitations and established algorithms,
an immediate overhaul of the traditional TS diagram construc-
tion methods that are widely embedded in various systems is
not practical. However, there is a growing need to enhance the
visual representation of existing rTS diagrams to better reflect
real-world traffic conditions. Building upon the findings of He,
which demonstrate the superior portrayal of traffic flow using
pTS diagrams compared to rTS diagrams!'), we introduce a
novel approach based on the area-weighted transformation
that directly converts rTS diagrams into pTS diagrams. This
innovative method streamlines the conversion process, elimi-
nating the need for additional data filling during pTS diagram
creation. We anticipate that this method will significantly expe-
dite the transition from basic rTS diagrams to more advanced
pTS diagrams in the field of traffic space-time mapping.

The remainder of the paper is organized as follows. The next
section introduces the generation of TS diagrams and the TS
diagram transformation method based on area-weighted. We
then present the method of indicator validation and the trans-
formed TS diagrams, followed by an elaboration on the
obtained results.
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Method for transforming TS diagrams

The rTS diagram divides a two-dimensional plane into
equally sized rectangular cells, with time on the horizontal axis
and road segment length on the vertical axis. These cells are
filled with the average speed of trajectory points, providing an
intuitive display of traffic flow at different time intervals and
road segments. The rTS diagram is the prevailing representa-
tion in research, summarizing dispersed traffic trajectory points
into overall average velocities, establishing fixed local clusters,
and illustrating fluctuations in traffic flow. However, vehicles
often adjust their speed based on the preceding vehicle's
status, leading to stop-and-go scenarios!’#. When such scenar-
ios occur within rectangular cells, significant disparities
between adjacent cells emerge, failing to meet the criteria for a
uniform representation of traffic waves. On the other hand, if
these scenarios are depicted within parallelogram cells with the
traffic wave propagation speed determining the slope, the
resulting traffic states in adjacent cells become more similar.
The utilization of pTS diagrams to represent vehicle trajectory
states, validated using travel time as an indicator, revealed an
enhancement in accuracy!, particularly when handling con-
gested traffic, ultimately leading to more compelling visual
outcomes.

Determining boundaries

Traffic flow can be categorized into two states: free-flow and
congestion. In the rTS diagram, if traffic states can be clearly
distinguished, the transformation can generate a pTS diagram
depicting free-flow and congestion. To create the free-conges-
tion flow pTS diagram, we employ a region-growing algorithm
to segment the rTS diagram and identify regions with distinct
free-flow and congestion characteristics. Initially, a seed point is
established at the starting position of a rectangular cell, and
other cells are subsequently examined to determine if they
should be merged into the same region, based on the average
speed value of cell units as a similarity criterion. Cells identified
as similar are assigned a value of 0, while the others receive a
value of 1, resulting in the creation of a binary matrix with the
same number of rows and columns as the rectangular cells.
Subsequently, the sum of each column in the binary matrix is
calculated, and columns with values less than one-third of the
total sum are identified. These identified columns determine
the column division lines, representing the boundary between
free-flow and congestion. Taking into account the propagation
direction of congestion, parallelogram cells are used to depict
the congestion section. If congestion is uniformly distributed
without clear boundaries within the original rTS diagram, the
entire rTS diagram is transformed into a unified pTS diagram.

Determining the average speed of cells

To create a pTS diagram based on a given rTS diagram, the
TS diagram serves as the foundational map for the drawing
process. By knowing the dimensions of the rTS diagram, we can
determine the dimensions of the pTS diagram, including its
length and height. An essential step in this process involves
computing the coordinates of the four points for each paralle-
logram cell within the TS diagram. This calculation relies on
determining the reverse traffic wave propagation speed, which
corresponds to the slope of each cell. Subsequently, each cell is
filled with color based on the average speed. The important
aspect of the TS diagram transformation lies in determining the
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average speed of the parallelogram cells based on the rTS
diagram as a foundation.

