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  Statistical report from the interlaboratory  accuracy study on the 
Worldwide Harmonized Light Vehicles Test Procedure (WLTP Brake 
cycle) using inertia dynamometer tests and the ISO 5725 series of standards 

I. Statement of technical rationale and justification  

A. Introduction  

1. Non exhaust brake emissions have risen as a topic of interest to several governmental 

agencies, health organisations, and the medical and scientific community during the last 

decade. The research indicates a possible causality of adverse health effects from the 

particulate matter (PM2.5 and PM10) released during braking. Thus far, there is no general 

agreement on brake emission factors reflecting regular driving cycles for newer vehicles and 

no  or low copper content friction materialsô formulations. Governmental entities in close 

collaboration with the automotive industry and other stakeholders have embarked on a path to 

regulating brake emissions. A potential rulemaking or regulation to limit anthropogenic 

contributions to particulate matter from the foundation brakes needs a robust Laboratory-

based test method. 

2.  A large body of research worldwide highlights the value of standard testing methods to 

measure and characterise brake emissions. Some of the most important publications include 

comprehensive summaries [Grigoratos and Martini, 2015, and references therein] for different 

testing methods over the years, its main findings, and opportunities moving forward. Other 

studies [VDA, 2017] explain brake emissions in a broader context, along with challenges and 

limitations from elusive and sometimes contradicting findings. In Japan, there is an extensive 

body of knowledge for passenger cars and light commercial vehicles driven to characterise 

and quantify brake emissions [Hagino et al., 2016]. Other projects [Agudelo et al., 2020] have 

investigated using more than 80 tests the influence on brake emissions as a function of vehicle 

type, axle position, friction couple formulation, and vehicle test mass. Lastly, the Particle 

Measurement Programme Informal Working Group (PMP/IWG) ï operating under the 

umbrella of the United Nations Economic Commission for Europe Working Party on 

Pollution and Energy (UNECE/GRPE) ï mandated a dedicated Task Force (TF1) to develop 

and use the WLTP Brake cycle [Mathissen et, el., 2018] for inertia dynamometer testing at 

multiple locations, under different control technologies, and test setups.  

3. As part of developing a standard test method for brake emissions, the TF1 assessed 

results from multiple testing facilities and research entities. The review of the findings and 

their value-added propositions provided evidence supporting using inertia dynamometer 

testing using a representative brake assembly. Besides having the ability to follow the WLTP-

Brake driving profile, the dynamometer needs to have an enclosed system with proper cooling 

airspeed, temperature and relative humidity. Having several dynamometers available to the 

TF1 enabled the coordination and execution of the intended WLTP-Brake cycle to determine 

the sources of variability at eight locations in Europe and the United States. 

B. Overview of the structure of this report 

4. The content of this report is essential to different audiences and types of readers with 

different needs and interests. In addition to the casual reader browsing the document for 

possible areas of interest, there are at least three levels to approach the document. The tabular 

outline guides how to read and use this report for high-level reading, a common interest in 

statistical analysis, and an in-depth understanding of applicable clauses of the series of ISO 

5725 standards.  
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Paragraph  High-

level 

Common 

interest 

In-depth 

read 

I. Statement of technical rationale and justification    

A. Introduction; B.  Overview of the structure of this report; C. 

 Background of interlaboratory accuracy studies; D.  Main elements 

and capabilities from each laboratory; E.  Test cycle and control 

program application 

Yes Yes Yes 

II. General statistical evaluation of test results    

1. Aggregate statistics for braking speed and total deceleration Yes Yes Yes 

2 Temperature study under different driving conditions Yes Yes Yes 

3 Special considerations for temperature assessment Yes Yes Yes 

III.  Statistical assessment of time-resolved test results ï EED 

files 
   

4 Purpose; 5  Scope and Application; 6  Definitions; 7  Abbreviations   Yes 

8 EED (CSV) file structure per VDA 305/EKB 3008  Yes Yes 

9 Statistics for speed violations and speed error with EED files 
Tables 

11, 13, 14 
Yes Yes 

IV. Statistical assessments on event-based test results ï EEC 

files 
  Yes 

10 EEC file structure per VDA 305/EKB 3008;   Yes Yes 

11 Definitions for the application of the ISO 5725 5:1998  Yes Yes 

12 Main abbreviations per ISO 5725 5:1998   Yes 

13 General concepts related to the application of the ISO 

5725 5:1998 
  Yes 

14 Standard deviations for repeatability, sample effect, laboratory 

effect, and reproducibility using non robust algorithms 
  Yes 

15 Robust Algorithm A for averages and Algorithm S for standard 

deviations 
  Yes 

16 Standard deviations for repeatability, sample effect, laboratory 

effect, and reproducibility using robust algorithms 

Tables 31 

& 32 

Tables 31 

& 32 
Yes 

17 Scrutiny of the data for consistency and outliers using parameters 

derived with robust Algorithms 
 Yes Yes 

18 Uncertainty of the estimate of the repeatability and reproducibility 

standard deviations for heterogeneous materials 
  Yes 

Annexes    

A1 Heatmaps for original values per measurand for each laboratory, 

test and repeat 
 Yes Yes 

A2  Flowchart of parameters and relationships for standard deviations    Yes 

A3 Graphical representation of standard deviations versus average 

values 
Yes Yes Yes 

A4  Graphical representation of standard deviations versus brake event Yes Yes Yes 

A5 Graphical representation of uncertainty on repeatability and 

reproducibility versus brake event 
  Yes 

A6  Mandelôs h* statistic between labs (cell averages) by measurand  Yes Yes 

A7  Mandelôs k* statistic between tests (sample ranges) by measurand  Yes Yes 

A8  Mandelôs k* statistic between repeats (test results) by measurand  Yes Yes  
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C. Background of interlaboratory  accuracy studies 

5. Conducting an interlaboratory accuracy study aims at determining the standard 

deviations of the primary sources of variation concerning the main results. The assessment of 

significant differences in brake emission measurements derived from vehicle application, 

braking system, friction couple design, and cycle influence demands an understanding of test 

variability. The main components contributing to variation in test results include the sample 

effect, the laboratory effect, the test repeatability, and the combined reproducibility.  

6. This document reflects the process followed to quantify variability following the 

predominant ISO standard for interlaboratory studies for heterogeneous materials [ISO 

5725 5:1998]. Part 5 of the ISO 5725 describes alternative methods to this basic method. The 

basic method described in Part 2 [ISO 5725 2, 1994] requires identical samples for the 

experiment. With heterogeneous materials (as friction couples are), this is not possible. Using 

the basic method gives estimates of the reproducibility standard deviation inflated by the 

samples' variation. The design for a heterogeneous material used in this study yields 

information about the variability between samples not obtainable from the basic method; the 

study calculated an estimate of reproducibility after removing the between-sample variation. 

7. The basic method requires the quantification of data outliers to exclude data from the 

calculations potentially. Excluding outliers may have a substantial effect on the estimates of 

standard deviations for repeatability and reproducibility. In practice, when applying the 

outlier tests, the data analyst needs to use judgement to decide which data to exclude. The 

design described in Part 5 applies to this experiment, which involved three factors arranged in 

a hierarchy:  

a) laboratories at the highest level; 

b) samples within laboratories as the next level; 

c) test results within samples at the lowest level.  

This study used eight Laboratories (Lab 1 to Lab 8), two samples (T1 and T2), and six tests 

(R1 to R6) within each sample. 

