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I. Introduction 
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Transportation agencies report that millions of crashes are caused by poor road conditions every 
year, which makes the localization of roadway anomalies extremely important. Common methods of 
road condition evaluation require special types of equipment that are usually expensive and time-
consuming. Therefore, the use of smartphones has become a potential alternative. However, 
differences in the sensitivity of their inertial sensors and their sample rate can result in measurement 
inconsistencies. This study validated those inconsistencies by using three different types of 
smartphones to collect data from the traversal of both a paved and an unpaved road. Three 
calibration methods were used including the reference-mean, reference-maximum, and reference-
road-type methods. Statistical testing under identical conditions of device mounting using the same 
vehicle revealed that the roughness indices derived from each device and road type are normally 
distributed with unequal means. Consequently, applying a calibration coefficient to equalize the 
means of the distributions of roughness indices produced from any device using the reference mean 
method resulted in consistent measurements for both road types. 
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   II. Road impact factor and calibration methods 
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    III. EXPERIMENT METHODS 

the Bosch’s BMI160
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Table 1 Sensing specification of the embedded accelerometers in the 
selected smart phones (estimated from app data) 

Smartphone 
Model 

Sampling 
Frequency (Hz) Accuracy 

Resolution 
(mm/s2) 

i8 125 96% ±1 
iX 125 96% ±1 
GP 400 95% ±10 



(c) shows the user’s interface for PAVVET and RIVET.

 
 
Figure 1. (a) Smartphones were mounted on the front seat floor of the 
vehicle, (b) Vehicle for road test, and (c) PAVVET and RIVET’ interface. 

 
Figure 2. (a) Satellite view and (b) street view of the paved road 
segment; (c) Satellite view and (d) Street view of the unpaved road 
segment. Source: Google Maps (2019). 



 
Figure 3. Satellite view of the rail-grade crossings of (a) the paved road 
segment and (b) the unpaved road segment. Source: Google Maps 
(2019). 

iPhone® device as an example of data. The column ‘Time’ 

time stamp encoded in the filename. ‘Lat’ and 
‘Lon’ stored the GPS coordinates 
in decimal degrees, ‘ ’ stored the ground speed of the vehicle. 
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study). The column ‘Time’ stored the epoch time of the 
sampling instant in milliseconds. The columns labeled ‘Lat’ and 
‘Lon’ stored the GPS coordinate
decimal degrees. The ‘ ’ column stored the ground speed of the 
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Table 2. PAVVET data format

Time 
(ms) 

Lat 
(°) 

Lon 
(°) 

v 
(m·s-1) 

gx 
(g-force) 

gy 
(g-force) 

gz 
(g-force) 

Pitch 
(°) 

Roll 
(°) 

Yaw 
(°) 

RotX 
(°) 

RotY 
(°) 

RotZ 
(°) 

34986.615 46.899 -96.883 11.569 0.045 -0.058 -0.989 3.001 1.950 6.180 -0.712 -1.237 -0.250 
34994.377 46.899 -96.883 11.569 0.049 -0.061 -0.969 3.003 1.944 6.181 -0.712 -1.237 -0.250 
35002.688 46.899 -96.883 11.569 0.046 -0.059 -0.943 3.003 1.934 6.180 -1.080 -0.933 -0.374 
35010.222 46.899 -96.883 11.569 0.060 -0.065 -0.936 3.003 1.934 6.180 -1.080 -0.933 -0.374 
35018.392 46.899 -96.883 11.569 0.051 -0.058 -0.943 3.002 1.927 6.179 -1.141 -0.811 -0.496 

 
Table 3. RIVET data format

Time 
(ms) 

Lat 
(°) 

Lon 
(°) 

v 
(m·s-1) 

ax 
(m·s-2) 

ay 
(m·s-2) 

az 
(m·s-2) 

Yaw 
(°) 

Pitch 
(°) 

Roll 
(°) 

�� 
(r·s-1) 

�� 

(r·s-1) 
�� 

(r·s-1) 
�� 

(��) 

�� 

(��) 
�� 

(��) 

34985.49 46.90 -96.88 11.58 -0.42 0.32 10.16 56.76 1.56 2.26 -0.014 -0.018 -0.002 -64.65 42.45 21.00 
34988.05 46.90 -96.88 11.58 -0.58 0.39 9.94 56.76 1.56 2.26 -0.015 -0.007 -0.001 -64.65 42.45 21.00 
34990.48 46.90 -96.88 11.58 -0.58 0.39 9.94 56.76 1.56 2.26 -0.015 -0.007 -0.001 -64.65 42.45 21.00 
34993.16 46.90 -96.88 11.58 -0.58 0.39 9.94 56.66 2.23 3.34 -0.015 -0.007 -0.001 -64.35 42.45 21.45 
34995.67 46.90 -96.88 11.58 -0.46 0.22 10.01 56.38 1.72 4.11 -0.012 -0.004 -0.001 -64.35 42.45 21.45 

Figure 4. Collected g-force data and windowed calculated RIF-indices using i8 for (a) the paved road segment and for (b) the unpaved road segment; 
using iX for (c) the paved road segment and (d) the unpaved road segment; using GP for (e) the paved road segment and (f) the unpaved road 
segment. 



