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Abstract: Some alternative driver models are proposed to mimic accelerating/decelerating 
behaviors of drivers particularly at curves and intersections. The models are calibrated against 
experimental data sets taken from car-following experiments conducted in a test track in 
Hokkaido, Japan. The position and speed data of vehicles were measured precisely using Real 
Time Kinematic (RTK) GPS receivers. The proposed models are validated against the General 
Motors (GM) model, a well-known car-following model. The comparison gave a clear 
advantage to the proposed mixed models over the other alternative models and the GM 
model, producing the lowest RMSE and highest correlation values. 
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1. INTRODUCTION 
 
The microscopic approach has given more importance in traffic and safety engineering in 
recent years. In modeling traffic behavior, the driver models are used to simulate interaction 
between vehicles as well as with infrastructures e.g. roads, intersections etc. There are 
significant efforts recorded on the first part i.e. to model interaction between vehicles. Several 
models have been developed so far to mimic driving behavior in car-following, free flow and 
lane changing situations. However, the literature review conducted during this study has 
revealed that there are not enough efforts made on the second part i.e. to interaction between 
vehicles and infrastructures. What investigated earlier mostly deal with driving behavior 
along straight sections without interruptions that means, the effects of curves or stops at 
intersections were either ignored or not analyzed. The driving behavior at curve transition 
sections and intersections should be important from traffic as well as safety engineering view 
point. 
 
The data acquisition technology has witnessed significant advancements in the last few 
decades. Extensive car-following experiments were conducted in a test track using differential 
GPS technique that is well known for its outstanding accuracy. The availability of such a 
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precise data that includes driving behavior at transition sections and intersections motivated 
the authors for this study. It deals with driving behavior at transition sections and 
intersections. 
 
The specific objective of this paper can be outlined as follows: 
• Investigate the influence of curve transition sections and intersections on driving behavior  
• Evaluate the performance of existing models to represent driving behavior at curve 

transition sections and intersections 
• Propose modifications to improve the performance of models to represent driving 

behavior at transition sections and intersection 
 
The General Motors (GM) model is described in the next section as a representative car-
following model for investigation in this study. While some alternate driver models are 
proposed considering the driving behavior at curves and intersections. It also includes 
information about the models’ performance evaluation set up adapted in this study. The details 
of car-following experiments conducted in a test track is explained in section three that 
includes information about the test track, experimental arrangements, and data accuracy. The 
numerical results are presented in section four under four subheadings: Finally, the outcomes 
of this study will be summarized in the last section. 
 
 
2. MODEL DESCRIPTION 
 
2.1 Car-following Model 
Reuschel (1950) and Pipes (1953) pioneered the early investigations in car-following 
dynamics nearly half century ago. A large number of car-following models have been 
developed so far. The GM model is perhaps the most well known, developed in late 50’s by a 
group of researchers at General Motor’s Laboratory. The first model of this group that was 
proposed by Chandler et al. (1958) will be investigated as a representative car-following 
model. It is a simple linear model based on stimulus response concept.  
 

)()( tVTta ∆=+ λ        (1) 

where a(t+T), acceleration/deceleration is the response of following vehicle delayed by 
reaction time T, ∆V(t), relative speed with respect to the vehicle ahead is the only stimulus the 
following driver perceives and λ  is the driver’s sensitivity towards the perceived stimulus. 
The model was later modified to nonlinear form after incorporating spacing and speed into 
sensitivity term. We structured the model linearly in order to treat car-following model and 
driver model consistently and to conduct a multiple regression analysis. Later on, the model 
will be termed as GM in short. 
 
2.2 Driver Model 
As mentioned earlier, the driving behavior of drivers while approaching/departing from 
curves or stop lines (at intersections) are yet to be investigated. The driving behavior in these 
special circumstances might be different from normal driving conditions. A general 
consideration can be the drivers adjust their speed and direction based on the anticipated 
forthcoming driving condition and his distance from the target points besides the 
consideration of preceding vehicle’s motion. Kondo (1958) proposed a feedback concept 
model, which described the position expected of few seconds later. Fujioka (1991) suggested 
a driver model using a neural network system. Sarutipand (2003) and Suzuki (2004) discussed 
the availability of car-following models on curved section using GPS data on a test track. 
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In this study, a forward prediction model was adopted as a driver model. For simplicity, we 
assumed that drivers change the speed in accordance with the preceding vehicle motion 
conditions. Furthermore, we introduced an additional term to describe driving behavior 
specific to curves and intersections in accordance with whether vehicles are in accelerating 
states or in decelerating states. 
 