8. This document builds on the experience and tools developed by the ISO Test 

Variability Task Force. Their studies for friction behaviour involved the design of 

experiments, correlation to vehicle testing, and comparisons of ten procedures, using the basic 

ISO 57252 method [Grochowicz et al. (2011), (2014)]. 

9. The execution of interlaboratory studies, also known as r&R or round-robin studies, is a 

regular practice in the automotive industry. Different laboratories take different approaches, 

some more elaborate and well structured than others. The members of TF1 who participated 

in this interlaboratory and shared their expertise include the following participants (listed in 

alphabetical order): AGUDELO , Carlos (Link Engineering Co.), GRAMSTAT Sebastian 

(Audi AG), GRIGORATOS Theodoros (European Commission, Joint Research Centre), 

GROCHOWICZ Jarek ( Ford Werke GmbH), PAULUS Andreas (TMD Friction GmbH), 

PERRICONE Guido (Brembo S.p.A.), ROBERE Matt (General Motors), SIN Agusti (ITT 

Friction Technologies), and VEDULA Ravi (Link Engineering Co.). 

D. Main elements and capabilities from each laboratory  

10. Inertia dynamometer capabilities 

a) Except for one, all Labs could conduct all measurements using single-ended 

performance or single-ended NVH dynamometer with standard data collection and 

control systems. This phase of the project, intended as a dynamometer method 

validation only, did not include any measurement of brake emissions; 
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b) Several Labs had full climate control of the inertia dynamometer at (20 Ñ 2) ÁC and 

(50 Ñ 5) % relative humidity; 

c) All Laboratories were requested to use dynamometers capable of regulating 

incoming cooling airflow rate to replicate the brake temperature profiles from the 

vehicle;  

d) The Laboratories were requested to run the control program developed by Ford 

Werke GmbH (Ford) or Link Engineering Co. (LINK) . However, the application of 

internal control programs was adequate as well; 

e) The study used two different sampling rates: 250 Hz for the most crucial output 

parameters (see below ï Output and test results) during the braking events 

(decelerations), and a slow sampling rate of 2 Hz during the off-brake events (idling, 

acceleration, cruising, and soaks or cooldowns); 

f) All Labs used rigid fixtures without a dust shield built from a vehicle knuckle 

assembly. 

11. Brake cooling capabilities and orientation 

a) The baseline thermal regimes came from the proving ground measurement 

conducted during the development of the WLTPBrake cycle [Mathissen et al., 

2018]; 

b) All dynamometers were capable of adjusting the incoming cooling airflow to adjust 

to the temperature regimes of the vehicle within the criteria specified herein; 

c) The dynamometer cooling airspeed (or airflow) initial adjustment used the best fit 

curve for the cooling phase of two highspeed events during Trip #10 of the 

WLTP Brake cycle. The Labs used spare (dummy) parts to make the initial tests to 

adjust the control program and brake cooling on the specific Laboratory setup; 

d) Alternatively, the Labs were allowed to adjust the dynamometer cooling settings to 

achieve the best fit with vehicle temperature applying the full duration of Trip #10. 

The proposal was to repeat the featured block to match the cooling curve provided 

by Ford, within a 5 ÁC tolerance for the average brake temperature for the entire 

trip; 

e) The preferred mounting position for the calliper was to mimic the in-vehicle 

position relative to incoming cooling air. The Labs were allowed to set up the brake 

depending on the capabilities or layout of the dynamometer or other considerations 

to optimise the brake cooling. 

12. Brake components 

a) Except for Lab 1 and Lab 4, which shared a regular fixture, each Lab used in-house 

fixture using OEM level brake knuckle assemblies; 

b) All Labs received production callipers from the same batch. The Labs used a 

threshold pressure of zero and a calliper efficiency of 100 % to calculate the 

coefficient of friction; 

c) All Labs received three sets of production discs and brake pads. Two of the sets 

were from the same batch used for the vehicle measurements on the proving ground. 

The third (spare) set allowed the verification of the test setup, cooling air 

adjustment, and finetuning of the control programs;  

13. Resistive forces from parasitic losses 
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a) The overall approach was to consider, within the capabilities of each dynamometer, 

the vehicle parasitic losses. The losses calculation uses a lumped model for 

aerodynamic, powertrain, and tire losses, combined into three terms. Figure 1 

depicts a range of the WLTP Brake cycle and the relative contribution to total 

vehicle deceleration; 

Figure 1 
Speed and corresponding vehicle parasitic losses 

 

b) The control software of each dynamometer reduced the total torque demand from 

the foundation brake to reflect the resistive forces from the vehicle. The correction 

of the torque setpoint improved the fidelity of the braking behaviour compared to 

the vehicle, the dissipation of kinetic energy, and the thermal regimes on the 

dynamometer; 

c) The calculation of the equivalent deceleration from parasitic vehicle losses used 

the following equation: 
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where: 

dparasitic is the vehicle deceleration per the parasitic vehicle losses, g 

f0  is the constant road load coefficient rounded according to 

paragraph 7. of the UN GTR 15 to one place of decimal, N 
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f1 is the first-order road load coefficient rounded according to 

paragraph 7. of the UN GTR 15 to three places of decimal, 

N/(km/h) 

f2 is the second-order road load coefficient rounded according to 

paragraph 7. of the UN GTR 15 to three places of decimal, 

N/(km/h)Į 

Vi is the initial speed for a brake deceleration event, km/h 

Vf  is the final speed for a brake deceleration event, km/h 

DCVM is the driving cycle vehicle mass, kg 

14. Test schedule at each laboratory 

a) The initial request to all eight Labs (Lab 1 to Lab 8) was to conduct two tests (T1 

and T2), with each test comprised of six repetitions (R1 to R6) of the WLTPBrake 

cycle. Figure 2 depicts a simplified structure of the tests;  

b) Before each trip, the sequence includes a soak time to allow the disc temperature to 

reach 25ÁC. During the cooldown (soak), the dynamometer imposed a slow rotation 

of the disc; 

c) The setup used an embedded thermocouple, or TCEmb, in the friction area of the disc. 

The TCEmb measured the brake temperature in real time and controlled the start of 

each trip on the braking surface of the outboard plate (wheel side). The radial 

position of the TCEmb was 10 mm outwards from the centre of the friction path and 

recessed 0.5 mm below the braking surface. As an addition, some Labs installed a 

rubbing thermocouple, or TCRub, with the radial position as the embedded TCEmb; 

d) Besides the TC(s) mounted on the disc, the Labs embedded one additional TCEmb to 

measure the brake padôs temperature; located in the centre of the outer pad, 1 mm 

below the braking surface. For slotted pads, the TCEmb is at least 5 mm from the 

edge of the slot, in the leading direction, on the radial centerline.  

Figure 2 
Hierarchy of laboratories, tests, and repeats 
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15. Overview of the test plan 

a) For the interlab exercise, all Labs followed the hardware and test specifications 

agreed upon within the TF1. Not all Labs managed to follow all requirements and 

suggestions due to technical limitations or time constraints.  

b) Table 1 summarises the hardware and testing conditions applied to the interlab 

comparison. The study involved eight Laboratories from Europe and the United 

States; each Lab performed two tests (T1 and T2), and each test included six repeats 

(R1 to R6) of the WLTP Brake cycle [Mathissen et al., 2018].  

