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Summary 
 
The research leading to the results described in this report has received funding from the EU 
seventh framework programme, theme sustainable surface transport, under grant agreement 
n° 234019 (Project “Hybrid Commercial Vehicle”). TNO hereby reports on the results of tasks 
6110 (“Report concerning Drive Cycles”). 
 
Drive cycles are, either through simulation or physical testing, used to assess the 
performance of vehicles such as fuel consumption and polluting emissions. The objective of 
this work is to develop drive cycles for specific vehicle classes that are, as described in the 
Description of Work, intended for vehicle validation of fuel consumption and emissions for 
heavy-duty hybrid applications. The purpose of these drive cycles is to be able to determine 
real-world emissions and fuel consumption using a relatively short test period.  
 
There are different cycles for engine dynamometer testing and chassis dynamometer testing. 
The focus in this document is on powertrain chassis dynamometer cycles. Engine 
dynamometer cycles are not part of this project.  
 
In task 6110 drive cycles were developed for specific vehicle classes based on measurement 
data from demonstrator vehicles, and other relevant sources (e.g. WHDC).  Although stylized 
cycles like SORT cycles for busses from the UITP are more practical and easier to drive, the 
general trend is to assess emissions and fuel consumption on more transient cycles, like the 
WHTC/WHVC cycle. These transient cycles should reflect real world fuel consumption and 
emissions better, and by using the measurement data from selected usage profiles, transient 
cycles can be created that contain accelerations / decelerations and speeds that are specific 
to a certain usage profile. Another consideration to use these transient cycles that represent 
a specific usage profile, is that the magnitude of the accelerations and decellerations have an 
impact on the hybrid performance (e.g. charge acceptance during regenerative braking), 
stylized cycles as e.g. SORT have constant accelerations and decelerations.  
However, according to the UITP, a SORT ‘hybrid charge sustaining’ test procedure will be 
available end 2014, whereafter a SORT for ‘charge depleting hybrid’ (plugin) and ‘pure 
electric’ will be published. Comparing the performance between these stylized SORT cycles 
and transient real-world might be interesting for future research. 
 
Characteristics of real-world driving that have a correlation with emissions and fuel 
consumption must also exist in the generated drive cycle of the targeted vehicle type. In this 
work, parameters which have a strong correlation with the energy consumption and 
emissions during real-world driving, are selected that represent these characteristics. The 
cycle parameters have been described in Weijer [1]. The parameters are: 

 Average speed 

 Relative Positive Acceleration (RPA) 

 Positive Kinetic Energy (PKE) 

 Relative Cubic Speed (RCS) 
 
The developed methodology used for the generation of a drive cycle which can be used for 
emission testing is the following. Real-world measurement data of the vehicle is processed 
by a stochastic (Markov) source whereafter new cycles of a required shortened timespan are 
generated. From these, one cycle is selected that has on average the least deviation of the 
parameters correlating with energy consumption and emissions (Average speed, RPA, PKE, 
etc.) in comparison with the complete set of real-world measurement data.  
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The data was collected from the three HCV demonstrator vehicles (SP6000) and is grouped 
in three usage profiles; “Hybrid city bus cycle”, “Urban hybrid distribution truck drive cycle”, 
and “Urban extra urban hybrid distribution truck cycle”. For each of these usage profiles a 
new representative cycle is generated, and are made available to the HCV consortium 
(milestone M6100.1). 
 
As these profiles are very application specific, TNO has created a method that automates the 
described procedure to automatically generate a drive cycle from real-world measurements.   
 
For each usage profile one driving cycle is generated, which are ultimately intended to be 
used in HCV Task 6140. 
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Nomenclature 
Term Description 

  Frontal area 

  Vehicle acceleration 

   Positive vehicle acceleration 

   Negative vehicle acceleration 

   Air drag coefficient 

ETC European Transient Cycle 

      Force due to rolling resistance 

FIGE Forschungsinstitut Gerausche und Erschutterungen 

  Gravity 

GPS Global Positioning System 

HCV Hybrid Commercial Vehicle 

HD-UDDS Heavy-Duty Urban Dynamometer Driving Schedule 

  Vehicle mass 

NEDC New European Driving Cycle 

     Power required to overcome air drag 

      Power required to overcome rolling resistance 

PKE Positive Kinetic Energy 

R2 Ratio of the variation explained to the total variation 

RCS Relative Cubic Speed 

RPA Relative Positive Acceleration 

STDEV STandard DEViation 

  Distance covered 

  Vehicle speed 

 ̅ Average vehicle speed 

   Initial vehicle speed 

   Final vehicle speed 

VA-matrix Speed Acceleration matrix 

WHDC World Harmonized Duty Cycle 

WHTC World Harmonized Transient Cycle 

WHVC World Harmonized Vehicle Cycle 

  Air density 

Acronyms 
Acronym Description 

GPRE Working party on pollution and energy 

TNO Toegepast Natuurwetenschappelijk Onderzoek 

UN ECE United Nations Economic Commission for Europe 
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1 Introduction 
 
Drive cycles are used typically as a standard way to assess performance in simulation (either 
during a design phase or other analysis phase), or in testing via dynamometer test cycle for 
determination of emissions or fuel consumption. The performance of various vehicles can be 
compared by testing on the same drive cycle thereby making tests reproducible. Light-duty 
vehicles (less than 3.5 tonnes) and heavy-duty vehicles (greater than 3.5 tonnes) generally 
use different drive cycles, with further specification of cycle dependent on heavy duty type 
(i.e. bus or truck). The choice of drive cycles are of critical importance during the simulation 
design phase, as well as the emissions/fuel consumption evaluation phase to ensure they 
are representative of the typical real world conditions. 
 
The differences between cycles can greatly influence the outcome of assessments. With the 
development of cleaner vehicles against more stringent emissions standards these 
differences become more significant for the outcomes of the tests. With older vehicles the 
emissions correlate well between steady engine load and speed. However, modern vehicles 
also respond strongly to the variations in load and speed (transients) and emissions and 
energy consumption may be influenced accordingly. 

Two types of chassis dynamometer drive cycles are currently most often used; stylized drive 
cycles and transient drive cycles. These stylized drive cycles involve relative long periods at 
constant speeds and rather constant accelerations and decelerations, of which the New 
European Driving Cycle (NEDC),  the Japanese 10-15 mode, and SORT cycles are 
examples. The first two mentioned cycles are used for emission certification of light-duty 
vehicles, the SORT cycles are used for busses. 