In this paper, the positions of rTS cells are denoted as (r,c),
and the positions of pTS cells are denoted as (p,g). Each cell has
four coordinates: left-lower (LL), right-lower (RL), left-upper
(LU), and right-upper (RU), corresponding to different points in
the Cartesian coordinate system. For example, the position of
the left-upper coordinate of a cell at (r,c) in the rTS diagram is
represented as Xlg(‘id. The coordinate origin is set at the left-
lower point of a cell at (1,1), with time as the x-axis and road
length as the y-axis, creating a Cartesian coordinate system.
Due to the vertical characteristics of the rTS diagram, all cells
are located in the first quadrant, but the pTS diagram intro-
duces a slope, resulting in a graphical offset. As the row
number increases, the four coordinates of the parallelogram
cell at the same position as the rectangular cell will experience
an offset, as shown in Fig. 1. This offset increases proportionally
with the y-coordinate value. To determine the average speed of
the parallelogram cell, further analysis of the covered rectangu-
lar cells is required. The offset of the pTS diagram increases with
the increase in y-coordinate values. The initial offset of the first
row is determined by the slope k (m/s) and the height h (m) of a
cell, as shown in Eqn (1). Therefore, the offset of the nth row is n
times dev. By calculating the covered coordinates of rectangu-
lar cells, the position r can be obtained based on the width w (s)
of the cell, as shown in Fig. 2 and Eqn (3). Finally, the type of
coverage depicted in Fig. 2 can be determined by calculating
the difference in x-coordinates between points A and B.

h
dev = ‘Z) €))
Xkirey = Xbing) +n X dev )
r=q+[(nxdev)/w] 3)

As shown in Fig. 2, the horizontal coordinate of red point A is
Poa) while the red point B corresponds to the nearest rectan-
gular cell coordinate on the right side, with a horizontal coordi-

nate of XLU . The disparity between these coordinates is

R(r,c)"
compared with the first-row offset to identify various coverage
types.
If XLU —XLU > dey, it means that the parallelogram cell

R(rc) P(p.g) =
covers two rectangular cells, as shown in Fig. 2a. The blue paral-
lelogram cell represents a difference in horizontal coordinates
greater than the offset, while the gray parallelogram cell
denotes that it is equal to the offset. In both cases, the areas
intersecting with different rectangular cells from left to right
are denoted as S; and S,, while the area of the parallelogram
cell is denoted as S. Let the positions of adjacent three rectan-
gular cells be (r—1,¢), (r,c), and (r+1,c), and their corresponding
average velocities be Vg,_1¢y Vrpey and Vgge1). The corre-
sponding average speed of the parallelogram cell is given by:

Vepg = SERY Vro-10+ SER Viere) “

S N
LU _ yLU it signifi
If Xere) ™ Xbipg) < dev, it signifies that the parallelogram cell

encompasses three rectangular cells, as depicted in Fig. 2b. The
areas of intersection from left to right are designated as S;, S,,
and S;, respectively. In this case, the average speed of the paral-
lelogram cell is given by:

S»

S

S3

X VR(r,c) + S

S
Ve = < X Vre-1.0+ X Vrr+1.0) )

S
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Fig.2 Intersection pattern of congested flow state cellular units.

In summary, the pTS diagram calculates the average speed
for each cell based on the weighted coverage of the TS
diagram. Subsequently, these individual cells are colored to
form the pTS diagram. The cells tilted to the lower-right repre-
sent the congested portion of the pTS diagram. Therefore, we
refer to this approach as the area-weighted transformation
method for converting TS diagrams.

Method evaluation

Data

To evaluate the accuracy and effectiveness of the method,
we conducted a validation using the ZenTraffic dataset. The
dataset comprises two high-fidelity trajectory datasets of high-
way segments, namely Wangan-Route-4 and lkeda-Route-
11051,

The Wangan-Route-4 dataset encompasses trajectory data
collected from the Ohama-Sambo section of the Hanshin
Expressway Route 4, covering a route length of approximately
1.6 km. This dataset continuously records trajectory data from
two lanes over a 5-h duration. Conversely, the Ikeda-Route-11
dataset is located along the Hanshin Expressway Route 11
lkeda Line, near the Tsukamoto Junction. It spans a route
length of approximately 2 km and similarly captures trajectory
data from two lanes throughout a 5-h period. Both datasets
include essential attributes such as vehicle ID, timestamp,
distance traveled, and operating speed. Each hourly vehicle
trajectory dataset comprises a mix of free-flow and congested
traffic states, effectively representing typical traffic flow charac-
teristics. This rich dataset is well-suited for conducting compre-
hensive research on traffic states, including flow, speed, and
density analysis.
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Evaluation metrics