Table 1  
Tabular summary of the applied hardware and testing conditions for R1 on each Laboratory  ï Cells in green indicate 

the Lab followed the recommended values; cells in orange indicate the Lab used a parameter or condition acceptable or 

equivalent; cells in red values indicate items with significant differences or deviations. (*) indicate data not available 
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Lab 1 

T1 1 1 2 2 1 1 1 3 1 2 2 

T2 1 1 2 2 1 2 2 3 1 2 2 

Lab 2 

T1 2 1 1 1 1 1 1 3 1 2 1 

T2 1 1 2 1 1 2 2 3 1 2 1 

Lab 3 

T1 1 1 3 1 1 1 1 3 1 1 1 

T2 1 1 3 1 1 2 2 3 1 1 1 

Lab 4 

T1 1 3 2 1 1 1 1 3 1 2 2 

T2 1 1 2 2 1 2 2 3 1 2 2 

Lab 5 

T1 1 1 1 1 1 1 1 3 1 2 2 

T2 1 1 1 1 1 2 2 3 1 2 2 

Lab 6 

T1 2 2 3 3 1 1 1 3 1 1 2 

T2 2 2 3 3 1 2 2 3 1 1 2 

Lab 7 

T1 1 1 2 2 2 1 1 3 2 2 2 

T2 *  *  *  *  *  *  *  *  *  *  *  

Lab 8 

T1 3 3 3 1 2 3 3 3 1 1 1 

T2 *  *  *  *  *  *  *  *  *  *  *  

* Labs 7 and 8 did not execute T2 due to schedule constraints 
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16. Overview of outputs and test results 

a) The standard format to report test outputs was the format EKB 3008 [VDA, 2013]. 

After the testing campaign, each Lab submitted the EEC and EED files for both 

tests and all six repeats from each test; 

b) The main parameters reported as time-resolved values at 1 Hz on the EED files for 

each test, each repetition, and each trip included: Elapsed time, s; Brake linear 

speed, km/h; Brake deceleration, m/s
2
; Brake torque, NĿm; Brake pressure, bar; 

Coefficient of friction ɛ, ; Disc and pad temperatures, ÁC; Cooling airspeed, 

km/h; Cooling air temperature, ÁC; Cooling air relative humidity, % 

c) The main parameters reported for each braking event on the EEC files for each 

test, repetition, and trip included:  Trip and stop markers (for the trip and total), #; 

Time and date of the braking event; Braking speed setpoint and actual, km/h; 

Release speed setpoint and actual, km/h; Deceleration setpoint and actual, m/sĮ; 

Average by distance brake torque, NĿm; Average by distance brake pressure, 

bar; Average by distance coefficient of friction ɛ, ; Initial, final, and maximum 

disc temperature (embedded and rubbing), ÁC; Initial, final, and maximum brake 

pad(s) temperature, ÁC; Average by time cooling airspeed, km/h; 

Average by time cooling air temperature, ÁC; Average by time cooling air 

relative humidity, %. 

d) The statistical evaluations for repeatability and reproducibility standard deviations 

applied to 11 individual parameters, or measurands, from item 14c. 

E. Test cycle and application of control program 

17. Description of the test cycle 

a) The dynamometer sequence selected for this interlab accuracy study was the 

WLTP Brake cycle. The cycle was developed based on real-world driving data ï 

specifically on the WLTP reference database, including in-use driving data from 

five different world regions. It consists of 303 braking events split into 10 

consecutive trips (Trip #1 to Trip #10) with a total duration of approximately 

four and a half hours plus the soak (cooldown) periods inbetween trips.  

b) The cycle includes distinct segments for urban, rural, and motorway driving. The 

cycle itself and the methodology followed for its development and validation are 

described elsewhere [Mathissen et al. (2018); zum Hagen et al. (2019)]. Figure 3 

provides the speed trace (velocity v. time) of the WLTPBrake braking cycle. 

Additional metrics for speed, deceleration, kinetic energy, and brake power 

dissipation, along with a list of brake events, are available from [UNECE, 2020] 

Protocol. 

18. Application of the test cycle to each dynamometer  

a) All Labs were requested to follow the WLTP Brake cycle by applying the time-

resolved speed trace. Since not all dynamometers were of the same make and 

vintage, some Labs had to perform the tests using their control programs. As a 

result, the different control strategies induced differences in some of the primary 

input parameters among the Labs with visible effects on the outcomes.  

Other sources of variability include the specific response of the servo controller, 

the brake application system, and the actual algorithm to correct (compensate) for 

parasitic vehicle losses. Table 2 presents the essential speed, and deceleration 

statistics for all Labs averaged over the six repetitions of T1. The Table 2 also  
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provides a highlevel summary of the corresponding vehicle statistics. The 

summary metrics depict the behaviour for the entire cycle and its urban, rural, and 

motorway sections. 

b) The data preparation and analysis from the different Labs faced challenges related 

to missing data and data reported with different levels of resolution (decimal 

places). These challenges are not unique to this study, and the analysis team was 

able to accommodate the calculations within the spreadsheets to work with 

missing data. In some cases, the Lab was able to produce a second dataset 

addressing missing or incorrect data. 

Figure 3 
Time-resolved vehicle linear speed for the WLTPBrake Cycle ï Speed trace in solid blue line; trip count in the dashed 

orange line 

 

II.  General statistical evaluation of test results 

ñHappy families are all alike; every unhappy family is unhappy in its own way.ò 

Leo Tolstoy, Anna Karenina, 1877 

1. Aggregate statistics for braking speed and total deceleration 

1.1 The first level of statistical assessment focuses on answering two critical questions  how 

accurate and precise were the different labs to control the brake speed and the deceleration 

level from the WLTPBrake cycle? The reliance on the braking speed provides an insight into 

the primary input to the amount of kinetic energy dissipated by the brake. Since kinetic 

energy is a function of the square of the braking and release speeds, a change of 1 % in the 

braking speed is approximately 3.3 times compared to the same change in release speed. 

Additionally, assessing brake deceleration provides useful metrics related to the rate of kinetic 

energy dissipation (braking power), temperature rise during braking, and the ability to follow 

the time-resolved speed trace. Paragraph 9 deals with a detailed assessment of the time-

resolved signal for speed violations and speed error. Table 2 illustrates, for each lab, the 

average and 95 % limits for speed and deceleration for the different speed ranges described in 

paragraph 1.2. 
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Table 2 

Average and 95th limits for braking speed and deceleration on each Laboratory ï The top numerical row indicates the 

nominal values for all events and each speed range. For each lab, cells indicate the average followed by the Ñ 95 % limits for 

all the braking events for the Total (303 brake events), Urban (252 brake events), Rural (39 brake events), and Motorway 

(12 brake events).  