Transient driving cycles involve many changes of speed in time, representing the fluctuating 
speeds (micro transients) typical of real-world driving. Examples of heavy-duty transient drive 
cycles are the Japanese JE05 cycle and the Heavy-Duty Urban Dynamometer Driving 
Schedule (HD-UDDS) and the World Harmonized Vehicle Test Cycle (WHVC) for vehicle 
testing and the European Transient Cycle (ETC) and the WHTC (World Harmonized 
Transient Cycle) for engine testing. The advantages of transient drive cycles are that they 
can produce values for polluting emissions and fuel consumption that are representative for 
real-world emissions and fuel consumption. However, the disadvantages are difficulties with 
implementation on a chassis dynamometer and the related reproducibility.  

The reproducibility during test is however somewhat worse with transients cycles compared 
to the more stylized modal cycles, particularly where human operators are used to reproduce 
the cycle: Drivers introduce deviations from the intended drive cycle while trying to follow the 
profile. The degree to which drivers are able to follow the drive cycle also depends on the 
capabilities of the vehicle. 
 
Within this study, HCV drive cycles are developed for hybrid commercial vehicles, with the 
purpose of vehicle evaluation on fuel consumption and emissions. This is intended as 
evaluation method on vehicle or powertrain level as extension of the current standards on 
engine level. Hybrid commercial vehicles have complex drive train configurations which have 
to be validated as a whole in order to get valid results, comparable with the performance of 
the conventional drive train in use. Within this project drive cycles are developed for hybrid 
commercial vehicles with the purpose of vehicle validation on fuel consumption and 
emissions on vehicle or drive train level, as an extension to the current standards on engine 
level.  
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1.1 HCV Description of Work 

Below is a brief summary of the description of work for understanding the context and the 
scope of this report. This summary will only be limited to the scope of task 6110. 
 
Objective: To develop drive cycles based on specific applications.  
 
Description: Based on real-world vehicle measurements, data from demonstrator vehicles, 

and other relevant sources (e.g. WHTC), drive cycles will be developed for 
specific vehicle classes. These drive cycles are intended for vehicle validation 
of fuel consumption and emissions, with special consideration of heavy-duty 
hybrid applications. Where possible, cycles will be harmonized across vehicle 
applications and weight classes. Options such as alternative representation 
forms (other than v-t) will be investigated.  
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2 Drive cycles compared with real-world driving conditions 
For attempts to generate a single drive cycle or testing methodology and how well they 
represent reality in real-world driving is a matter of discussion. This is often caused by the 
differences in local geographic features and legislation. Even the mix of urban/rural and 
highway driving is different for vehicles, where the existing testing methodologies represent 
an average of vehicles. In the next sections, some aspects are briefly discussed that should 
be considered when comparing drive cycles with real world driving conditions.  

2.1 Vehicle usage 

The representativeness of drive cycles with respect to real-world vehicle usage is a point of 
discussion. Commercial vehicles are often used for a range of different purposes; each 
purpose has different vehicle usage and set of operational requirements. A long haul truck is 
being driven on the motorway for the majority of the time with very few stops; while a city bus 
is mainly being driven in an urban environment with frequent start-stops.  
 
Apart from the specific vehicle speed usage there are also local differences like: inclinations, 
wind, temperature, cargo mass etc. All these differences make it difficult to define one test 
cycle. 
 
With the development of cleaner vehicles against more stringent emission standards these 
differences become more significant for the outcomes of the tests. With older vehicles the 
emissions correlate well with engine load and speed. With modern vehicles exhaust 
temperature is also a significant parameter for the emissions. Therefore it is recommended to 
fit the test cycle with the vehicle usage. 

2.2 Driving behaviour 

Driving behaviour is known to have an impact on the fuel consumption and emissions [1]. 
However, this influence reduces with increasing vehicle weight, because of the decreasing 
power to weight ratio [1]. If there is enough data recorded from the demonstrator vehicles, 
the assumption is made that this data also contains the average driver behaviour for this type 
of vehicle; clearly as more recorded data is collected from other vehicles/drivers, the better 
the average assumption becomes. 

2.3 Local geographic features 

Apart from vehicle specific usage there are also local differences like road inclines, wind 
speeds, temperature and humidity conditions, air pressures, etc. By way of example, the air 
pressure is known to have a direct influence on engine operation and emissions, and 
temperature also has an influence on the efficiency of the after-treatment systems. This 
temperature effect is especially true during a low loaded combustion engine operation, for 
example when idling or when assisted by an electric engine, since the after-treatment will be 
heated less by the exhaust gases. With the development of cleaner vehicles the differences 
become more significant for the outcomes of the tests in relation to these environmental 
factors. 
 

2.4 Drivability compliance 

Generic drive cycles for commercial vehicle applications are typically based on the “average” 
commercial vehicle; where in the context of heavy-duty this can have a wide range of 
variance. This can generate drivability issues for vehicles with relatively low propulsion 
power, where the vehicle subject to the test is not capable of meeting the test drive cycle. As 
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such, not being able to test the vehicle according to the test cycle, because the vehicle is not 
able to achieve the required performance, will result in a failed test. Equally, for relatively 
highly powered vehicles the test cycle might not represent real-world driving behaviour. For 
commercial vehicles the available propulsion power limits the acceleration in real-world 
conditions. Additionally, the maximum speed will vary between vehicles and applications, 
depending on the use. 
 
For the reasons mentioned above it is expected that an application-specific generation of the 
reference test cycle for the typical vehicle usage will provide a more representative usage 
profile and therefore more representative performance results in terms of emissions and fuel 
use. 
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3 Drive cycle representations 
Drive cycles can be represented in different forms with each having advantages and 
disadvantages. In the following section, two principal drive cycle representations are 
presented. 

3.1 Speed versus time 

Speed over time is the common used representation of drive cycles. 
 
As mentioned in Section 2.4, the ability of the vehicle to meet a given drive cycle is an issue 
for vehicles with relative low propulsion power. For this project this condition was reduced as 
a potential issue, since recorded data used for each generated drive cycle was provided from 
the same vehicle specification. However, the generated drive cycles assume a vehicle 
payload, which may vary during operation; as such the conditions during which the real-world 
data is collected are considered as typical. Further investigation is needed to identify the 
impact on the representativeness if only worst case scenarios where measured.  
 
The inability to meet the cycle during test (drivability), results in a deviation between total 
driven distance and that described by the test cycle. If drivability problems occur within the 
test, a compensation would need to be made for any deviation. In this case, the driven 
distance can be different unless fully compensated, although the time period of the test will 
remain the same. 