1) Model for Decelerating State 
It is assumed that the drivers consider their distances from the target points e.g. start of curves 
or stop lines, while approaching toward them besides their acceleration, speed and spacing 
from the vehicle ahead. A linear model with deceleration as a function of these variables 
should explain such driving behavior. 
 

)()()()()( 4321 tdthtVtaTta ββββ +++=+      (2) 

where V(t) and h(t) are vehicle speed and space headway, respectively. d(t) is the distance to 
stop line. β 1, β 2, β 3, and β 4 are linear coefficients of these variables. The model will be 
termed as driver model 1 or DM1 in short.  
 
We can see similar phenomena to the transition section near the entry of curve, where drivers 
adjust the speed to enter the curve safely and comfortably. The beginning of curve point will 
be a target for them. Therefore, DM1 model is applicable to the driving situation. In this case, 
d(t) is the distance to beginning of curve point. 
 
2) Model for Accelerating State 
In the case of departing from curves or stop lines there is no target point instead the drivers 
can accelerate at their own preferred rate. After analyzing several cases of acceleration rates 
while departing from curve and intersections, we found that the most of drivers preferred 
some particular accelerating rate in these conditions without much deviation. Table 1 presents 
mean, standard deviation and coefficient of variation computed from several cases of 
acceleration at curves and intersections. The values for coefficient of variation remain below 
20% in the most of cases. This validates the earlier assumption that there are some preferred 
acceleration rates for individual drivers. The mean values vary from 1.23 to 1.85 m/sec-2. 
 
These considerations suggest a model acceleration as a function of the difference in 
acceleration rate from a constant value in additions to speed and spacing (from the vehicle 
ahead) as other variables. As mentioned earlier, the distance from the target point is not 
applicable in this case. 

( ) )()()()( 321 thtVataTta βββ ++′−=+      (3) 

This gives, 

4321 )()()()( ββββ +++=+ thtVtaTta      (4) 

where a′  is preferred acceleration and 4β = - a′1β  is constant term. This model will be termed 
as driver model 2 or DM2 in short. When accelerating at exit of curve, we can expect similar 
driver phenomena. Therefore, DM2 model seems to be applicable to such driving situations. 
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Table 1. Acceleration Rates Preferred by Drivers while Departing from Curves and 
Intersections 

Driver 
Number Mean Standard 

Deviation 
Coefficient of 

Variation 
G01 1.426 0.103 0.072 
G02 1.521 0.299 0.196 
G03 1.371 0.232 0.169 
G04 1.640 0.268 0.163 
G05 1.501 0.208 0.138 
G06 1.850 0.368 0.199 
G07 1.404 0.206 0.147 
G08 1.470 0.366 0.249 
G09 1.262 0.256 0.203 
G10 1.237 0.214 0.173 

 
 
2.3 Combined Model 
It is reasonable to assume that the driving behavior in reality is the mixture of car-following 
model and driver model, particularly at intersections and transition sections of curve. 
For decelerating state, 

)()()()()()( 54321 tVtdthtVtaTta ∆++++=+ βββββ    (5) 

For accelerating state,  

54321 )()()()()( βββββ +∆+++=+ tVthtVtaTta     (6) 

The model for decelerating condition will be termed as mixed model 1 (MM1), while the one 
for accelerating condition will be termed as mixed model 2 (MM2). 
 
It should be noted here that the GM model later modified by Chandler includes the speed and 
spacing terms in the sensitivity factor. That means the second and third terms in Equations 
(6) and (7) are coming from both car-following and driver models.  
 
Since the models presented above are all linear, the multiple regression technique can be 
applicable to calibrate the regression coefficients, 1β , 2β , 3β , 4β  and 5β . In preliminary 
analysis, we found little correlation among explanation valuables. To keep the consistency 
between curve section data and intersection data, we assumed these valuables to be 
independent. 
 
3. EXPERIMENTAL DATA 
 
3.1 Data Measuring 
Several experiments were conducted in a test track using ten passenger cars, each equipped 
with a RTK GPS receiver to measure its position and speed. The RTK GPS receivers output 
position and speed data at every 0.1 second interval. It has a position accuracy of 10 mm + 
2ppm and speed accuracy of less than 0.2 km/h.  
 