Table 4. Original average mean and peak RIF of all the 35 runs of road 
tests for paved and unpaved roads

Road 
type  i8 iX GP 

Standard Deviation 
between Phones 

Paved 
Road 

Mean 0.202 0.207 0.190 0.0087 
Max 0.935 0.996 0.826 0.0861 

Unpaved 
Road 

Mean 0.527 0.481 0.464 0.0326 
Max 1.109 1.030 0.905 0.1029 

 
Table 5. Calibration constants from different calibration methods 

Road Type Phone Type 
Ref-Mean 

(CMean) 
Ref-Max 

(CMax) 

Ref-Paved 
(CPaved) 

Paved i8 1.000 1.000 - 

 iX 1.026 1.065 - 

 GP 0.940 0.883 - 

Unpaved i8 1.000 1.000 1.000 

 iX 0.913 0.929 1.026 

 GP 0.881 0.816 0.940 

Figure 5. Measured mean RIF-indices for all 35 runs using the three 
smartphones (a) for the paved road segment, (b) for the unpaved road 
segment, and measured Maximum RIF -indices for all 35 runs using the 
three smartphones (c) for the paved road segment; and (d) for the 
unpaved road segment. 

Figure 6. Comparison of original average mean and peak RIF from three 
smartphones 

TABLE 6.

Road 
Type Calibration Methods  i8 iX GP 

Paved R-Mean Average 0.202 0.202 0.202 

  SD 0.0090 0.0080 0.0071 

 R-Max Average 0.202 0.195 0.215 

  SD 0.0090 0.0077 0.0070 

Unpaved R-Mean Average 0.527 0.527 0.527 

  SD 0.0309 0.0294 0.0162 

 R-Max Average 0.527 0.518 0.569 

  SD 0.0308 0.0290 0.0175 

 R-Road Average 0.527 0.469 0.494 

  SD 0.0309 0.0262 0.0152 



Table 7. Standard deviation of average mean RIF of 35 runs in 
between three smartphones for paved and unpaved roads after 
calibration

Road type  Standard Deviation between Phones 

Paved Road 
R-Mean 0.0000 
R-Max 0.0101 

Unpaved Road 

R-Mean 0.0000 
R-Max 0.0272 
R-Road 0.0293 

Table 8. Kurtosis and skewness of paved and unpaved road 

Road type  i8 iX GP 

Paved Road 
Skewness -0.647 0.641 0.330 
Kurtosis 2.015 -0.062 -0.654 

Unpaved 
Road 

Skewness 0.444 0.576 0.414 

Kurtosis -0.184 -0.273 -0.371 

Table 9. F-Value and P-Value (paved road) 

  i8+iX i8+GP iX+GP 

Original 

F-Statistic 1.206 1.856 1.541 
P-Value 

(Two-Tailed) 0.589 0.076 0.213 

R-Mean 

F-Statistic 1.269 1.638 1.291 
P-Value 

(Two-Tailed) 0.491 0.155 0.461 

R-Max 

F-Statistic 1.368 1.446 1.057 
P-Value 

(Two-Tailed) 0.366 0.287 0.872 

 
Table 10. F-Value and P Value (unpaved road) 

  i8+iX i8+GP iX+GP 

Original 

F-Statistic 1.313 4.816 3.559 

P-Value 
(Two-Tailed) 0.431 2.0E-05 0.0004 

R-Mean 

F-Statistic 1.094 3.312 3.312 

P-Value 
(Two-Tailed) 0.795 0.0003 0.001 

R-Max 

F-Statistic 1.132 3.112 2.748 

P-Value 
(Two-Tailed) 0.719 0.001 0.004 

R-Road 

F-Statistic 1.383 4.126 2.984 

P-Value 
(Two-Tailed) 0.349 7.9E-05 0.002 

Table 11. T-Statistic and P-Value (paved road) 

  i8+iX i8+GP iX+GP 

Original

T-Statistic -2.547 6.470 9.807 
T-Critical 1.995 1.999 1.995 

P-Value (Two-Tails) 0.013 1.759E-08 1.21E-14

R-Mean

T-Statistic 2.9E-08 3.29E-08 2.35E-09
T-Critical 1.995 1.995 1.995 

P-Value (Two-Tails) 1 1 1 

R-Max 

T-Statistic 3.709 -6.552 -11.236 
T-Critical 1.995 1.995 1.995 

P-Value (Two-Tails) 0.001 8.99E-09 3.76E-17

Table 12. T-Statistic and P-Value (unpaved road) 

  i8+iX i8+GP iX+GP 

Original 

T-Statistic 6.668 10.997 3.307 
T-Critical 1.995 2.011 2.007 
P-Value 

(Two-Tails) 5.59E-09 1.03E-14 0.002 

R-Mean 

T-Statistic 3.6E-08 3.6E-08 -4.4E-08 
T-Critical 1.995 2.008 2.006 
P-Value 

(Two-Tails) 1 1 1 

R-Max 

T-Statistic 1.271 -6.961 -8.881 
T-Critical 1.995 2.005 2.003 
P-Value 

(Two-Tails) 0.208 4.8E-09 2.8E-12 

R-Road 

T-Statistic 8.524 5.715 -4.906 
T-Critical 1.995 2.009 2.005 
P-Value 

(Two-Tails) 2.4E-12 6.0E-07 8.9E-06 

    IV. CONCLUSIONS AND FUTURE WORK 
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