To rigorously validate the accuracy of the area-weighted
transformation method and perform a comprehensive quanti-
tative analysis, we extract travel times from both rTS diagrams
and pTS diagrams. These extracted travel times are subse-
quently compared to the ground truth travel times using the
Mean Absolute Percentage Error (MAPE) metric. The validation
procedure commences by establishing the trajectory's starting
point at the corresponding timestamp, serving as the initial
reference point. The average speed associated with each cell
serves as the slope for the trajectory segment, enabling the
computation of the subsequent trajectory point. This iterative
process continues until the final trajectory endpoint is reached.
The time difference between the starting and ending times-
tamps of the trajectory is considered the estimated travel time.
We selectively choose specific vehicle trajectories falling within
a predetermined length range to ensure a meaningful compar-
ative analysis. Figure 3 provides a schematic representation of
this method. This methodology enables us to quantitatively
evaluate the performance of the area-weighted transformation
method by directly comparing estimated travel times derived
from the transformed pTS diagrams with ground truth travel
times obtained from the original rTS diagrams.

The vehicle's travel trajectory is reconstructed to obtain
travel times in both the rTS diagram and pTS diagram scenarios.
To evaluate the effectiveness of this metric, we calculate the
Mean Absolute Percentage Error (MAPE) for travel times in both
the rTS diagram and pTS diagram conditions using the follow-
ing formula:

¥ =i
Yi

100%
MAPE; = NA’Z

i=1

6

where, j= {1,2} represents rTS diagrams and pTS diagrams, N
represents the total number of trajectories, y{ represents esti-
mated travel time under the rTS diagrams or pTS diagrams
conditions, y; represents the actual travel time of trajectories
with the same starting time. After calculating MAPE under vari-
ous spatiotemporal conditions, a comparative analysis is
conducted by examining the disparity between MAPE; and
MAPE,.

AM = MAPE, - MAPE, %)

If AM is greater than 0, it indicates that the average absolute
percentage error derived from the rTS diagram is higher,
demonstrating the superior performance of the area-weighted
transformation method using the pTS diagrams. Conversely, if
AM is less than 0, it implies that the rTS diagram provides more
accurate travel time calculations and performs better.

Experimental results

At the beginning of the experiment, trajectory data under-
goes preprocessing, involving the mapping of trajectory points
from two datasets into rectangular cells of varying dimensions.
Because of variations in the upload intervals of information
detected by road detectors, we conduct experiments using cell
sizes of 60 s x 50 m, 60 s X 100 m, 120 s X 100 m, 120 s X 200 m,
240 s x 200 m, and 240 s x 400 m. The average speed of trajec-
tory points within each cell is calculated, and color rTS
diagrams are based on the results. A study revealed that the
propagation speed of traffic congestion waves ranged from
—10 to —20 km/hB34, After computation, the propagation speed
of congestion in both datasets is found to be —16 km/h. This
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Fig. 3 Methods for calculating travel time in different spatio-
temporal diagrams.

Travel time in pTS diagram

value is utilized as the slope for generating pTS diagrams using
the area-weighted transformation method. Figure 4 shows TS
diagrams of lane 1 (F1L1) and lane 2 (F1L2) during the first hour
within the Ikeda-Route-11 dataset. The corresponding cell sizes
are 60 s X 100 m and 120 s x 200 m, respectively. It includes TS
diagrams of high-fidelity trajectories, the rTS diagrams con-
structed using the trajectories, and the pTS diagrams directly
transformed from the rTS diagrams.

A comparative analysis of the images demonstrates signifi-
cant differences when transitioning from an rTS diagram to a
pTS diagram. Notably, these changes are more pronounced in
regions characterized by higher congestion levels. In particular,
pTS diagrams exhibit enhanced continuity, especially when
dealing with skewed features. They excel in preserving the re-
presentation of traffic propagation patterns and demonstrate
relatively uniform traffic states across cellular units, thereby
meeting the criteria for homogeneous traffic flow.

Discussion

To further evaluate the area-weighted transformation
method, we compute travel times and their corresponding
MAPE based on rTS diagrams and pTS diagrams, the specific
data can be found in Tables 1 & 2.