3.2 Distance versus time 

Distance versus time is a representation of a drive cycle that uses distance instead of speed. 
This representation has no issues on driven distance since the driven distance is fixed, and 
has no fixed length in time for relative low propulsion powered vehicles.  
 
With low powered vehicles the actual distance requirements cannot always be achieved on 
every time step. When this occurs the length of the drive cycle will automatically increase in 
time to cover the complete distance. This uncertainty in drive cycle time results in a non-ideal 
test within the test facility, if time limitations of the test facility are exceeded. 
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4 Drive cycle development 
In this Section, the development of drive cycles for specific hybrid vehicle applications is 
described. This development process is such that recorded real-world driven data for chosen 
vehicle applications will be used to generate a time compressed, distance reduced drive 
cycles with similar characteristics as the recorded real-world cycle. 
 
Within D.6100.1 data was made available from demonstrator vehicles that were used across 
Europe to demonstrate both the current state-of-the-art in terms of vehicle technology, and 
the additional benefit in improved fuel economy of these vehicles. Depending on the usage of 
the vehicles, representative data sets were collected by the OEM’s and here used for the 
drive cycle generation. For city bus application with repetitive driving conditions (and auxiliary 
usage patterns) a limited data set could be sufficient, while for a distribution vehicle with non-
repeating driving patterns, a more extensive data set needs to be collected.  
 
In this section the process is described how this data is used to create drive cycles that are 
as representative of the real-life driving conditions as possible. ‘Representative’ in this case 
means that the generated drive cycle contains similar characteristics to the real-world 
measurement data that influence the emissions and fuel consumption. 
 
In the following subsections steps will be described to come to three cycles describing the 
usage profiles of the demonstrator vehicles. First the general approach and technique is 
discussed, whereafter different usage profiles of the demonstrator vehicles are identified. In 
the last two Sections the actual steps to generate a test cycle are discussed and the results 
of this work are presented. 

4.1 Drive cycle generation approach  

In [1] a drive cycle generation methodology is presented for conventional (non-hybrid) 
powertrains that makes use of a speed-acceleration matrix, which will be explained further in 
Section 4.4. Moreover, parameters have been shown in Weijer [1] that describe the 
characteristics of a real-world drive cycle that have a strong correlation with emissions and 
energy consumption. However, these parameters where not specifically chosen for hybrid 
powertrains, this work is therefore extended to hybrid powertrains. An additional parameter 
was required to be included for the cycle characteristics typical to hybrid vehicles, in order to 
account for deceleration characteristics that in turn will influence regenerative braking.  
 
Furthermore, a second set of parameters was investigated that have the potential for a better 
correlation with emissions and energy consumption according to Weijer [1]. Since the year in 
which Weijer’s study was written, data acquisition and computational power improved and 
enabled the use of more computationally demanding parameters for cycle generation and 
analysis. On statistical grounds included within this study, a choice is made between the two 
sets of parameters described to select the most representative drive cycle for each 
application. Validation of the generated cycles is performed in Task 6140. 
  
In section 4.5 the approach as mentioned above is further explained. 
 
Parallel to this project TNO is working on scientific vehicle models to distinguish the different 
elements that contribute to the energy consumption of the vehicle. Results from this project 
will be used to investigate the possibilities for implementing those elements in drive cycles. 
Due to this two-way approach a complete overview of all parameters can be provided in 
future research. 
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4.2 Cycle state description  

A commonly used representation of a drive cycle is speed versus time. This representation is 
also used for this project. This way the drive cycles from this project can easily be applied 
and compared with other drive cycles for conventional (non-hybrid) vehicles. 

4.3 Cycle length 

The optimum length of the drive cycle is not easy to specify as a suitable standard. With 
longer drive cycles the representation of real world behaviour via the recorded data could 
improve. Longer drive cycles result however in longer tests within testing facilities, adding 
expense to the testing process. The maximum test length within the most common laboratory 
test facilities while measuring emissions on the highest accuracy is 30 minutes (1800 
seconds). This length was also given as input from task 6100.3. The generated drive cycles 
have therefore been set to 1800 seconds.  

4.4 Usage profiles / vehicle applications 

Analysis of the provided data gives an insight in the actual vehicle usage of these vehicles. 
The vehicles can be compared with respect to usage profiles in speed and acceleration. This 
comparison resulted in three different drive cycles for this project. 
 
The identified usage profiles within HCV are:  
 

- City bus profile  
- Urban distribution profile 
- Urban-extra urban distribution profile  

 
In order to visualise and assess these differences in usage profiles of the different vehicles a 
speed-acceleration matrix (VA-matrix) is used. A VA-matrix is a grid with speed (horizontal) 
and acceleration (vertical) which is filled with the percentage of time every speed and 
acceleration combination is measured in the collected data of every vehicle. With this 
visualisation it is possible to see the differences between vehicle usages. The VA-matrices of 
the profiles are presented in Appendix C. 
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Figure 4-1 Drive cycles with different usage profile (right) and corresponding VA-matrices (left) 

 
Figure 4-1 shows two example VA-matrices of demonstrator vehicles. The lower VA-matrix is 
derived from the by the OEM provided data of a vehicle that is driven at higher speeds and 
associated accelerations and decelerations. The VA-matrix at the top is derived from a 
vehicle driven in an urban environment. An urban environment involves many changes in 
vehicle speed and lower average speed. 
 
Since many more usage profiles exist, a method is created in which the following procedure 
is implemented which quickly creates other drive cycles when measurement data is 
available.  

4.5 Cycle characterization 

In Weijer [1] it is stated that the best way to characterise a driving pattern is found to be the 
VA-matrix. However, there are some limitations to this approach: 

- Enough measurement data have to be present to fill a complete matrix sufficiently. 
- If with the measurement data a stochastic model is filled, this stochastic model can 

produce new, shorter cycles. Generating a short cycle however also introduces 
deviations in the cycle characteristics and therefore VA-matrix. 

- Stochastic models generate complete compressed cycles, but often no end speed-
constraint can be set. Afterwards the cycle have to be modified to create an end-
speed equal to the starting speed to conserve kinetic energy (Vstart =Vend), which alters 
the VA-matrix.  

 
In Weijer [1] a list of parameters is presented (Table A-1 and Table A-2 in Appendix A) that 
are derived from the mean energy equations for acceleration, air drag and rolling resistance, 
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and stripped from vehicle specific parameters. The following subsections provide an 
overview of a number of relevant parameters. 