Lab 
Braking speed / km/h Total deceleration / m/sĮ 

All  Urban Rural  Motorway All  Urban Rural  Motorway 

Nom. 41.07 33.77 73.10 102.55 0.971 0.927 1.170 1.252 

1 
41.79 Ñ 

0.084 

36.49 Ñ 

0.083 

62.95 Ñ 

0.081 

84.32 Ñ 

0.129 

1.31 Ñ 

0.014 

1.26 Ñ 

0.015 

1.47 Ñ 

0.012 

1.70 Ñ 

0.011 

2 
41.43 Ñ 

0.173 

36.8 Ñ 

0.164 

61.25 Ñ 

0.224 

73.03 Ñ 

0.204 

0.89 Ñ 

0.079 

0.84 Ñ 

0.095 

1.13 Ñ 

0.004 

1.14 Ñ 

0.003 

3 
41.44 Ñ 
0.304 

33.79 Ñ 
0.323 

72.15 Ñ 
0.209 

102.11 Ñ 
0.21 

0.98 Ñ 
0.029 

0.94 Ñ  
0.03 

1.18 Ñ  
0.02 

1.26 Ñ 
0.018 

4 
41.44 Ñ 

0.06 
33.81 Ñ 
0.059 

72.06 Ñ 
0.068 

101.96 Ñ 
0.069 

1.22 Ñ 
0.003 

1.18 Ñ 
0.003 

1.45 Ñ 
0.003 

1.49 Ñ 
0.005 

5 
41.26 Ñ 

0.307 

35.19 Ñ 

0.309 

67.6 Ñ 

0.293 

82.19 Ñ 

0.31 

0.89 Ñ 

0.078 

0.84 Ñ 

0.093 

1.17 Ñ 

0.004 

1.17 Ñ 

0.004 

6 
37.09 Ñ 

0.34 

29.50 Ñ 

0.342 

67.59 Ñ 

0.333 

97.41 Ñ 

0.322 

0.88 Ñ 

0.026 

0.83 Ñ 

0.028 

1.07 Ñ 

0.018 

1.13 Ñ 

0.015 

7 
41.48 Ñ 

0.143 

33.86 Ñ 

0.134 

72.07 Ñ 

0.178 

102.03 Ñ 

0.217 

0.84 Ñ  

0.01 

0.80 Ñ  

0.01 

0.98 Ñ  

0.01 

1.02 Ñ 

0.008 

8 
41.37 Ñ 

0.05 

33.73 Ñ 

0.051 

72.08 Ñ 

0.04 

102.04 Ñ 

0.059 

0.98 Ñ 

0.006 

0.94 Ñ 

0.006 

1.18 Ñ 

0.006 

1.25 Ñ 

0.006 

1.2 This part of the statistical evaluation involves four metrics for all events and by type of 

driving (Urban, Rural, and Motorway). For vehicles category M1, City: less than or equal to 

60 km/h; Rural: above 60 km/h and less than or equal to 90 km/h; and Motorway | Highway: 

above 90 km/h.
1
 

NOTE 1: All the estimates (in absolute values or as a per cent) for accuracy | bias and 

precision | scatter relate to the nominal value established on the WLTPBrake cycle 

NOTE 2: Weighted averages use the number of events (252 for Urban, 39 for Rural, and 12 

for Motorway) as the weighting factors 

1.2.1 Accuracy of braking speed measured as bias or deviation from its nominal value; 

1.2.2 Accuracy of brake deceleration measured as bias or deviation from its nominal value; 

1.2.3 Precision of the braking speed measured as scatter or variability corresponding to a 95 % 

confidence interval from the six repeats of the cycle during T1; 

1.2.4 Precision of brake deceleration measured as scatter or variability corresponding to a 95 % 

confidence interval from the six repeats of the cycle during T1. 

1.3 Overall, and confirming the anecdotal evidence, the speed control is more accurate and 

precise than deceleration control. Most dynamometers convert the deceleration setpoint to an 

equivalent torque setpoint. The relatively low torque levels during the WLTPBrake cycle 

(160 NĿm to 200 NĿm on average on the Ford Focus front axle brake for this study) can 

coalesce with other mechanical, electrical, and servo response characteristics (hysteresis, 

linearity, accuracy, zero offsets, ramp rates, and hydraulic servocontroller settings, among 

others), especially during the urban brake events. For the vehicle under test, the average 

braking torque equates to less than 5 % of the full scale of a typical inertia dynamometer.  

                                                           
1 Valverde Morales V and Bonnel P, On-road testing with Portable Emissions Measurement Systems (PEMS) - Guidance note for light-duty 

vehicles, EUR 29029 EN, Publications Office of the European Union, Luxembourg, 2018, ISBN 978-92-79-77345-7, doi:10.2760/08294, 
JRC109812 
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1.4 The review of the data for most labs (even though Lab 3 and Lab 6 did not report the setpoint 

for speed nor deceleration) made it apparent that the application of different control programs 

influenced the correct replication of the cycle. The root causes for such discrepancies may 

relate to errors in programming, the dynamometer control program skipping or missing 

certain brake events, and data entry errors during the compilation of results from all labs, 

dislodging the proper sequence. The WLTP Brake cycle has many brake events combined 

with drastic differences in setpoints between consecutive events. The changes in braking 

conditions rapidly make the metrics for test quality highly sensitive to potential errors in the 

control program, data collection, or data reporting. 

Figure 4 
Scatter plot for deceleration bias versus speed bias for all labs compared to the WLTPBrake cycle ï Speed and 

deceleration bias as a per cent of the nominal value 

 

1.5 Additionally, not all labs used the same values for speed and deceleration setpoints, which 

induced another source of variability. The practice of having different control programs and 

programming software is part of the nature of the testing. It is imperative to ensure all Labs 

conducting this cycle rely on standard speed metrics and an agreed-upon method to correct 

parasitic vehicle losses. This interlab study becomes instrumental in validating a methodology 

for speed violations and speed error, as presented later in this report.  

1.6 Accuracy | bias for each lab and speed range relative to the nominal setpoints from the 

WLTP Brake cycle displayed as a scatter plot in Figure 4. 

1.6.1 Speed bias per paragraph 1.2.1. ½ Nevertheless, the bias in speed is smaller than 1 km/h 

compared to the individual setpoints; the weighted bias compared to the nominal 

WLTP Brake cycle is 2.1 km/h (4.6 %) on average for all labs combined. Labs 3, 4, 7, and 8 

exhibited a weighted average bias below 0.2 km/h (1 %). Labs 1, 2, and 6 exhibited a 

weighted average between 4 km/h and 5 km/h, mainly during rural and motorway events. Lab 

6 had a systematic bias of about 4.5 km/h for all types of brake events. Lab 5 exhibited a bias 

comparable to the overall averages, except for an average bias of 20 km/h during the 

motorway section. See Figure 5 exhibiting the bias in braking speed for each speed range for 

each lab.  
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1.6.2 Deceleration bias per paragraph 1.2.2. ½ On average, all labs exhibited a (weighted average) 

bias of 0.13 m/sĮ (13 %). Labs 1, 4, and 7 controlled the brake with a bias of 0.28 m/sĮ (25 %) 

above the nominal values. These labs indicated issues with the design of the control program 

and the use of an incorrect set of parameters for the parasitic vehicle losses. Subsequent tests 

results used for other developments for the PMP proved these issues were resolved. Labs 2, 3, 

and 8 exhibited the smallest bias in all the three speed ranges. See Figure 6 exhibiting the bias 

in deceleration for each speed range for each lab.  

Figure 5 
Accuracy | bias for braking speed for all labs compared to the WLTP Brake cycle ï Each lab includes four bars 

representing all and each range of brake events per paragraph 1.2. 

 

1.7 Precision | scatter for each lab and speed range relative to the nominal setpoints from the 

WLTP Brake cycle displayed as a scatter plot in Figure 7. 

1.7.1 Speed scatters per paragraph 1.2.3. ½ On average, all labs exhibited a variation of not more 

than 0.5 % during 95 % of the brake events for all six repetitions (R1 R6). Labs 1, 4, and 8 

had the smallest scatter (< 0.2 %). Labs 3, 5, and 6 exhibited a weighted average scatter 

between 0.8 % and 0.9 %. Overall, the urban brake events exhibit the most significant level of 

variability compared to the rural and motorway events. See Figure 8 exhibiting the scatter in 

braking speed for each speed range for each lab. 