Observing Tables 1 & 2 reveals a close match in MAPE
between corresponding lanes at the same time in both rTS and
pTS diagrams. This suggests that the pTS diagram is derived
from the rTS diagram, and the conclusions drawn are similar to
those of the rTS diagram. However, it's noteworthy that all AM
values are greater than 0, indicating that the travel times
computed from pTS diagrams exhibit smaller errors and are
closer to the actual travel times. This finding further implies
that pTS diagrams excel in depicting congested traffic flow. As
illustrated in the tables, whether in rTS or pTS diagrams, the
MAPE increases with larger cell sizes, signifying that larger cells
contain less trajectory information and result in increased
errors compared to smaller cells. Despite the variation in cell
size, AM does not exhibit a systematic trend, suggesting that
pTS diagrams are not significantly influenced by cell size factors
when representing congestion.

Considering that the flow direction in the free-flow differs
from that in the congestion, we make attempts to change the
orientation of the parallelogram to the upper-right direction for
drawing the free-flow of the pTS diagram. Verification is also
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Fig.4 Diagrams with a cell size of 60 s x 100 m and 120 s x 200 m.
Table 1. Wangan-Route-4 indicator results (%).
Cell size Zen4 F1L1 F1L2 F2L1 F2L2 F3L1 F3L2 F4L1 F4L2 F5L1 F5L2
60sx50m MAPE, 2.726 2456 2.583 2.710 2.448 2.730 2814 2.795 2.832 3.348
MAPE, 2.634 2423 2.155 1.874 2.194 1.976 2.732 2.363 2.502 2.329
AM 0.092 0.034 0.428 0.836 0.253 0.754 0.082 0.432 0.330 1.019
60sx100m MAPE, 2.944 2.726 3.052 3.079 2.933 3.098 3.317 3.298 334 3.735
MAPE, 2.898 2.715 2916 2.194 2.706 2.373 3.245 2.871 2.895 2918
AM 0.046 0.011 0.136 0.884 0.227 0.724 0.071 0.428 0.445 0.816
120sx100m  MAPE, 3.623 3.179 3.700 3.061 3.669 3.298 3.969 3.598 3.991 5.006
MAPE, 3.453 3.138 3.277 2.727 3.265 3.171 3.665 3.231 3.795 4,088
AM 0.170 0.041 0.423 0.334 0.405 0.126 0.304 0.367 0.196 0917
120sx 200 m MAPE, 6.318 4,054 6.664 4,623 6.174 4321 6.254 5.019 6.656 6.048
MAPE, 6.074 3.603 6.29 3.991 5.572 4.105 5.943 456 6.345 5.078
AM 0.244 0.451 0374 0.632 0.602 0.216 0311 0.459 0.311 0.97
2405x200 m MAPE, 6.700 4,989 6.742 4,052 6.462 5.922 6.514 4.444 6.579 4.126
MAPE, 6.661 4,961 6.317 3.802 5.768 5.446 6.256 4358 6.519 4.062
AM 0.040 0.027 0.425 0.250 0.694 0.476 0.258 0.086 0.060 0.064
240 s X 400 m MAPE, 10.704 8.645 10.981 8.315 11.1 9.68 10.633 7.907 11.521 9.298
MAPE, 10.456 8.562 10.482 7.837 10.445 9.216 10.306 7.807 11.271 9.263
AM 0.248 0.083 0.5 0.478 0.655 0.464 0.327 0.1 0.25 0.034

conducted using the travel time metric, and the results demon-
strated that the rTS diagram performs better in depicting free-
flow conditions under the travel time metric. The discrepancy
in performance could be attributed to the fact that the

Wang et al. Digital Transportation and Safety 2024, 3(1): 1-7

propagation speed of free-flow traffic is not constrained to a
specific range, unlike congestion. When attempting to substi-
tute free-flow propagation with a single fixed speed, it results
in increased errors in generating pTS diagrams. We conduct
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Table 2. Ikeda-Route-11 indicator results (%).

