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Fig. 1 Schematic diagram of selected driving scenarios for cross-sectional tests
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Table 1 Design of test scenarios

RV RS 75 e it ZEIE B8 /m 15 58 /m it £ - 4%/m P /%
S1 B 3.25 0.5 4
S2 B 3.5 1 B 4
S3 Bk 3.75 1.5 4
L4 ks 3.5 1 162 4
L5 k3 3.75 0.5 162 4
L6 k3 3.25 1.5 162 4
R7 FiE 3.5 1 162 4
RS FiE 3.25 0.5 162 4
R9 FiE 3.75 1.5 162 4
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Fig. 2 Experimental equipment and software used in the research
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Fig. 3 Feature distributions across multiscale spatial windows
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Fig. 4 Operating speed distributions under different scenarios
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Fig. 5 Mean vehicle lateral offset under different test conditions and lane positions
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Fig. 6 Standard deviation of lateral offset and minimum lateral margin under different test conditions
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Table 2 Statistical results of gaze entropy under different scenarios

) NCE L) H. (¥{E+SD) 95%CI

Bk 1436 0.764+0.142 [0.758, 0.771]

Bk 480 0.761£0.162 [0.746, 0.776]
stz diiEee 476 0.738+0.108 [0.728, 0.748]
A2 480 0.796+0.122 [0.785, 0.807]

vE: SD A#nifEZE (Standard Deviation, SD); CI NE{EIX[H (Confidence Interval, CD)o
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Table 3 Regression coefficients and significance tests for response surface models of performance indicators

S5 /MU 17 43 FEE Mimin VA — AR Ho

HR Y T3
RHUHP) plE ZHAP) pil
K 0.4773 <0.001 0.820 4 <0.001
ZEIETIEB 0.050 0 0.031 -0.0100 0.071
1 58 /% C 0.1050 <0.001 -0.105 0 <0.001
TEAT I Fvgs -0.001 5 0.041 0.001 0 0.018
IR -0.012 0 0.184 0.0150 0.032
ZHIB-C 0.008 0 0.096 0.005 0 0.041
Ji A TE T -0.030 0 0.004 -0.014 5 0.021
T A I -0.025 0 0.012 0.0177 0.006

e pOW NS A H R AL, p RV . AR R B BTSN E I R EE 0=0.05 K FEE; p<0.01 TR
E, HENEWSHRA, HERZIETR 0.

K # e %0 (Adjusted coefficient of determination, Rgq;) 1177 i%Z% (Root Mean Square Error, RMSE) $F4fy
Wi 7 TR R AL A R S TR 2 . BRVHSE, B MU A A BERS R I RE ;A1 RMSE 3731124 0.798 A1 0.099, 13— AL TE AL A6 7
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Table 4 Statistical results of random variation in safety performance indicators
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Fig. 9 Relationship between lateral width and system driving safety reliability under different test conditions
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Table 5 Critical and engineering values of lateral width under different operating conditions
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Table 6 Driving safety reliability results of different lateral-width schemes in the project
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Study on cross-sectional width parameters of underground interchange
ramps based on driving safety reliability
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Abstract: This study aimed to clarify the relationship between cross-sectional width parameters and driving safety performance

on underground interchange ramps of mountainous expressways. A driving simulation experiment was conducted based on nine

scenarios formed by different combinations of lane width, lateral width, and alignment type. Thirty licensed drivers were recruited to

complete heavy-truck driving tasks in the simulated underground ramp environment. Vehicle operation data and eye-movement data

were collected synchronously during the experiment. The test section was divided into 10 m spatial windows to maintain spatial



consistency in the analysis. Lateral offset, minimum lateral margin, and normalized gaze entropy were extracted for each window.
Lateral offset and minimum lateral margin were used to describe vehicle lateral control and boundary proximity. Normalized gaze
entropy was used to quantify the dispersion of drivers’ visual attention among different areas of interest. Based on these indicators, the
effects of cross-sectional width parameters on vehicle lateral operation and visual attention allocation were analyzed. A response surface
model was then developed to predict the minimum lateral margin and normalized gaze entropy under different combinations of lane
width, lateral width, operating speed, and alignment type. Driver differences, spatial-window fluctuations, and the correlation between
the two safety performance indicators were further incorporated into Monte Carlo simulation. A system driving safety reliability model
was established by considering insufficient lateral margin and excessive visual-attention dispersion as two failure modes. The results
show that the lateral adjustment amplitude and trajectory fluctuation on curved sections are greater than those on straight sections.
Normalized gaze entropy is higher on the right-turn curve than on the straight section and the left-turn curve, indicating a more dispersed
visual search pattern. Lateral width has a significant effect on both minimum lateral margin and normalized gaze entropy. Increasing
lateral width improves the lateral safety margin and reduces the dispersion of visual attention. System driving safety reliability increases
with lateral width and decreases with operating speed. Taking the target reliability of 0.95 as the control level, when the lane width is
3.50 m, the lateral width values for straight, left-turn, and right-turn sections can be taken as 0.75, 0.75, and 1.00 m, respectively.
Keywords: safety engineering; underground interchange ramp; system reliability; cross-sectional design; gaze entropy; driving

simulation