1.7.2 Deceleration scatters per paragraph 1.2.4. ½ Based on data from events from all labs, the 

weighted average scatter is 3.3 % of the nominal deceleration levels, below the legacy limit of 

5 % accepted for torque control. The tolerance for torque control combines actual 

deceleration rate and brake inertia. Labs 1, 4, 7, and 8 could limit variability to 1.5 % on 

average, while Labs 2 and 5 exhibited variability of about 8.5 % (mainly due to urban brake 

events). The scatters for all rural and motorway events for all labs remained between 0.3 % 

and 1.8 % of the nominal. These findings show the need for some labs to revise their control 

strategy (including servo controller settings and control programs) to improve precision 

during urban events. Brake events below 60 km/h comprise almost 85 % of the brake events 

during the WLTP Brake cycle. See Figure 9 exhibiting the scatter in deceleration speed for 

each speed range for each lab. 
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Figure 6 
Accuracy | bias for deceleration for all labs compared to the WLTP Brake cycle ï Each lab includes four bars 

representing all and each range of brake events per paragraph 1.2. 

 

 
Figure 7 

Scatter plot for deceleration versus speed for all labs relative to the WLTP Brake cycle ï Speed and deceleration 

scatters as a per cent of the nominal value 
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Figure 8 
Precision | scatter for braking speed for all labs compared to the WLTP Brake cycle ï Each lab includes four bars 

representing all and each range of brake events per paragraph 1.2. 

 

Figure 9 

Precision | scatter for deceleration for all labs compared to the WLTP Brake cycle ï Each lab includes four bars 

representing all and each range of brake events per paragraph 1.2. 

 

1.8 Also, in deceleration, the application of different control programs and test parameters 

influenced the correct replication of the brake power dissipation during the cycle. Figure 10 

represents the distribution of the 303 braking events of the cycle (R1 ï T1) for Lab 1, Lab 3, 

and the nominal WLTP Brake cycle based on deceleration rate bins of 0.1 m/s
2
. As explained 

in paragraph 1.6.2., Lab 1 executed significantly more braking events with a deceleration rate 

higher than 1.0 m/s
2
 compared to Lab 3 and the nominal WLTP Brake cycle. As a result, the 

average deceleration rate for Lab 1 over the entire cycle is significantly higher. The 

histograms in Figure 10 illustrate the closeness of Lab 3 replicating the deceleration settings 

compared to the WLTP Brake cycle. 
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Figure 10 
Histograms for all decelerations during the first test and first run (T1 R1) for Lab 1, Lab 3, and the nominal 

WLTP Brake cycle ï The continuous lines represent the lognormal distribution for each dataset 

 

1.9 Figure 11 illustrates the cumulative density function for a lognormal distribution for Lab 1 

and 3 and compares it to the nominal WLTP Brake cycle, evidencing the departure of Lab 1 

from the nominal. Nonetheless, the shape of all the empirical distributions are comparable; 

Lab 1 had more than 25 % of the brake events above 1 m/sĮ, compared to 63 % for Lab 3 and 

the WLTP Brake cycle. 

Figure 11 

Empirical probability distr ibution for all decelerations during the first test and first run (T1 R1) for Lab 

1, 3, and the nominal WLTP Brake cycle ï The continuous lines represent a lognormal distribution for each 

dataset 
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1.10 Figure 12 exhibits the correlation of braking deceleration for each lab compared to the 

vehicle, along with two lines for the grand average and the perfect correlation. Even though 

most labs exhibited high linearity (high RĮ factor), the correlation to vehicle level (slope 

factor) varied from 1.409 for Lab 1 to 0.815 for Lab 7. The differences in brake deceleration 

levels also help explain some of the variations observed in brake temperatures. The values in 

Figure 3.3 reflect the deceleration levels for the foundation brake after correcting for the 

resistive vehicle forces (aerodynamic, powertrain, and tire losses). The scatter plot in Figure 

12 provides further evidence on the main types of deviations (corrected for parasitic vehicle 

losses): 

½ Labs 1 and 4 exhibit significantly higher deceleration above the nominal; 

½ Lab 7 indicates significantly lower deceleration below the nominal; 

½ Lab 6 exhibited more significant bias below the nominal, mostly below 1 m/sĮ.  

Figure 12 

Deceleration by event (level) for each lab, vehicle, and overall average ï Data includes 303 braking events of the 

WLTP Brake cycle for the first cycle on the first sample (T1 ï R1). Legends for the lab regression line and RĮ values on the 

right side of the graph are in descending order of slope values. The solid grey line (Veh.) identifies the ideal regression line. 

The dataset with a regression line m = 1.1298x corresponds to the general average or grand mean for all tests 

 

2 Temperature study under different driving conditions 

2.1 One topic for investigation is the behaviour of the brake system under different driving 

conditions. Most braking events occur under urban driving, and therefore it is essential to 

understand how the brake system behaves in terms of its temperature. Figures 13 to 16 depict 

the average, initial, final and maximum disc temperature (respectively) recorded for all labs at 
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Urban, Rural and Motorway conditions over the R1 of T1. Temperatures were measured 

using TCEmb. The remaining five repetitions (R2 to R6) of the cycle during T1 were 

comparable to R1. Therefore the following discussion and conclusions apply in general for 

the whole campaign.  

2.2 Figures 13, 14, and 15 show that rural driving correlates with the higher average, initial and 

final disc temperatures. Urban driving comes with a relatively low final braking average 

temperature (~60 ÁC) and, most importantly, with a low maximum disc temperature 

(~150ÁC). This lower temperature can indicate lower Particle Number (PN) emissions in 

urban environments
2
. The latter assumption needs further evidence from emissions testing. 

2.3 On the contrary, motorway driving correlates with low initial but with higher final and 

maximum braking temperatures. This higher temperature behaviour is probably related to 

high energy braking events taking place over motorway driving. Average (EED data at 1 Hz) 

and initial braking temperatures (EEC data at braking speed) exhibit small differences from 

each other and follow the same ranking in descending order: Rural, Urban, and Motorway.  

Figure 13 

Average (TCEmb) disc temperature for all labs at Urban, Rural and Motorway conditions during the R1 of 

T1 ï Data includes time-resolved temperature extracted at 1 Hz from the EED files for the entire WLTPïBrake 

cycle 

 

                                                           
2 M. Alemani, O. Nosko, I. Metinoz, U. Olofsson; A study on emission of airborne wear particles from car brake friction pairs; SAE 
International Journal of Materials & Manufacturing 9 (1) (2016), https://doi.org/10.4271/2015-01-2665 
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Figure 14 
Initial ( TCEmb) disc temperature for all labs at Urban, Rural and Motorway conditions during the R1 of T1 ï Data 

includes values at braking speeds from the EEC files for the entire WLTPïBrake cycle 

 

Figure 15 
Final (TCEmb) disc temperature for all labs at Urban, Rural and Motorway conditions during the R1 of T1ï Data 

includes values at braking speeds from the EEC files for the entire WLTPïBrake cycle 
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Figure 16 
Maximum (TC Emb) disc temperature for all labs at Urban, Rural and Motorway conditions during the R1 of T1 ï 

Data includes values at braking speeds from the EEC files for the entire WLTPïBrake cycle

 

3 Special considerations for temperature assessment 

3.1 Influence of incoming cooling air on the brake temperature 

3.1.1 One parameter with a significant influence on the brake temperature profile is the incoming 

cooling air. The proper control of the cooling air temperature and relative humidity allows the 

lab to minimise uncertainty (mainly in brake temperature levels and coefficient of friction) 

during brake emissions testing. The labs were requested to run the tests by control the 

incoming cooling air at (20 Ñ 2) ÁC and (50 Ñ 5) % RH for the average of the entire test. Table 

3 presents the average incoming cooling air temperature (and the 95 % limits over the 

repetition) for all labs in each of the six repetitions of T1 (per EED files). The last row of 

Table 3 presents the metrics for all repetitions combined. All values in red indicate violations 

of the requested value for the incoming cooling air temperature. Lab 4 and Lab 8 did not have 

the means to control the cooling air temperature on the dynamometer used for this interlab 

study. Lab 6 used a setting lower than the value agreed for this study. 