4.5.1 Average speed 

The power required to overcome the rolling resistance is given by                   

where   is the vehicle mass and       the rolling resistance friction coefficient. 
 
Stripped of the vehicle specific parameters, and integrated over the cycle gives: 
 

 ̅  
 

 
∫   

 

 

 

 
where    is the vehicle speed,   the total distance travelled and   the total time of the drive. 
The unit of the average speed is [m/s]. 

4.5.2 Relative Positive Acceleration 

The Relative Positive Acceleration (RPA) is the average acceleration over the complete data 
while acceleration is positive, which represents the power that is needed to accelerate. 
 

    

 
 ∫

(    )  
 

 

 ̅
 
∫ (    )  
 

 

 
 

 

where    are the positive accelerations, and   the travelled distance. The unit of the RPA is 
[m/s2]. 

4.5.3 Positive Kinetic Energy 

The Positive Kinetic Energy (PKE) is the acceleration energy required in a certain driving 
pattern. The PKE is defined as 
 

    
∑(  

    
 )

 
 
  

  
   

 
The unit of the PKE is [m/s2]. 

4.5.4 Relative Cubic Speed 

Relative Cubic Speed (RCS) is related to the power needed for the air drag. The powered 

required to overcome the air drag is given by                  
  where   is the air 

density,    the air drag coefficient, and   the frontal area. 
 
Removing the vehicle specific parameters and integrating over the total test time yields the 
relative cubic speed. The relative cubic speed is defined as 
 

    

 
 ∫     

 

 

 ̅
 
∫     
 

 

 
 

 
and its unit is [m2/s2]. 
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4.5.5 Verification of the tables  

In [1] an empirical representativeness analysis (correlation between the respective cycle 
parameters and the energy use) was performed on 500 different cycles for all previous 
mentioned parameters. The results of this analysis is presented in Table A-1 and Table A-2 
in Appendix A, where in Table 4-1 the results of the representativeness for sets of 
parameters is shown. In Table A-3, Appendix A lists the correlation between the parameters 
and the emissions in R2. 
 
Table 4-1 Representativeness of different parameter sets for required driving energy [kWh/km]. R

2
 is 

defined as the coefficient of determination (ratio of the variation explained to the total variation) [1] 

Parameter  R
2
 for energy use 

RPA, RCS, average speed 0.994 
PKE, RCS, average speed 0.990 
RPA, average speed 0.989 
average speed, average running speed, PKE, stops per distance  0.985 
PKE, average speed 0.985 
average speed, average positive acceleration, STDEV(v), STDEV(a) 0.960 
average speed, average positive acceleration 0.943 
average speed, average running speed, % cycle time idling, stops per distance, STDEV(a)  0.933 
average speed, STDEV(v), STDEV(v*a) 0.919 
% cycle time idling, % accelerating, % decelerating, % cruising 0.897 
average speed, stops per distance 0.846 
average speed, STDEV(v) 0.808 

4.6 Procedure to generate a drive cycle 

The procedure to generate a representative drive cycle consists of the following main steps: 
1. Filtering of raw measurement data 
2. Measurement data in stochastic source 
3. Generation of a large set of cycles 
4. The generated cycles are edited such that the end speed is 0 km/h 
5. Optimal cycle selection 

 
The steps as defined above are explained in more detail in the following subsections. 

4.6.1 Filtering of raw measurement data  

Irregularities in the measured signal have a large influence on the VA-matrix and stochastic 
model as these non-existing speeds or accelerations will reoccur in the generated VA-matrix. 
Filtering of the data from the demonstrator vehicles was therefore necessary. In Figure 4-2 
the raw and filtered speed signals are shown, where the speed itself is calculated from a 
GPS position signal. Large spikes are visible in this calculated speed, which would not 
completely be removed with just a low-pass filter; by just filtering with a low-pass filter the low 
frequency portion of the spike would still be in the signal.  
The first step in filtering the signal is therefore the identification of the spikes. For this a 
maximum acceleration for the demonstrator vehicles is defined. Accelerations in the speed-
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signal larger then this maximum acceleration are designated as “spikes”. The speed value of 
this spike is then replaced with an interpolated value of the neighbouring speed values. 
 

 
Figure 4-2 Vehicle speed data (left) and filtered vehicle speed data (right) [3] 

 
The second step is the filtering of the speed signal using a first order Butterworth filter to 
achieve a reduced noise content. 
 
Figure 4-2 shows that using a de-spiking process and a first order Butterworth filter results in 
an effective way to filter out the irregularities without loosing relevant information.  

4.6.2 Measurement data in stochastic source 

Statistics of speed and acceleration values are generated from the log data. The 
characteristics form the parameters of the stochastic source that will generate the drive 
cycles in the subsequent step. 

4.6.3 Generation of a large set of cycles 

A large set of cycles is generated using a model that contains a Markov source. However, 
the end point constraint for which the vehicle speed must hold cannot be guaranteed such 
that additional actions are required to meet this constraint. The needed actions are given in 
the following subsection. 
 
More information on this model can be found in the official end report of the project Evident 
as “Past Cycle Generator (PCG)”. Evident is a HTAS project that was running from 2009 to 
December 2011. The overall project leader was Ric Zwanenberg from the company Tomtom 
[4]. 

4.6.4 End speed correction 

Two different generated cycles are connected to each other to obtain a cycle with an end 
speed equal to the initial speed. Both cycles are generated using the Markov source, as was 
explained in section 4.6.3. For the second cycle the measurement data is inverted with 
respect to time. 
The second generated cycle (using the markov source) is therefore generated with inverted 
measurement data, and should be inverted again with respect to time. Connecting these two 
cycles leads to a cycle with an end speed equalling the initial speed. The actual connection 
of both cycles is performed at a point where the speed values of both cycles are identical 
while maintaining the requirement that the cycle length must be 1800s.  
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4.6.5 Optimal cycle selection 

As mentioned in section 4.5, deviations in cycle characteristics are practically unavoidable: 
the stochastic source generates a cycle that is limited to a duration of 1800 s and two cycles 
are combined to ensure that the end speed is 0 km/h. The effect of these differences in cycle 
characteristics on emissions and energy usage is not yet known and for that reason an 
additional step is taken to identify the impact of these differences in cycle characteristics on 
emissions and energy consumption. 
 