The test track consists of two 1.2 km long straight sections connected by two semicircular 
curves, each 50 m in radius and 150 m in length. Figure 1 depicts the layout of test track. The 
test track was chosen for these experiments mainly to ensure a simple driving condition i.e. to 
avoid complications due to various influencing factors that exist in real road networks.  
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Figure 1. Schematic Layout of the Test Track 

 
 
Two types of experiments were conducted in the test track: first transition section experiments 
emulating driving conditions in the vicinity of entry and exit of curves and second, 
intersection experiments emulating interrupted driving conditions at intersections. In the 
former case, the leader driver was required to adjust the speed to enter/leave the curve section 
safely and comfortably. The approach speed before entering curve and the target speed after 
departing curve were instructed in advance only to the lead vehicle driver. The speed of 20, 
40, 60, and 80 km/h was specified. The follower drivers were required to follow the preceding 
vehicle without knowing the driving conditions.  
 
While in the later case, four intersection points (I.P.) were installed along the straight section 
of the track as shown in Figure 1. The intersections were supplied with necessary traffic 
signal devices. In this case also, four stopping distances (20, 30, 40 and 100 m) were tested 
randomly, without letting the follower drivers know about it. The stopping distance can be 
defined as the distance of the lead vehicle from the stop line at intersection at a time when the 
traffic signal turns to red. The approach and departure speeds at intersection were specified as 
20, 30, and 40 km/h. Quite same as the curved section experiments, only the leader driver was 
informed about the driving conditions in advance. Table 2 summarizes the number of datasets 
used to calibrate the driving models, GM, DM, and MM, for each experiment. 
 

Table 2.  Number of Datasets for Each Experiment and Each Vehicle 
 

Decelerating Datasets Accelerating Datasets 
Transition section 
(Straight to Curve) 12 Transition section 

(Curve to Straight) 12 

Approach at 
Intersection 28 Departure at 

Intersection 28 

 
 
The lead driver was an experienced driver around 50 years old, while the followers were 
young college students at their 20’s to 30’s. The drivers were arranged in platoon in a specific 
order pattern. 
 
3.2 Data Processing 
The spacing data were computed from the position measurements, while relative speed and 
acceleration data were computed from speed measurements. For computation of acceleration 
data, several polynomials were tested to find the best fitted one to avoid high frequency noise 
caused by numerical differentiation of speed measurements. For the details of this technique, 
please refer Suzuki et al. (2003). Gurushinghe et al. (2003) have confirmed the accuracy of 
these measurements comparing spacing, speed and acceleration data with those computed 
from the measurements taken by distance meter, speedometer and accelerometer during the 
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same experiment.  
 
For the model development, the time period during accelerating/decelerating operations were 
extracted separately from the original measurement data. In case of curve transition section, 
we used the data for 3 seconds before and after entering the curve, respectively. In case of 
intersection, we used the data for 6 seconds while decelerating/accelerating. 
 
 
4. NUMERICAL RESULTS 
 
4.1 Model Overviews 
As mentioned earlier, the parameters of each model were identified for every data set of each 
driving pattern. As an example, the regression coefficients and its t-values for vehicle G02 
approaching toward a curve are presented in Table 3. We can see that the regression models 
take negative coefficient for both acceleration and speed while they take positive value for 
relative speed, space headway, and distance. Those results are reasonable because they meet 
well intuitive understanding. Of course, this is not always true because the t-values fluctuate 
in a wide range. 
    
As shown in Table 3, in DM1 and MM1 models, the t-values for speed and spacing terms are 
fairly large. Particularly for the DM1 model, these values are much larger than those for 
acceleration and distance terms. As mentioned earlier, those terms are potentially included 
also in car-following model. That is, the common terms in both car-following and driver 
models worked well in describing the driving behavior at the transition section. More 
importantly, it is worth noting that the terms specific to the driver model, distance term in 
both DM1 and MM1 models, also contribute to the improvement, particularly in DM1 model. 
Similar tendencies were found in regression analyses for other cases, including the 
decelerating states at intersection approaches. This suggests that the combination model MM1 
shall be effective in representing decelerating behavior at curves and intersections. The RMSE 
(Root Mean Squared Error) and R2 values estimated through the regression analyses will be 
used later as performance indices to assess how well these models fit with the measurement 
data sets. 
 
