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ABSTRACT 

The simulation of vehicle dynamics has a wide array of applications in the development of vehicle tech-
nologies. This study deals with the methodological aspect of the problem of assessing the validity of a 
simulation using double lane change maneuver as the experimental data source. The maneuver time histo-
ry is analyzed. Problems in handling the obtained measurements and possibilities to assess the maneuver 
are examined. Techniques to split and align the data are presented and compared. Methodologies to han-
dle the experimental and simulation data are introduced. The presented methods can be utilized in order to 
achieve more time and cost efficient simulation projects with increased model confidence. 

1 INTRODUCTION 

Computer simulation models are utilized in nearly every research and product development process in au-
tomotive industry. One of these utilization fields is prediction of the dynamic response of existing or pro-
posed vehicle designs. The simulation of vehicle dynamics has a wide array of applications in the devel-
opment of vehicle technologies, i.e. active suspensions, chassis design, controller design, driver assistance 
systems, development of simulators for ergonomics research, etc. Although simulation environments, 
measurement tools and mathematical theories on vehicle dynamics are well established, the methodical 
link between the experimental test data and validity analysis of the simulation model is still lacking. 

Comparing the results of the simulation models against that of the real world measurements, be it 
long term measurements on public roads to determine tire wear (Braghin et al. 2006) or execution of 
standardized maneuvers on proving grounds (Allen et al. 1992; Ozan et al. 2010), is the standard applica-
tion for validation of vehicle dynamics simulations. The maneuvers that are utilized in these experiments 
are usually the same maneuvers that are used to assess the dynamic properties of vehicle designs. The dif-
ference in validation studies is that the design in question is not the vehicle but the simulation model. 

According to the scope of application, these maneuvers can be classified in two groups, fundamental 
maneuvers and purpose dependent maneuvers. The fundamental maneuvers are used to determine the 
main dynamical characteristics of the vehicle in time and frequency domain for steady state, transient, pe-
riodical and stochastic responses. Steady state cornering (ISO 2004), step response and sine sweep ma-
neuvers (ISO 2003) are such examples. These manuvers are the maneuvers which clearly exhibit general 
dynamic characteristics of a vehicle, and are economically feasible, experimentally repeatable and conse-
quentially comparable, but nonetheless in real life nonexistent. On the other hand, the purpose dependent 
maneuvers approximate a real life maneuver family. Power-off reaction of a vehicle in a turn (ISO 2006) 
is an example to this class of maneuvers. 

Double lane change maneuver is one such maneuver. It approximates an emergency maneuver case 
where the vehicle must be steered to the adjacent lane and back. During such a maneuver an understeer-
ing, or oversteering, or even a rollover situation can occur.  
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This study deals with the methodological aspect of the problem of assessing the validity of a simula-

tion using double lane change maneuver as the experimental data source. The maneuver time history is 
analyzed. Problems in handling the obtained measurements and possibilities to assess the maneuver are 
examined. Techniques to split and align the data are presented and compared. Methodologies to handle 
the experimental and simulation data are introduced. The presented methods can be utilized in order to 
achieve more time and cost efficient simulation projects with increased model confidence. 

2 ANALYSIS OF THE MANEUVER 

2.1 Double Lane Change Maneuver 

Double lane change maneuver approximates the behavior of a vehicle in the case where the driver needs 
to quickly switch from one lane to the other and back in the face of an emergency. During the maneuver 
the vehicle might understeer due to saturation tire forces in the front axle, or oversteer, especially during 
the counter steering phase, or even roll over because of the high lateral acceleration involved which occa-
sionally happens with the vehicles with relatively higher center of gravity. The maneuver generally 
demonstrates the agility and capabilities of the vehicle in lateral dynamics. 
 Before ISO-3888 (ISO 1999) was issued; emergency lane change maneuver used to be simulated us-
ing an open loop sine steering input of one period length (ISO 1979; Winkler, Nisonger and Ervin 1978). 
The amplitude of the wave affected the maximum lateral acceleration during the maneuver and decided 
the severity of the maneuver, typically ranging between 0.4 Hz and 1 Hz (ISO 1999, Heydinger et al. 
1990). Typical metrics that were measured using this maneuver are: 

 
 Time lags for the first and second half waves of the maneuver (using cross correlation) 
 Ratio of the time lags 
 Maximum output to maximum input ratios for half waves 
 Ratio of the maximum output to maximum input ratios for half waves 

 
 These metrics are computed separately for each experimental run and then mean values and standard 
deviations are calculated. The state of the art standard used to simulate an emergency lane change is ISO-
3888/1. In this document, only test track is defined. That means the resulting maneuver is a closed loop 
maneuver, in which the test driver tries to follow the test track, contrary to its proposed forerunners which 
define only the shape of the steering input regardless of the track. 