For this purpose the parameters as presented in section 4.5.5 are used. A set of parameters 
is selected and the cycle with the lowest average error of these parameters is chosen. This 
cycle is then considered as the best cycle for representing the energy usage and emissions 
of the real world measured cycle. 
 
The set of parameters which is considered to represent the real world to the best with regard 
to energy consumption is shown in section 4.5.5: RCS, RPA, and average speed. However, 
according to Table A-3 appendix A, the set with the best representativeness with real world 
cycles with respect to emitted emissions is; PKE, RCS and average speed. Both sets are 
therefore here combined to the set: PKE, RCS, RPA and average speed. 
 

4.7 Results 

The outcome of this work package is a set of three drive cycles: one for each usage profile. 
These drive cycles are presented in the following subsections, supported with the 
corresponding parameter values from the cycle selection, as described in the previous 
section.
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4.7.1 Hybrid city bus cycle 

In Figure 4-3 the results for the hybrid city bus cycle is presented. A maximum speed of 55.91 km/h can be seen, with a travelled distance of 
10.92 km in 1800 seconds. More details of this cycle and the parameters used to asses the representativeness can be found in Table 4-2. A 
comparison of this cycle with existing cycles is shown in Table 5-1. 
 

 
Figure 4-3 Speed profile of the hybrid city bus cycle 

 
Table 4-2 Parameters of the hybrid city bus cycle 
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Energy 
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Energy 
deceleration 
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2
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2
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2
] [m

2
/s

2
] [kWh] [kWh] 

Absolute value 21.83 0.24 -0.67 6342.51 114.52 12.31 -6.04 

Error with 
measured data [%] 

-0.42 -2.37 11.38 -1.64 -0.27 -0.32 -1.36 
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4.7.2 Urban hybrid distribution truck cycle 

In Figure 4-4 the results for the distribution truck cycle is presented. A maximum speed of 67 km/h can be seen, with a travelled distance of 
11.38 km in 1800 seconds. More details of this cycle and the parameters used to asses the representativeness can be found in Table 4-3. A 
comparison of this cycle with existing cycles is shown in Table 5-1. 
 

 
Figure 4-4 Speed profile of the urban hybrid distribution truck drive cycle 

Table 4-3 Parameters of the urban hybrid distribution truck cycle 

 
 

Average 
speed 

RPA 
Average 

deceleration 
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Energy 
acceleration 

Energy 
deceleration 

Unit [km/h] [m/s
2
] [m/s

2
] [m/s

2
] [m

2
/s

2
] [kWh] [kWh] 

Absolute value 22.76 0.21 -0.47 5529.58 162.29 11.64 -4.70 

Error with 
measured data [%] 

-2.39 1.13 -1.50 0.78 0.27 -2.87 -3.52 
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4.7.3 Urban extra urban hybrid distribution truck cycle 

In Figure 4-5 the results for the urban extra urban hybrid distribution truck cycle is presented. Next to a period with a maximum speed of 62 
km/h, a short period with a maximum speed of 84.6 km/h can be seen with in total a travelled distance of 10.35 km in 1800 seconds. More 
details of this cycle and the parameters used to asses the representativeness can be found in Table 4-4. A comparison of this cycle with 
existing cycles is shown in Table 5-1. 
 

 
Figure 4-5 Speed profile of the urban extra urban hybrid distribution truck cycle 

Table 4-4 Parameters of the urban extra urban hybrid distribution truck cycle 

 

Average 
speed 

RPA 
Average 

deceleration 
PKE RCS 

Energy 
acceleration 

Energy 
deceleration 

Unit [km/h] [m/s
2
] [m/s

2
] [m/s

2
] [m

2
/s

2
] [kWh] [kWh] 

Absolute value 20.70 0.17 -0.27 4346.02 251.69 8.68 -1.68 

Error with 
measured data [%] 

-3.02 -1.93 25.73 -1.96 -0.07 -11.64 -35.51 
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5 Existing Drive Cycles 
With the evolution of drive train configurations and stricter emission regulations accuracy 
requirements are increasing. Engine certification started with steady state testing, which 
evolved into transient engine testing. With the current state-of-the-art drivetrain 
configurations and strict emission regulation more specific tests are needed. There is a trend 
in developing specific test methods depending on vehicle usage. Real-world representative 
chassis testing is the next step in accuracy for testing for commercial vehicles. 

5.1 Comparison with current test cycles 

An overview of the main characteristics of test cycles used in type approval and the 
developed test cycles within this task is provided in Table 5-1. 
 
Table 5-1 Comparison of drive cycle characteristics 

Drive cycle 
Driving 

distance 
Maximum  

Speed 
Average 
 speed 

Duration Description 

 [km] [km/h] [km/h] [s]  

HCV Urban extra 
urban hybrid 
distribution truck 
cycle 

10.35 84.60 20.70 1800 
Chassis dynamometer test cycle 
for hybrid distribution trucks 

HCV Urban hybrid 
distribution truck 
cycle 

11.38 66.99 22.76 1800 
Chassis dynamometer test cycle 
for hybrid distribution trucks  

HCV Hybrid city bus 
cycle 

10.92 55.91 21.92 1800 
Chassis dynamometer test cycle 
for hybrid urban buses. 

European Transient 
cycle (ETC), 
simulated on chassis 
dynamometer.,FIGE 

29.5 Urban: 50 
Rural: 72 

Motorway:88 
1800 

Engine dynamometer test 
originating 
from vehicle loggings. 
The three different parts of the 
cycle includes urban, rural and 
motorway driving. 

World Harmonised 
Vehicle 
Cycle (WHVC), 
whole test cycle 

20.074 84.8 40.14 1800 

The chassis dynamometer 
version of the proposed World 
Harmonised Duty Cycle 
(WHDC) for testing of heavy-duty 
engines. 

JE05 13.89 88.0 26.94 1830 
Transient test based on Tokyo 
driving conditions, applicable to 
diesel and gasoline vehicles. 

Manhattan 3.31 40.48 10.92 1089 

Chassis dynamometer test for 
urban buses. The Manhattan 
cycle was developed based on 
actual observed driving patterns 
of urban transit buses in the 
Manhattan core of New York City 

5.2 European Transient Cycle 

The European Transient Cycle (ETC) was introduced in the year 2000 for emission 
legislation of heavy duty internal combustion engines. The speed profile of the ETC is 
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depicted in Figure 5-1. This test cycle has a length of 1800 seconds and is divided into three 
parts: urban, rural and motorway. The required engine speed and torque needed for the test 
bench are calculated with the use of the prescribed speed and vehicle parameters. 