 

Table 3. Results of Regression Analysis for the Vehicle G02 Approaching Curve Section 
 

GM DM1 MM1 
 Regression 

coefficient t-value Regression 
coefficient t-value Regression 

coefficient t-value 

V∆ (m/sec): 
Relative speed 0.125 10.76   0.098 10.00 

a (m/sec2): 
Acceleration   -1.372 7.57 -0.807 6.55 

V (m/sec): 
Speed   -0.152 14.47 -0.051 4.22 

h (m): Space 
headway   0.316 12.12 0.088 3.17 

d (m): 
Distance   0.492*10-3 4.71 0.124*10-3 1.70 
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4.2 Intrapersonal Variations 
The driving behavior generally varies from driver to driver. That is, it is expected that the 
nature of each driver has dominant effects on driving characteristics. As indicated by 
Ranjitkar (2003, 2004), this tendency can be found also in the car-following data measured in 
the straight sections on the test track. Prior to the comparative analyses, these interpersonal 
variations should be assessed for their influence on the performances of the models. Figure 2 
exhibits the RMSE of each model for a specific driving pattern at intersections. The number 
in G** indicates the position of vehicle in a platoon. The first figure (a) is for decelerating 
condition, while the second (b) is for accelerating condition. We can see some interpersonal 
variations in these figures. For example, the RMSE of G10 driver is almost double as the one 
of G03 or G04 driver. But, it should be noted that these variations are consistent among the 
models. The RMSE values for DM1 and DM2 models are always larger than those for MM1 
and MM2 models respectively without any exception. This indicates that the position in a 
platoon does not affect the comparative performances of those models. In addition, it was 
found that the driving patterns have little influence on the consistency among the models 
(though all the results are not presented here). The R2 values also had the same tendencies as 
the RMSE values.  Accordingly, the RMSE and R2 values averaged over all drivers and 
driving patterns are equally meaningful to represent the performances of the models. 
 

(a) Decelerating at Intersection 

(b) Accelerating at Intersection 
 

Figure 2. Intrapersonal Effect on RMSE 
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4.3 Model Comparison 
The RMSE and R2 values were estimated over all drivers and driving patterns and analyzed 
separately for decelerating and accelerating conditions.     
 
1) Decelerating State 
The RMSE and R2 values for each model were estimated using the data measured at the 
intersection approaches and the entry portions of curved sections. Figure 3 (a) exhibits the 
RMSE values for each model. It should be noted that the errors of the GM model are much 
larger than those for other models. This indicates that the GM model cannot accurately 
represent the driving behavior while approaching towards intersections or entry portions of 
curved section. Particularly for approach to intersections, the RMSE value is much larger for 
the GM model compared with other models. This suggests that the variables used in the driver 
models work well in describing the driving behavior at intersections and curves. Among these 
models, the RMSE values for the MM1 model are smaller than others. The combination of 
car-following model and driver model should have contributed to these improvements. Figure 
3 (b) depicts the R2 values for each model. It exceeds 0.9 for the MM1 model, while the same 
is less than 0.6 for the GM model. 

 

(a) RMSE Values 

 (b) R2 Values 
 

Figure 3. Mean of RMSE and R2 in Decelerating States 
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2) Accelerating State 
The features in accelerating states at the intersections and curve transition sections are quite 
similar to those in decelerating states. Figure 4 shows the RMSE and R2 values estimated for 
each model in accelerating states i.e. departing from curves and intersections. In the first 
figure (a), the RMSE values for the DM2 and MM2 models are much smaller than those for 
the GM. In the later Figure 4 (b), the R2 values are high enough for the DM2 and MM2 
models. So far, very few driver models have been proposed to represent the driving behavior 
while accelerating. These results support the hypothesis that drivers have some feedback 
circuit to adjust their acceleration by detecting the preceding speed and acceleration. In other 
words, the car-following model is not enough to describe accurately the vehicular movements 
not only in decelerating states but also in accelerating states. 