2.2 Data Splitting 

The general time history of an emergency lane change maneuver, executed at 80 km/h on a test track de-
fined according to ISO-3888/1 shows that the trend of the input steering wheel angle is comprised of two 
distinct wave like motions: the first one is from when the vehicle leaves its original lane to when the vehi-
cle reaches the second lane; the second one is from when the vehicle leaves the second lane to when the 
vehicle returns to its original lane.  
 Assuming that the velocity is held constant (depending on the aim of the experiment, speed drop can 
also be counted among possible performance metrics) the frequency and amplitude of these two motions 
should be very similar. However depending on the selected velocity value, the portion in the middle 
shows different characteristics as can be seen in Figure 1. Nevertheless, just like the open loop single sine 
input case, the time histories can be investigated in two portions. 
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Figure 1: Time histories of double lane change maneuver for different test speeds 

Depending on the test conditions (road, tire, vehicle type) and vehicle speed, the steering wheel angle can: 
 
a. Reach a steady state in the middle portion of the maneuver (Figure 2). 
b. Reach a local extremum in the middle portion of the maneuver (Figure 3). 
c. Reach multiple local extrema in the middle portion of the maneuver, when the vehicle is in the 

second lane (Figure 4). 

Figure 2: Double lane change maneuver with steady state in the mid-portion 

According to these possibilities one can define the midpoint(s) relatively as: 
 
a. Start and end of the steady state region, starting point being the end time for the first portion and 

end point being the start time for the second portion (Figure 2). 
b. Where the single local extremum occurs (Figure 3). 
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c. The first and the last local extremum, first being the end time for the first portion and last being 

the start time for the second portion (Figure 4). 

Figure 3: Double lane change maneuver with single local extremum in the mid-portion 

Figure 4: Double lane change maneuver with multiple local extrema in the mid-portion 

 All these three techniques are dependent on the conditions in the middle portion of the maneuver and 
the definition of the reference point(s) requires an experiment dependent approach. On the other hand on-
ly the number of experiment to experiment consistent characteristics is limited: entry straight driving, first 
sine-like input (with two extrema), second sine-like input (with two extrema) and exit straight line driv-
ing. Since the exit of the maneuver includes stabilizing the vehicle as the vehicle enters the exit lane, the 
entry straight driving is the only objective and experiment independent steady state property. Thus, if the 
reference point in the middle portion can be defined using this characteristic value together with one or 
more of the other experiment independent characteristic points, an objective and experiment independent 
definition of a reference point for data splitting can be reached. 
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 The proposed method to define the reference point requires three of the aforementioned characteristic 
values (Figure 5): steady state entry steering wheel angle (A), the last extremum of the steering wheel an-
gle before the middle portion (B), the first extremum of the steering wheel angle after the middle portion 
(C). 

 
 50% descend time of the first input wave is defined using (A) and (B). This is the time when the 

steering angle reaches mean value of (A) and (B) before the intermediate portion. 
 50% ascend time of the second wave is defined using (A) and (C). This is the time when the 

steering angle reaches mean value of (A) and (C) after the intermediate portion. 
 The mean value of these two time values is defined as the reference point to split the data.  

Figure 5: Definition of the reference point for data splitting 

 Such a definition of reference value makes use of the experimental independent characteristic values 
and is more robust than the previously mentioned techniques. 
Once the reference point is defined to split the data the following metrics can be defined: 
 

 Overall lag 
 Lags, and ratio of the lags for two portions of the data 
 Ratios of maximum outputs and inputs, and the ratio of ratios. 

2.3 Data Alignment 

The question to be examined in this section is, when comparing the results of a closed loop maneuver 
with the results of a simulation model, is it enough to define and calculate metrics for each test run; or is it 
needed to devise a methodology to align the time histories of the experimental data? 
 Aligning the data is not needed to define and calculate performance metrics for separate test cases, 
but aligning the outputs of different test runs can be utilized to statistically generate an experimental data 
zone by calculating the mean values and standard deviations (and thus the confidence intervals) of differ-
ent test runs at each time step. This experimental data zone can be used to check if the time histories of 
the simulation outputs remain inside them, which is previously proposed as a validity criterion (Heyding-
er 1990).  
 In order to align the data, a reference point is needed for each part of the split data. For example, in a 
step response experiment, the time point at which the steering wheel angle reaches 50 % of its final value 