 

Figure 5-1 European Transient Cycle 

The maximum speed of the very transient urban part is 50 kilometres per hour, and contains 
some stops. The rural part has compared to the urban part a higher maximum speed and 
fewer changes in vehicle speed. The speed changes are still significant. The motorway part 
consists of a more or less constant speed of 88 kilometres per hour. 
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5.3 World Harmonized Transient Cycle 

The World Harmonized Transient Cycle (WHTC) is a transient vehicle based cycle derived 
from the WHVC and is developed by the UN ECE GRPE. This drive cycle represents the 
typical usage from Europe, USA, Japan and Australia. Compared to the ETC, this drive cycle 
represents on average lower and more representative engine loads than the ETC. The speed 
profile of the WHTC is shown in Figure 5-2. 
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Figure 5-2 World Harmonized Vehicle Cycle (WHVC) 
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6 Effect of auxiliaries in the drive cycle 
The energy consumption of auxiliaries in commercial vehicles has increased over the years 
and became therefore more significant. This is especially true for some applications like city 
buses due to their air compressors, and air-conditioning of large passenger spaces. Including 
this energy consumption of auxiliaries in the test procedure increases the accuracy of the 
test when compared to real world energy consumption. 
 
The energy consumption of auxiliaries is however vehicle dependent. For example the 
energy consumption of an air conditioning unit of a city bus is not comparable to that of an air 
conditioning unit used in a distribution truck. The energy consumption of auxiliaries is 
furthermore very dependent on the conditions surrounding the vehicle. Temperature and 
infrastructure are two examples of ambient conditions which influence the energy 
consumption of auxiliaries. The energy consumption of the heaters and air conditioning is 
very dependent on ambient temperature and humidity, while the energy consumption of 
power steering is dependent on the total of bends in the driven routes. 
 
The total energy needed to power the auxiliaries is because of these reasons very variable 
and in some case not predictable. Converging this into a generic auxiliary energy 
consumption cycle is therefore considered out of scope for this task.  
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7 Conclusions 
The results of this task are a set of three HCV-drive cycles which represent the real-world 
usage profiles of three types of (hybrid) commercial vehicles, recorded from actual HCV 
demonstrator vehicles. This set of drive cycles is not intended to represent the usage profile 
of all (hybrid) commercial vehicles, as the differences between the different profiles are 
expected to be large. 
 
In general the usage profile of a commercial vehicle is based on the specific purpose and the 
location of the vehicle; and the variances between the usage profiles are significant. 
Therefore it will be probable that differences between testing performance and real world 
performance exists if only one drive cycle is used for the complete range of vehicles. An 
optimum has to be found between the number of drive cycles to test and the accuracy of the 
result in comparison with real world performance. 
 
It is expected that there are no major differences between the usage of a conventional 
commercial vehicle compared to the usage of a hybrid commercial vehicle. The usage of the 
vehicle is similar regardless of drive train configuration, when there are no constraints in 
vehicle performance. The benefit of special drive cycles for hybrid commercial vehicles are 
therefore debatable. However, the here developed cycles are specially assessed on 
characteristics that are important to hybrid vehicles, and are thefore expected to reflect real 
world performance better than existing cycles.  
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Appendix A – Cycle Characteristics 
Table A-1 List of cycle parameters [1,2] 
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Table A-2 Representativeness of parameter sets for required driving energy [kWh/km] [1] 

Parameter  Unit R
2
 for energy use 

PKE [m/s
2
] 0.955 

RPA [m/s
2
] 0.944 

(STDEV(v.a))/v [m/s
2
] 0.900 

Average deceleration a
-
 [m/s

2
] 0.897 

% Cycle time cruising [%] 0.883 

Average acceleration a
+
 [m/s

2
] 0.882 

STDEV(a) [m/s
2
] 0.802 

RMSACC [m/s
2
] 0.800 

% Cycle time idling [%] 0.787 

Stops per distance [-/km] 0.784 

Average speed v m/s 0.721 

RCS [m
2
/s

2
] 0.635 

Average running speed v [m/s] 0.602 

STDEV(v*a) [m
2
/s

3
] 0.575 

 
 

Table A-3 Representativeness of emission factors for different parameter sets [1] 

Parameter  R
2
 for emission factors 

 
NOx CO HC PM 

PKE, RCS, average speed 0.995 0.963 0.963 0.892 

RPA, RCS, average speed 0.995 0.962 0.963 0.892 

RPA, average speed 0.990 0.946 0.958 0.843 

average speed, average running speed, PKE, st./dist. 0.989 0.947 0.963 0.852 

PKE, average speed 0.989 0.941 0.958 0.835 

av. speed, av. pos. acceleration, STDEV(v), STDEV(a) 0.971 0.946 0.962 0.852 

average speed, average positive acceleration  0.957 0.928 0.959 0.828 

av. speed, av.runn. speed, % idling, st./dist.,STDEV(a) 0.948 0.926 0.961 0.826 

average speed, STDEV(v), STDEV(v.a) 0.920 0.926 0.956 0.814 

% cycle time idling, % acc., % dec., %  cruising 0.923 0.857 0.813 0.726 

average speed, stops per distance 0.864 0.872 0.955 0.754 
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Appendix B – Existing drive cycles 
Table B-1 Main characteristics of existing and HCV cycles 

Driving cycle 
Driving 

distance 
Maximum 

speed 
Average 
 speed 

Duration Description 

 [km] [km/h] [km/h] [s]  

HCV Urban hybrid 
distribution truck cycle 

10.35 84.60 20.70 1800 
Chassis dynamometer cycle 
for hybrid distribution trucks. 

HCV Urban extra 
urban hybrid 
distribution truck cycle 

11.38 67.99 23.32 1800 
Chassis dynamometer cycle 
for hybrid distribution trucks. 

HCV Hybrid city bus 
cycle 

10.92 55.91 21.92 1800 
Chassis dynamometer cycle 
for hybrid urban buses. 

ETC,simulated on 
chassis 
dynamometer,FIGE 

29.5 Urban: 50 
Rural: 72 

Motorway:88 
1800 

Engine dynamometer test 
originating from vehicle 
loggings. The ETC has 
sections for urban, rural and 
motorway driving. 

World Harmonised 
Vehicle 
Cycle (WHVC), 
whole test cycle 

20.074 84.8 40.14 1800 

The chassis dynamometer 
version of the proposed World 
Harmonised Duty Cycle 
(WHDC) for testing of heavy-
duty engines. 