 
(a) RMSE Values 

 (b) R2 Values 
 

Figure 4. Mean of RMSE and R2 in Accelerating States 
 
4.4 Model Validity 
In order to justify quantitatively what we had in Figures 3 and 4, we conducted a series of 
statistical tests among these models; t-test to examine the difference in the mean of RMSE 
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states, respectively. In each table, the upper right triangle presents the t-values, while the 
lower left triangle presents the F-values. It should be noted that the t-values are larger than the 
corresponding t-critical value, which is 2.31 for 5% significance in this case, in all cases 
without any exception. That is, we can claim that the RMSE values are statistically different 
among the models. In other words, the MM1 and MM2 models are the most successfully in 
describing the decelerating and accelerating behavior at intersections and transition sections. 
On the other hand, some F-values are not so large, particularly between DM and MM models. 
Considering the fact that the difference in t-values is also comparatively small between them, 
the DM models work well as the MM models in some cases. As shown in Table 4 (2), the 
results of t-test and F-test for R2 values are quite similar to those for RMSE values. 
Consequently we can claim that the availability of GM model is low compared with DM and 
MM models.   
 
 

Table 4. Results of t-Test and F-Test for RMSE Values  
(t-crit.(5%):2.31, F-crit.(5%):3.44) 

 
(a) RMSE Values 

Decelerating at Transition section 
(Straight to Curve) 

 Accelerating at Transition section 
(Curve to Straight) 

 GM DM1 MM1   GM DM2 MM2 
GM  8.65  15.55   GM  6.68  7.95  

DM1 2.26   4.88   DM2 26.03   6.25  
MM1 3.70  1.64    MM2 47.71  1.83   

         
Approach at Intersection  Departure at Intersection 

 GM DM1 MM1   GM DM2 MM2 
GM  4.16  5.59   GM  9.93  10.47  

DM1 14.04   5.93   DM2 4.57   5.90  
MM1 73.05  5.20    MM2 7.72  1.69   

   
 

(b) R2 Values 
Decelerating at Transition section 

(Straight to Curve) 
 Accelerating at Transition section 

(Curve to Straight) 
 GM DM1 MM1   GM DM2 MM2 

GM  35.98 21.87  GM  7.84 11.90 
DM1 1.29  4.53  DM2 3.45  5.26 
MM1 3.53 4.57   MM2 11.30 3.27  

         
Approach at Intersection  Departure at Intersection 

 GM DM1 MM1   GM DM2 MM2 
GM  6.92 14.45  GM  14.47 17.44 

DM1 1.72  3.66  DM2 1.85  5.89 
MM1 7.56 13.00   MM2 6.68 3.60  

   
 
 
5. CONCLUSIONS 
 
Traffic simulation models play an important role in traffic analyses. In describing vehicular 
behavior along straight sections, most of the previous models are based on a car-following 
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concept ignoring the possible impacts of curves or stops at intersections, where drivers are 
used to operate vehicles based on a feedback process. That is, they iteratively adjust their 
speed so as to enter curve safely and comfortably or so as to stop exactly at stop line. 
Although a lot of driver models have been proposed so far, very few are combined with a car-
following model to describe driving behavior at curve section or intersections more 
accurately.  
 
Real Time Kinematic (RTK) GPS technology made it possible to acquire position and speed 
of vehicles with high accuracy, particularly at curved sections. In order to investigate the 
influence of curves and intersections on driving behavior, extensive car-following 
experiments were conducted in a test track, using RTK GPS receivers. 
 
Three types of traffic model are examined: 1) GM model: a car-following model based on 
General Motors’ concept, 2) DM model: a driver model based on a feedback concept, and 3) 
MM model: a mixed model combining both GM and DM concepts. The driving behavior 
while decelerating/accelerating at transition sections of curve and intersections were 
investigated in a comparative manner. Major findings are summarized as follows: 
• GM model was not enough to represent driving behavior at intersections and transition 

sections at curve. 
• In comparison of DM model with MM model, MM was some more accurate than DM in 

almost cases. The relative speed term introduced into the MM model contribute to the 
improvement. 

• The terms specific to the driver model, distance and acceleration terms included in both 
DM and MM models, was also effective in improving the model precision. 

• In accelerating states, a hypothesis that drivers have a certain preferred acceleration was 
justified. 

• The intrapersonal nature of driver did not affect the performance of traffic models. 
 
The discussion here only include Chandler model, a simple car-following model for validate 
of the proposed models. Some other car-following models shall also be included in the future 
extension of this study. Further more, to improve the diver models’ performance, further 
investigations are recommended on the explanation variables that affects driving behavior in 
the special circumstances discussed in this paper. In this analysis, we adopted RMSE and R2 
values as indicators. But, it is recommended to consider different indicators to evaluate 
models more specifically to a certain driving pattern. 
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