3.1.2 Table 3 shows that five of the labs managed to follow the specification (20 Ñ 1) ÁC for the 

mean temperature of the incoming cooling air. Lab 4 and Lab 6 ran T1 with a mean cooling 

air temperature approximately 10ÁC lower than the target value. Lab 8 ran with a mean 

cooling air temperature approximately 10ÁC higher than the target value. 

3.1.3 However, to verify whether the labs managed to comply with the cooling air temperature 

specification, one needs to look to individual repetitions rather than the average values. From 

this assessment, Lab 1, Lab 2 and Lab 3 managed to comply with the specification during all 

repetitions.  

3.1.4 Lab 5 failed to maintain the average temperature within the defined threshold for R1 and 

succeeded for R2, R3, and R4. There are no data available for R5 and R6 due to a technical 

issue with the dyno. In R1, the cooling air temperature deviated between 8.4 ÁC and 26.3 ÁC, 

reflected on the significant value for the 95 % limit. 

3.1.5 Similarly, Lab 7 failed to maintain the average temperature within the defined threshold over 

R1 and R5. In this case, the (time-resolved at 1 Hz) temperature ranged between 9.2ÁC and 
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30.2ÁC, reflecting the significant value for the 95 % limit. Such high deviations may influence 

the brake temperature profile and result in a defective test for brake emissions. 

Table 3 
Averaged temperature of incoming air during all repeats for T1 ï Each cell indicates the average value, followed by the 

Ñ 95 % limits for the entire cycle using the EED files at 1 Hz. The last row indicates the mean value of the average values 

and the corresponding limits for the 95 % confidence limits. Cells in red indicate repeats which were not within defined 

limits. Cells with an (*) indicate data not available 

Repeat 

Temperature / ÁC 

Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab 8 

1 19.98 Ñ 1.43 20 Ñ 0.79 19.81 Ñ 0.50 15.03 Ñ 1.27 19.21 Ñ 2.52 11.16 Ñ 0.32 19.57 Ñ 3.42 30.92 Ñ 0.77 

2 19.97 Ñ 1.49 20 Ñ 1.40 19.83 Ñ 0.34 13.36 Ñ 0.55 19.18 Ñ 0.13 11.00 Ñ 0.13 19.71 Ñ 0.43 28.21 Ñ 2.10 

3 20.13 Ñ 0.77 20 Ñ 0.98 19.85 Ñ 0.33 13.40 Ñ 0.82 19.18 Ñ 0.14 10.81 Ñ 0.28 19.69 Ñ 0.90 26.76 Ñ 0.57 

4 20.00 Ñ 1.31 20 Ñ 0.97 19.84 Ñ 0.34 11.50 Ñ 5.09 19.18 Ñ 0.14 10.94 Ñ 0.35 19.72 Ñ 0.68 30.82 Ñ 3.04 

5 20.03 Ñ 1.38 20 Ñ 1.00 19.85 Ñ 0.49 8.36 Ñ 0.82 * 10.55 Ñ 0.15 19.61 Ñ 3.30 29.61 Ñ 2.11 

6 19.93 Ñ 1.52 20 Ñ 1.38 19.80 Ñ 0.38 6.45 Ñ 1.19 * 10.48 Ñ 0.13 19.73 Ñ 0.75 30.18 Ñ 2.21 

Mean 20.01 Ñ 0.14 20 Ñ 0.02 19.83 Ñ 0.04 11.35 Ñ 6.48 19.19 Ñ 0.03 10.82 Ñ 0.52 19.67 Ñ 0.13 29.42 Ñ 3.20 

3.2 Influence of relative humidity of incoming cooling air  

3.2.1 Table 4 presents similar statistics regarding the incoming cooling air relative humidity (RH) 

extracted from the EED files. The table shows that five labs managed to follow the 

specification set of 50 Ñ 5 % for the mean RH of the incoming cooling air. Lab 4 did not 

control RH and ran T1 with a mean RH of approximately 10 % higher than the target value. 

Lab 8 performed T1 with a mean cooling air RH approximately 10 % below the target value. 

Finally, Lab 6 did not record the RH of the incoming cooling air. 

3.2.2 Similar to air temperature, there is a need to assess the behaviour of the relative humidity for 

each repetition. An excellent example of such an assessment is Lab 7. Despite meeting the 

target value in terms of the mean averaged value, it failed to comply during the individual 

repetitions. This variability highlights the necessity of examining repetitions separately and 

not only as a whole. Labs 1, 2, and 5 appear to comply with the specification for RH for all 

repetitions. Lab 3 had a marginal (11 %) failure to maintain the average RH within the 

defined threshold over R1; however, it succeeded in all other repetitions.  

3.2.3 For some friction couples, such deviations may influence the coefficient of friction and the 

properties of the air transporting the aerosol (brake debris) to the instrument cluster. These 

deviations and variability on the cooling air may induce variability in aerosol sampling and 

compromise the validity of the test results. Lab 4 failed to maintain the average RH within the 

defined limits over R4, R5 and R6. R4 for Lab 4 was within limits only 13 % of the time. In 

this case, RH was substantially higher than the requested 50 % and reached values up to 70 

%. Lab 6 was outside the defined limes between 24 % and 46 % of the time. Lastly, Lab 8 

failed to comply with the average RH specification for all repetitions. R3 and R5 were within 

limits for 16 % and 20 % of the time, respectively. 

3.2.4 One aspect which skews the metrics for cooling air conditions relates to missing data. Lab 3 

met the cooling air limits (with a minor marginal failure); however, the repeats had between 

37 % and 50 % of the values missing (not recorded). Lab 6 did not collect relative humidity 

for any repeat. Lab 7 missed reporting between 24 % and 46 % of the reading. 
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Table 4 
Averaged relative humidity  of incoming air during all repeats for T1 ï Each cell indicates the average followed by the Ñ 

95 % limits for the entire cycle using the EED files at 1 Hz. The last row indicates the mean value of the average values and 

the corresponding limits for the 95 % confidence limits. Cells in red indicate repeats which did were not within defined 

limits. Cells with an (*) indicate data not available for that repeat on the specific Lab 