WHVC urban 5.322 66.2 21.3 900 Urban part of the WHVC. 

WHVC rural 5.827 75.9 43.6 481 Rural part of the WHVC. 

WHVC motorway 8.926 87.8 76.7 419 
Motorway part of the WHVC. 
This cycle starts at a speed 
unequal to zero. 

WHVC rural 
and motorway 

14.752 87.8 59.0 900 
Motorway part of the WHVC. 
This cycle starts at a speed 
unequal to zero. 

JE05 13.89 88.0 26.94 1830 
Transient test based on Tokyo 
driving conditions, applicable 
to diesel and gasoline vehicles. 

Manhattan 3.31 40.48 10.92 1089 

Chassis dynamometer cycle 
for urban buses. The 
Manhattan cycle was 
developed based on observed 
driving patterns of urban transit 
buses in the Manhattan core of 
New York City. 
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Appendix C – VA Matrices of generated HCV cycles 
A VA matrix consists of a grid with speed-acceleration classes, where each class depicts the 
percentage of time every acceleration (vertical, with lower and upper bound of the class) and 
speed (horizontal) combination occurs in the cycle. 
 
he VA matrices of the generated cycles and measured data are depicted below with the 
following color scheme: 
 
Green : Share in class > 1%. 
Yellow : Share in class > 0,1%,   <1% 
Orange : Share in class > 0,05%, <0,1 
 

C.1 VA-matrices for hybrid city bus application 

 
 

 
Figure C-1.1 VA-matrix of measured data of the hybrid city bus 

 

 
Figure C-1.2 VA-matrix of hybrid city bus cycle 
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C.2 VA-matrices for urban hybrid distribution truck application 

 
Speed [km/h]

0 0.2 5 10 17.5 25 32.5 40 50 60 70 80 90

0.2 5 10 17.5 25 32.5 40 50 60 70 80 90 100

5 4 0 0 0 0 0 0 0 0 0 0 0 0 0

4 3 0 0 0 0 0 0 0 0 0 0 0 0 0

3 2 0 0.02 0.13 0.12 0.16 0.02 0.02 0 0 0 0 0 0

2 1.5 0 0.22 0.33 0.58 0.37 0.26 0.09 0.02 0.01 0 0 0 0

1.5 1 0.01 0.33 0.42 0.49 0.54 0.34 0.34 0.13 0.07 0.02 0 0 0

1 0.75 0.01 0.32 0.26 0.75 0.81 0.56 0.65 0.55 0.41 0.19 0 0 0

0.75 0.5 0.02 0.22 0.37 0.59 0.7 0.63 0.73 0.47 0.44 0.21 0 0 0

0.5 0.25 0.08 0.59 0.65 0.96 1.39 1.67 1.97 1.78 1.62 0.63 0 0 0

0.25 0.1 0.03 0.28 0.37 0.69 0.71 0.82 1.08 1.27 1.84 0.91 0 0 0

0.1 0.01 0.02 0.01 0.01 0.07 0.03 0.01 0.03 0.05 0.02 0 0 0 0

0.01 -0.01 21.69 7.58 0.09 0.48 0.49 0.71 0.94 1.07 1.96 1.07 0 0 0

-0.01 -0.1 0.03 0.05 0.44 0.14 0.07 0.09 0.08 0.12 0.17 0.12 0 0 0

-0.1 -0.25 0.11 0.79 0.48 0.77 0.6 0.62 0.87 1.24 1.66 0.99 0 0 0

-0.25 -0.5 0.06 0.64 0.54 0.87 1.01 0.73 1.01 1.24 1.2 0.56 0 0 0

-0.5 -0.75 0.01 0.36 0.29 0.53 0.52 0.27 0.48 0.38 0.31 0.27 0 0 0

-0.75 -1 0 0.23 0.28 0.42 0.36 0.31 0.41 0.23 0.14 0.11 0 0 0

-1 -1.5 0.01 0.33 0.51 0.73 0.79 0.76 0.67 0.36 0.31 0.08 0 0 0

-1.5 -2 0 0.11 0.18 0.33 0.4 0.21 0.18 0.06 0.03 0 0 0 0

-2 -3 0 0.02 0.21 0.35 0.24 0.18 0.08 0.08 0.03 0 0 0 0

-3 -4 0 0 0 0 0 0 0 0 0 0 0 0 0

-4 -5 0 0 0 0 0 0 0 0 0 0 0 0 0
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Figure C-2.1 VA-matrix of measured data of the urban hybrid distribution truck 

Speed [km/h]
0 0.2 5 10 17.5 25 32.5 40 50 60 70 80 90

0.2 5 10 17.5 25 32.5 40 50 60 70 80 90 100

5 4 0 0 0 0 0 0 0 0 0 0 0 0 0

4 3 0 0 0 0 0 0 0 0 0 0 0 0 0

3 2 0 0.03 0.09 0.08 0.14 0.06 0.01 0 0 0 0 0 0

2 1.5 0 0.11 0.32 0.32 0.3 0.12 0.08 0.04 0.01 0 0 0 0

1.5 1 0 0.44 0.44 0.69 0.54 0.55 0.43 0.27 0.1 0.03 0 0 0

1 0.75 0 0.36 0.22 0.55 0.46 0.59 0.4 0.41 0.23 0.07 0.01 0 0

0.75 0.5 0.02 0.45 0.28 0.76 0.76 0.84 0.77 0.79 0.44 0.17 0.05 0.01 0

0.5 0.25 0.08 0.67 0.32 1.02 1.25 1.21 1.32 1.59 1.1 0.58 0.11 0.02 0

0.25 0.1 0.09 0.53 0.27 0.75 0.93 0.99 1.08 1.66 1.41 0.89 0.11 0.01 0

0.1 0.01 0.11 0.3 0.2 0.45 0.56 0.62 0.66 1.18 1.15 0.79 0.08 0.01 0

0.01 -0.01 23.62 0.24 0.06 0.1 0.13 0.12 0.14 0.28 0.26 0.18 0.02 0 0

-0.01 -0.1 1.82 0.8 0.24 0.45 0.52 0.52 0.61 1.1 1.09 0.75 0.08 0.01 0

-0.1 -0.25 0 0.93 0.44 0.72 0.79 0.74 0.91 1.47 1.29 0.82 0.11 0.01 0

-0.25 -0.5 0 0.86 0.53 1 1.07 1 1.05 1.34 0.95 0.55 0.08 0.01 0

-0.5 -0.75 0 0.51 0.33 0.59 0.55 0.48 0.38 0.43 0.29 0.13 0.03 0.01 0

-0.75 -1 0 0.31 0.25 0.36 0.32 0.27 0.25 0.25 0.14 0.05 0.01 0 0

-1 -1.5 0 0.34 0.36 0.6 0.56 0.51 0.44 0.38 0.19 0.05 0.01 0 0

-1.5 -2 0 0.11 0.26 0.37 0.39 0.33 0.23 0.17 0.06 0.02 0 0 0

-2 -3 0 0.02 0.11 0.19 0.19 0.17 0.11 0.05 0.02 0 0 0 0

-3 -4 0 0 0.01 0.01 0.01 0.01 0 0 0 0 0 0 0

-4 -5 0 0 0 0 0 0 0 0 0 0 0 0 0
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Figure C-2.2 VA-matrix of the urban hybrid distribution truck cycle 
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C.3 VA-matrices for urban extra urban hybrid distribution truck cycle 