7 8 9 10 11 12 13
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

Time [s]

S
te

e
ri

n
g

 W
h

e
e

l 
A

n
g

le
 [

ra
d

]

ISO-3888/1 Maneuver with Steady State in the Mid-Portion

Mid Point

50 % Points

(A) Entry Steady State

(C) Post 
Intermediate Maximum

(B) Pre 
Intermediate Extremum

3184



Kutluay and Winner 
 

can be used to define relevant time domain performance metrics and to align different test results (ISO 
2003). In the double lane change maneuver, the steering wheel angle does not reach the steady state ex-
cept at the start and the end of the maneuver (although a steady state can possibly exist in the middle por-
tion depending on the test conditions, i.e. low speed, different track dimensions, different vehicle). 
 As mentioned above, a midpoint needs to be defined in order to split the data for cross-correlation 
analysis. Thus, instead of seeking a general reference point to align the whole time history, it is more log-
ical to find two reference points for the former and latter portions of the data and analyze these portions 
separately. 
 This reference points can be defined as: 

a. Time at which the steering wheel angle reaches 50 % of its first maximum value for the first por-
tion, and mean value between the entry steady state value and the first extremum after the mid-
point for the second portion (Figure 6). In the first portion, this point is between the steady state 
value attained at the entrance area of the track and the first maximum of the steering wheel angle. 
In the second portion, this point is between end of the transition region and the consequent extre-
mum of the steering wheel angle that is attained as the vehicle leaves the middle lane towards the 
exit area of the track. This approach is similar to the alignment method of the step input maneuver 
(ISO 2003). 

 

Figure 6: Definition of reference points according to (a) 

b. Time at which the steering wheel angle reaches the mean value of the first and second extrema 
for the first portion, and the last and second to last extrema for the second portion. In this case, 
different from (a), the metrics should be defined using the time differences on either side of the 
reference points (Figure 7). 

 
 Once the data alignment is completed, confidence intervals and other performance metrics, such as 
the time coordinates of the maximums with respect to the reference times can be defined. 
It should be noted that, another, and considerably simpler, approach would be, instead of taking two sepa-
rate portions to define the experimental data zone, simply use the first reference point defined in (a) in or-
der to analyze the whole time history.  
 The opinion of the author of this document is that the maneuver has two distinct portions. The first 
portion of the maneuver is independent of the second portion, and the second portion of the maneuver is 
not a natural extension of the first maneuver, like the second half period of a sine, but a consecutive and 
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similar maneuver with its own characteristics. Because of these properties, the maneuver should be ana-
lyzed in two portions. 
 It should also be noted that, the two portions are connected in the manner that the second one is exe-
cuted immediately after the first one and because of this; the initial conditions of two portions are differ-
ent. The resulting dynamics from the first portion propagate into the second portion, whereas the first por-
tion starts from a steady state straight line driving condition. 

Figure 7: Definition of reference points according to (b) 

3 DATA HANDLING METHODOLOGY 

In this section the methodologies to handle the experimental and simulation data are presented. Once 
“enough” number of test maneuvers are performed and experimental data are collected, the recorded input 
time history is used to run the simulations. The response of the real system as well as the output of the 
simulations need to be handled, i.e. split and aligned, in order to be able to perform further statistical 
analysis. 

3.1 Experimental Data 

The techniques to split and align the data and the possible metrics to be regarded are presented in the se-
cond chapter. The proposed methodology, Figure 8 , can be summarized as: 
 

 Calculating the overall lag 
 Defining the midpoint and splitting the data 
 Lags, and ratio of the lags for two portions of the data 
 Ratios of maximum outputs and inputs, and the ratio of ratios 
 Defining reference points for data alignment 
 Calculating other metrics, average outputs and confidence  
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Figure 8: Flow diagram of the experimental data handling method 

3.2 Simulation Data 

The simulations are run using the experimentally measured input data. The start and end conditions of the 
input data is defined using the steady state criterion. Each experimental run is analyzed using a previously 
written MATLAB® function to find out the regions in which the signal is steady state.  
 In simulation data handling, there are three possible paths to follow, depending on if the experimental 
inputs are first reduced to an averaged simulation input and if the data analysis is performed using one in-
terval, or two intervals. A summary of these paths are shown in Figure 9. 
 