Cell size Zen11 F1L1 F1L2 F2L1 F2L2 F3L1 F3L2 F4L1 F4L2 F5L1 F5L2
605X 50m MAPE, 2.069 3.216 2.252 3.406 3.135 3.694 2.200 3.967 3.707 4418
MAPE, 1.770 2310 1.846 2.164 2.528 3.250 1.838 3.003 2.588 2.881
AM 0.299 0.906 0.406 1.242 0.607 0.444 0.362 0.965 1.119 1.537
60sx 100 m MAPE, 2312 3.484 2443 3.553 2.866 341 2.748 3.165 4.009 4.501
MAPE, 2.067 2591 2.029 2356 2474 2.757 2.65 3.115 2.854 3.001

AM 0.245 0.893 0414 1.197 0.392 0.653 0.097 0.05 1.155 1.5
120sx100m  MAPE, 2.723 4.457 2.688 3.708 3.902 4.159 4.505 4.967 3.639 4.262
MAPE, 2229 3.621 2333 2.862 3.822 3.949 3.947 4.798 3.044 3.172
AM 0.494 0.836 0.354 0.846 0.080 0.210 0.558 0.169 0.595 1.090
120sx200m  MAPE, 3.444 4.857 3.557 4.608 3.841 4,528 4.834 5.275 4.459 4.706
MAPE, 3.067 3.535 3319 3.719 3.384 4376 4.266 5.164 3.875 3.851
AM 0.377 1.322 0.237 0.889 0.457 0.152 0.568 0.111 0.583 0.855
240sx200m  MAPE, 4.000 4.965 3.805 4.676 4.760 6.861 5.651 6.947 4.823 5.383
MAPE, 3.335 4520 3333 3.642 4658 6.712 5.520 6.606 3.648 5.166
AM 0.666 0.445 0.472 1.034 0.101 0.149 0.131 0.341 1.174 0.217
2405x400m  MAPE, 6.22 6.716 6.455 6.446 8.807 8.87 7.573 7.725 7.126 6.965
MAPE, 5.292 6.199 5.781 5.427 7.126 7.985 7.521 7.545 5.853 6.389
AM 0.928 0.517 0.674 1.019 1.681 0.885 0.052 0.18 1.273 0.576

experiments by varying different propagation speed values and
find that the advantage of the congestion section's pTS
diagrams cannot offset the error in the free flow section's pTS
diagrams. Future work will consider conducting further valida-
tion in terms of image similarity.

Conclusions

This study introduces an area-weighted TS diagram transfor-
mation method that effectively translates rTS diagrams into pTS
diagrams, offering a novel approach to visualize traffic flow
patterns. The method determines the coverage of pTS cells
over rTS cells based on different coverage conditions. It
portrays cell traffic states by calculating the average speed of
trajectory points within each cell and applying area ratios as
weighting factors for color filling. It calculates the average
speed of trajectory points within each cell and uses area ratios
as weighting factors for color filling. For experimentation and
validation, we selected the Wangan-Route-4 and lkeda-Route-
11 datasets from ZenTraffic. We assessed the similarity between
the transformed diagrams and the original trajectory-based
diagrams through travel time comparisons, quantifying the
Mean Absolute Percentage Errors (MAPEs) to analyze the asso-
ciated errors. The results confirm the feasibility of this method
in TS diagram transformation, especially in congested condi-
tions. The pTS diagrams possess inherent features for visually
representing traffic flow states, particularly when illustrating
the slope of traffic wave propagation rates, which offers a more
intuitive depiction of wave propagation processes.

The adoption of pTS diagrams effectively tackles the chal-
lenge posed by the discrete distribution of trajectory data
values. It accomplishes this by grouping trajectory points
within cell units, resulting in a more aggregated representation
of traffic data. Moreover, the optimized pTS diagrams offer an
enhanced depiction of traffic flow conditions on road seg-
ments. They serve as a basis for identifying traffic bottlenecks,
formulating policies to alleviate traffic congestion, and ulti-
mately enhancing urban traffic conditions. The direct transfor-
mation of rTS diagrams into pTS diagrams simplifies the
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otherwise intricate data processing needed for redrawing
pTS diagrams. This approach provides an alternative display
method for existing rTS diagrams, thereby maximizing the
utilization of diverse data sources and harnessing the visualiza-
tion advantages offered by pTS diagrams. These attributes
highlight the importance of this approach in practical applica-
tions and scientific research.
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