 

 
Figure C-3.1 VA-matrix of measured data of the urban extra urban hybrid distribution truck cycle vehicle 

Speed [km/h]
0 0.2 5 10 17.5 25 32.5 40 50 60 70 80 90

0.2 5 10 17.5 25 32.5 40 50 60 70 80 90 100

5 4 0 0 0 0 0 0 0 0 0 0 0 0 0

4 3 0 0 0 0 0 0 0 0 0 0 0 0 0

3 2 0 0.05 0.04 0.01 0 0 0 0 0.02 0.04 0.04 0 0

2 2 0 0.03 0.01 0.06 0.07 0.06 0.01 0.03 0.04 0.01 0.02 0 0

1.5 1 0.02 0.31 0.33 0.22 0.29 0.19 0.28 0.25 0.02 0.02 0 0.02 0

1 1 0.01 0.19 0.12 0.39 0.24 0.29 0.31 0.23 0.01 0 0 0.02 0

0.75 1 0.02 0.26 0.6 1.33 1.38 1.25 0.59 0.74 0.29 0 0 0.02 0

0.5 0 0 0.07 0.21 0.86 0.6 0.55 0.23 0.43 0.45 0.02 0.02 0.05 0

0.25 0 0.04 0.26 0.4 1.02 0.96 0.74 0.96 1.68 0.76 0.19 1.82 1.13 0

0.1 0 0.01 0 0.01 0 0.01 0 0 0.01 0 0 0 0 0

0.01 -0 32.11 11.68 0.35 1.11 0.41 0.63 0.5 1.57 0.47 0.28 1.94 1.19 0

-0.01 -0 0.01 0 0 0 0 0 0 0 0 0 0 0 0

-0.1 -0 0.04 0.32 0.37 1.01 0.22 0.61 0.55 1.34 0.25 0.07 1.26 0.78 0

-0.25 -1 0.03 0.79 0.44 1.17 0.85 0.98 0.81 1.32 0.84 0.12 0.45 0.4 0

-0.5 -1 0 0.27 0.24 0.44 0.49 0.22 0.43 0.3 0.18 0 0.06 0.02 0

-0.75 -1 0 0.08 0.19 0.35 0.39 0.36 0.19 0.25 0.04 0.09 0.08 0 0

-1 -2 0 0.28 0.43 0.58 0.54 0.56 0.32 0.29 0.19 0.07 0.03 0 0

-1.5 -2 0 0 0.04 0.06 0.14 0.09 0.06 0.04 0 0 0 0 0

-2 -3 0 0 0 0.03 0.01 0 0 0 0 0 0 0 0

-3 -4 0 0 0 0 0 0 0 0 0 0 0 0 0

-4 -5 0 0 0 0 0 0 0 0 0 0 0 0 0
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Figure C-3.2 VA-matrix of the urban extra urban hybrid distribution truck cycle 

 

0 0.2 5 10 17.5 25 32.5 40 50 60 70 80 90

0.2 5 10 17.5 25 32.5 40 50 60 70 80 90 100

5 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

4 3 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3 2 0.00 0.05 0.06 0.03 0.02 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00

2 1.5 0.00 0.09 0.11 0.07 0.04 0.04 0.02 0.02 0.01 0.00 0.00 0.00 0.00

1.5 1 0.00 0.30 0.34 0.45 0.30 0.29 0.15 0.12 0.03 0.01 0.01 0.00 0.00

1 0.75 0.00 0.28 0.23 0.56 0.57 0.49 0.37 0.24 0.06 0.02 0.01 0.01 0.00

0.75 0.5 0.01 0.28 0.30 0.87 1.12 0.82 0.68 0.51 0.25 0.08 0.06 0.04 0.00

0.5 0.25 0.06 0.25 0.46 1.20 1.48 1.06 0.88 1.04 0.51 0.30 0.40 0.29 0.00

0.25 0.1 0.11 0.30 0.38 0.86 0.88 0.66 0.62 1.02 0.45 0.31 0.87 0.86 0.00

0.1 0.01 0.14 0.24 0.27 0.53 0.50 0.39 0.38 0.72 0.33 0.21 0.90 0.96 0.00

0.01 -0.01 36.16 0.06 0.06 0.12 0.11 0.08 0.09 0.17 0.08 0.04 0.26 0.29 0.00

-0.01 -0.1 1.21 0.34 0.28 0.55 0.46 0.34 0.37 0.69 0.32 0.18 0.88 0.97 0.00

-0.1 -0.25 0.00 0.91 0.43 0.86 0.68 0.50 0.56 0.93 0.41 0.22 0.80 0.87 0.00

-0.25 -0.5 0.00 0.96 0.58 1.16 0.94 0.75 0.72 0.91 0.39 0.20 0.37 0.29 0.00

-0.5 -0.75 0.00 0.56 0.43 0.76 0.73 0.54 0.45 0.40 0.17 0.10 0.09 0.04 0.00

-0.75 -1 0.00 0.24 0.33 0.48 0.49 0.37 0.25 0.20 0.08 0.04 0.02 0.01 0.00

-1 -1.5 0.00 0.11 0.31 0.46 0.51 0.41 0.28 0.19 0.08 0.03 0.01 0.00 0.00

-1.5 -2 0.00 0.02 0.06 0.13 0.16 0.15 0.09 0.06 0.02 0.01 0.00 0.00 0.00

-2 -3 0.00 0.00 0.02 0.05 0.05 0.04 0.02 0.01 0.01 0.00 0.00 0.00 0.00

-3 -4 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

-4 -5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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