 
Figure 9: Summary of simulation data handling methods 

3.2.1 Averaged Input Case 

The experimental inputs can be aligned and averaged to obtain an average input time history which yields 
one simulation time history. This simulation time history is not the average of individual simulations, but 
the result of a simulation run by using the average time history of the measured input signals. The order of 
operations in this case is: 
 

 Aligning and averaging the inputs and running the simulation 
 Calculating overall lag and other metrics 
 Defining the midpoint and splitting the data 
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 Calculating lags, and ratio of the lags for two portions of the data 
 Ratios of maximum outputs and inputs, and the ratio of ratios 

 
 Figure 10 shows the flow diagram of for this case. This method is appropriate for complex simulation 
models for which performing only one simulation is more feasible than processing each experimental in-
put one at a time. The other option is running simulations separately for each experimental measurement 
and then handling the data. These options are explored in the following two sections. 

Figure 10: Simulation data handling method for averaged input case 

3.2.2 Averaged Output One Interval Case 

This case, demonstrated in Figure 11)  explores the possibility to perform a simulation for each maneuver 
measurement and then averaging the outputs and assessing the metrics using one reference point for 
alignment. 

Figure 11: Simulation data handling method for averaged output one interval case 

Steps in this case are: 
 Defining the reference point for each data set 
 Averaging the data sets 
 Calculating overall lag and other metrics 
 Defining the midpoint and splitting the data 
 Calculating lags, and ratio of the lags for two portions of the data 
 Ratios of maximum outputs and inputs, and the ratio of ratios 
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3.2.3 Averaged Output Two Intervals Case 

In this case the simulation is performed for each maneuver measurement and then the outputs are aver-
aged. Assessment of the metrics is done using two reference point for alignment. The proposed method-
ology, Figure 12, can be summarized as:: 
 

 Calculating the overall lag for each case 
 Defining the midpoint and splitting the data for each data set 
 Calculating Lags, and ratio of the lags for two portions of each of the data sets 
 Ratios of maximum outputs and inputs, and the ratio of ratios of each of the data sets and then av-

eraging 
 Defining the reference points for data alignment and averaging 
 Lags, and ratio of the lags for two portions (optional) 
 Ratios of maximum outputs and inputs, and the ratio of ratios (optional) 

Figure 12: Simulation data handling method for averaged output two intervals case 

 The first of these methods should only be followed if the simulation model is very complex or run-
ning separate simulations for each experiment is not feasible due to required workload, time or costs. Of 
the latter two methods, which are compared in Figure 13, the two interval method captures the two dis-
tinct portions of the maneuver and provides more comparable and better defined metrics. Table 1 presents 
the average of measured steering wheel angle magnitudes and temporal coordinates at the third and the 
fourth extrema for the data sets shown in Figure 13. 

Table 1: Temporal and spatial coordinates of the third and fourth extrema, calculated with the one and 
two interval approaches 

Average Steering 
Wheel Angle 

Third Extremum Fourth Extremum 

One Interval
Two Inter-

vals One Interval
Two Inter-

vals 

Time [s] 0.2 0.3 1.35 1.55 

Amplitude [rad] 2.086 2.237 -1.689 -1.862 
 
When Figure 13 is examined, it is seen that the lowest steering wheel angle amplitude is 2.15 radians 

for the third extremum, and -1.75 radians for the fourth extremum. Comparing these figures with Table 1, 
it is clear that one interval approach performs poorly in aligning the input signal in the second part of the 
maneuver. Averaged steering wheel angle signals for one interval and two intervals cases are presented in 
Figure 14. 
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Figure 13: Comparison of one interval and two intervals approaches 

Figure 14: Average Steering Wheel Angles 

4 CONCLUSION 

This document presents a methodology to assess the experimental and simulated data of the ISO-3888/1 
double lane change maneuver for validation of validation dynamics simulation models. Different ap-
proaches to assess the data and define the reference points are presented. Possible methods to define the 
analysis intervals and determine the reference points are explained and discussed. A method to process 
the experimental data and three methods to process the simulation data are introduced. 
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 As mentioned above, the opinion of the authors is that the maneuver has two distinct portions. In the 
one portion approach, the discrepancy between different experiments tends to be higher than the two por-
tion approach in the second part of the maneuver, as clearly demonstrated in Figure 13. Moreover one in-
terval approach is shown to yield lower average amplitudes in the extrema than the original signals. 
Therefore it is more appropriate to use the approach with two portions which enables the analyst to isolate 
and assess the second part of the maneuver more effectively, although it has slightly more workload than 
its alternative, the single interval approach. 
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