Repeat 

Relative humidity / %RH 

Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab 8 

1 50.01 Ñ 3.87 49.97 Ñ 3.28 49.48 Ñ 9.25 50.53 Ñ 2.93 49.63 Ñ 6.13 * 48.49 Ñ 15.11 38.01 Ñ 4.38 

2 50.00 Ñ 3.91 50.10 Ñ 3.84 49.98 Ñ 5.26 52.18 Ñ 1.43 50.08 Ñ 0.72 * 50.49 Ñ 10.88 40.90 Ñ 1.34 

3 49.97 Ñ 3.66 50.03 Ñ 2.92 49.70 Ñ 5.86 51.18 Ñ 3.09 50.03 Ñ 0.47 * 48.34 Ñ 16.25 43.84 Ñ 1.77 

4 49.99 Ñ 4.04 50.05 Ñ 3.05 50.18 Ñ 5.01 59.66 Ñ 23.49 50.09 Ñ 0.74 * 51.18 Ñ 14.77 36.72 Ñ 8.74 

5 49.97 Ñ 3.96 50.03 Ñ 3.00 50.08 Ñ 5.60 70.66 Ñ 2.79 * *  49.26 Ñ 16.98 41.80 Ñ 6.92 

6 49.99 Ñ 3.94 50.19 Ñ 4.66 49.72 Ñ 5.44 64.12 Ñ 4.41 * *  48.69 Ñ 18.31 42.17 Ñ 4.19 

Mean 49.99 Ñ 0.03 50.06 Ñ 0.15 49.86 Ñ 0.52 58.05 Ñ 0.43 49.96 Ñ 0.43 *  49.41 Ñ 2.3 40.57 Ñ 5.28 

3.2.5 Table 5 summarises the ability of all labs during each repeat of T1 to be within limits for cooling air 

temperature and relative humidity. For each repeat, the markers indicate the performance regarding 

compliance to cooling air conditioning.  

Table 5 
Representation of compliance with the recommended air cooling parameters ï For each lab and repetition signs  

(ã ï within limits, X ï outside limits) represent in given order the i. air cooling temperature compliance and ii. air cooling 

RH compliance 

Repeat Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab 8 

1 ã ã ã ã ã X X ã X ã X * X X X X 

2 ã ã ã ã ã ã X ã ã ã X * ã X X X 

3 ã ã ã ã ã ã X ã ã ã X * ã X X X 

4 ã ã ã ã ã ã X X ã ã X * ã X X X 

5 ã ã ã ã ã ã X X *  X * X X X X 

6 ã ã ã ã ã ã X X *  X * ã X *  

Mean ã ã ã ã ã ã X X ã ã X *  ã X X X 

3.3 Influence of cooling air on brake temperature 

3.3.1 The following analysis uses the EED files from Lab 4 (T1) to study the influence of the 

incoming cooling air temperature on the brake temperature profile. The reason for selecting 

Lab 4 relates to the variance of cooling air temperature observed over the different repetitions 

of T1. Lab 4 did not have access to a dynamometer with environmental controls for this 

study. Indeed, Table 6.1 shows that the average cooling air temperature applied over the six 

repetitions varied significantly, allowing for studying its effect on the brake temperature 

profile. Another advantage of using data from only one lab is to keep the rest of the testing 

parameters constant during all repeats. This approach allows the assignment of observed 
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differences in the brake temperature primarily to the temperature and humidity of the 

incoming cooling air.  

3.3.2 Figure 17 depicts the average disc temperature recorded in each one of the six repetitions of 

T1. Both TCEmb (blue markers) and TCRub (red markers) were applied. Despite the significant 

temperature difference in the two TCs, there was a similar trend for both variants. More 

specifically, reducing cooling air temperature results in a reduction of average disc 

temperature. The reduction of the average disc temperature is not directly proportional to the 

reduction of cooling air temperature. More specifically, cooling the incoming air by 

approximately 8.5 ÁC seems to reduce the disc temperature between 10ÁC and 15 ÁC 

depending on the measurement method (TCEmb or TCRub). 

Figure 17 
Average brake temperature from EED file at 1 Hz as a function of incoming air temperature ï The two sets represent 

TCEmb (blue dots) and TCRub (orange dots). The trendlines represent polynomial models for both variants, along with their 

corresponding values for R2  

 

3.3.3 For Lab 4, it is noteworthy that R2 and R3 exhibited a performance comparable for cooling 

air temperature per Table 3 and %RH per Table 4, respectively, resulting in identical average 

disc temperatures. Figure 18 depicts this well, illustrating the disc temperature profile of the 

two repetitions throughout the entire cycle. The two repetitions resulted in identical disc 

temperature profiles over the whole duration of the cycle. On the other hand, Figure 19 

illustrates the differences between R2 and R5, especially for temperatures below 60 ÁC. In 

this case, R2 exhibited an average cooling air temperature of 13.4 ÁC, resulting in generally 

higher disc temperatures. Lastly, R5 was performed with an average cooling air temperature 

of 8.4 ÁC and significantly lower disc temperatures. 
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Figure 18 

Disc temperature profile measured by TCEmb for Lab 4 during T1 for R2 and R4 

 

 

Figure 19 

Disc temperature profile measured by TCEmb for Lab 4 during T1 for R2 and R5 

 

3.4 Influence of the temperature measurement method on the brake temperature 
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Table 6 
Averaged initial, final and maximum disc temperature ï The measurements include embedded (TCEMB, left half of the table) and sliding (TCRUB, right half of the table) TCs for all repetitions of 

T1 for all labs. Mean values (Ñ 95 % confidence limits) represent the average temperature values for each parameter. (*) denotes missing data  

Repeat  Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab 8 Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab 8 

Average initial disc temperature TCEMB  / ÁC Average initial disc temperature TCRUB / ÁC 

1 57.9 59.7 52.4 48.2 49.8 39.3 51.5 56.5 50.8 54.8 64.2 51.5 45.5 40.0 52.3 61.3 

2 57.8 56.6 52.3 44.2 46.4 37.3 51.3 54.9 51.4 52.1 64.1 47.4 43.4 38.9 52.1 59.3 

3 57.5 56.8 52.3 44.1 46.5 36.7 51.2 53.3 52.9 52.6 64.1 47.2 43.6 38.5 52.3 57.6 

4 57.2 57.2 52.6 42.5 46.9 39.5 50.9 57.4 54.1 53.0 64.1 44.9 44.0 41.3 52.2 61.4 

5 56.8 57.3 52.3 38.5 48.9 36.2 *  55.8 55.1 53.4 63.7 41.2 46.3 38.3 *  59.5 

6 57.1 56.6 52.3 36.8 48.9 35.4 *  *  53.1 52.7 63.9 39.0 46.5 37.7 *  *  

Mean Ñ 95 

% limit  

57.38 Ñ 

0.86 

57.35 Ñ 

2.33 

52.38 Ñ 

0.27 

42.38 Ñ 

8.19 

47.9 Ñ  

2.9 

37.39 Ñ 

3.25 

51.21 Ñ 

0.49 

55.6 Ñ 

3.13 

52.92 Ñ 

3.13 

53.09 Ñ 

1.84 

64.01 Ñ 

0.37 

45.19 Ñ 

8.91 

44.89 Ñ 

2.72 

39.14 Ñ 

2.57 

52.25 Ñ 

0.17 

59.82 Ñ  

3.14 

 Average final disc temperature TCEMB / ÁC Average final disc temperature TCRUB / ÁC 

1 66.9 72.2 60.4 56.5 62.4 51.4 60.8 65.7 57.3 62.6 75.7 62.3 53.4 50.8 59.0 75.4 

2 66.1 67.1 59.8 52.6 56.7 47.6 59.7 64.5 56.8 59.4 75.8 58.1 50.7 49.6 58.5 72.7 

3 65.7 67.2 59.6 52.9 56.2 46.7 59.5 62.9 58.5 60.0 75.9 57.3 50.9 49.0 58.8 70.8 

4 65.6 67.3 59.8 51.6 56.2 49.2 59.1 66.9 60.3 60.6 75.8 54.8 51.3 50.4 58.9 74.5 

5 65.3 66.9 59.2 47.8 58.9 45.8 *  65.3 61.4 61.2 75.6 51.1 54.4 47.6 *  72.0 

6 65.5 66.2 59.0 46.3 58.8 45.3 *  *  59.1 60.6 75.7 48.7 54.5 47.4 *  *  

Mean Ñ 95 

% limit  

65.84 Ñ 

1.19 

67.82 Ñ 

4.25 

59.65 Ñ 

0.99 

51.3 Ñ 

7.25 

58.19 Ñ 

4.66 

47.68 Ñ 

4.52 

59.8 Ñ 

1.43 

65.04 Ñ 

2.91 

58.88 Ñ 

3.41 

60.75 Ñ 

2.15 

75.77 Ñ 

0.24 

55.37 Ñ 

9.73 

52.55 Ñ 

3.47 

49.14 Ñ 

2.79 

58.8 Ñ 0.4 73.09 Ñ 3.59 

 Maximum disc temperature TCEMB / ÁC Maximum disc temperature TCRUB / ÁC 

1 171.1 166.7 159.5 150.1 164.7 166.9 160.8 151.5 145.8 167.8 192.5 149.6 140.5 174.0 150.9 193.4 

2 176.2 164.3 159.5 156.7 158.2 162.0 161.0 143.5 148.4 172.7 194.5 144.5 139.8 175.6 157.3 187.9 

3 177.1 164.6 158.9 161.2 154.8 160.0 162.9 144.3 157.1 175.6 194.8 142.6 139.8 175.9 163.4 185.0 

4 181.1 164.5 154.6 160.4 153.2 161.0 166.6 149.1 166.9 183.5 197.9 133.1 137.8 168.4 168.0 187.2 

5 185.9 163.3 156.2 160.5 157.6 159.8 *  148.1 167.8 183.8 193.4 130.6 146.6 169.5 *  185.4 

6 188.9 163.6 153.9 159.7 156.8 158.6 *  *  168.9 182.8 194.6 128.7 145.0 165.3 *  *  

Mean Ñ 95 

% limit  

180.04 Ñ 

12.95 

164.51 Ñ 

2.32 

157.1 Ñ 

4.96 

158.09 Ñ 

8.31 

157.58 Ñ 

7.75 

161.4 Ñ 

5.76 

162.81 Ñ 

5.27 

147.3 Ñ 

6.57 

159.16 Ñ 

20.11 

177.69 Ñ 

13.13 

194.62 Ñ 

3.57 

138.19 Ñ 

16.69 

141.57 Ñ 

6.71 

171.45 Ñ 

8.49 

159.91 Ñ 

14.58 

187.78 Ñ 

6.6 
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3.4.2 Figure 20 illustrates the mean of the average values for each of the six repetitions of T1 for 

initial, final, and maximum disc temperatures. Additionally, the graphs provide the range of 

the average values for these parameters. Statistics for all labs came from the corresponding 

EEC files. The boxplot graphs show both TCEmb and TCRub measurement values for 

comparison purposes.  

Figure 20 
Boxplots for the average disc temperatures ï The plots illustrate values for initial (upper panels), final (middle panels), 

and maximum (bottom panels) temperatures. The data show measurements using TCEmb (right panels) and TCRub (left 

panels) over the six repetitions of T1. The middle line of the box represents the median or middle number. The median 

divides the box into a bottom half and a top half. The bottom line of the box represents the first quartile. The top line of the 

box represents the third quartile. The whiskers (vertical lines ending with a dash) extend from each end of the box to the 

minimum value and the maximum value 
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3.4.3 Figure 20 shows that the mean of the average initial brake temperature values for each of the 

six repetitions measured with the TCEmb falls within a 20 ÁC difference (57 ÁC ï 37 ÁC). For 

measurement using TCRub the mean temperature values lie within a slightly broader range of 

25 ÁC (39 ÁC ï 64 ÁC). It is noteworthy that if only labs that managed to regulate the 

incoming cooling air at (20 Ñ 1) ÁC and (50 Ñ 5) % RH are considered (Lab 1, Lab 2, Lab 3, 

Lab 5, and Lab 7), then mean TCEmb values fall within a narrow range of less than 10 ÁC (57 

ÁC ï 48 ÁC). On the other hand, the range of mean temperature values measured utilising 

TCrub does not improve significantly and lies within 19 ÁC (64 ÁC ï 45 ÁC). 

3.4.4 Upon examining the boxplots in Figure 20, the average and final temperatures exhibit similar 

behaviour and ranking, as depicted in the middle panels. Similar to the initial temperatures, 

the mean brake temperature values (TCEmb) fall again within a 20 ÁC difference (68 ÁC ï 48 

ÁC). For the TCRub, the mean final temperature values lie within a broader range of 27 ÁC (76 

ÁC ï 49 ÁC). Considering only the labs that regulated the incoming cooling air, the TCEmb 

mean values fall within a relatively narrow range of 10 ÁC (68 ÁC ï 58 ÁC). On the other 

hand, the means values for TCRub for final temperature do not exhibit a significant 

improvement, falling within a 23 ÁC range (76 ÁC ï 53 ÁC). 

3.4.5 Examination of mean values of the averaged maximum disc temperature confirms that 

temperature measurements employing TCEmb are more robust and repeatable than TCRub. 

The bottom panels in Figure 20 clearly illustrate that the mean maximum temperature values 

measured with the TCEmb are very close to each other for most of the labs and lie within a 30 

ÁC range. On the other hand, the average values for the maximum temperature values 

measured with the TCRub deviate significantly among the labs and lie between 55 ÁC and 60 

ÁC. The assessment above concludes that temperature measurement and subsequent analysis 

shall use only TCEmb. The same tests with TCRub can result in twice as high deviations. 

3.4.6 Figures 21 and 22 depicts the disc final temperature profile for all 303 brake events of the R1 

ï T1 using TCEmb and TCRub, respectively. Both figures include only the labs that could 

control the temperature and humidity of the incoming cooling air as requested. Temperature 

measurement using TCEmb is more robust and exhibit a lower deviation among the labs, 

remaining mostly below 20 ÁC. In comparison, TCRub provides readings with deviations 

between labs of up to 50 ÁC for high energy braking events.  

Figure 21 
Final disc temperature profile measured by TCEmb for R1 during T1 ï Lines indicate measurements for Lab 1, Lab 2, 

Lab 3, Lab 5 and Lab 7 
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Figure 22 
Final disc temperature profile measured by TCRub for R1 during T1  ï Lines indicate measurements for Lab 1, Lab 2, 

Lab 3, Lab 5 and Lab 7 

 

3.5 Influence of the initial cycle temperature on the brake temperature profile 

3.5.1 Labs were requested to start each trip within the WLTP Brake cycle from the initial brake 

temperature of 25 ÁC. After each trip, the cycle includes a soak time to cool down and reach 

the target temperature. The soak time varied significantly between the cycle trips depending 

on the level of temperature reached over the previous trip. Moreover, soak time varied 

significantly among the labs due to the difference among the setups and the application of 

different cooling air flowrates. Table 7 summarises the soak times applied by different labs in 

all six repetitions of T1. For Lab 3, it was not possible to calculate the exact soak times due to 

some issues with the EED files. Soak times are provided in [h], while values in parenthesis 

represent the percentage (%) of soak time over the whole duration of the test. 

Table 7 
Soak times required by different labs in all six repetitions of T1 ï Values in parenthesis represent the percentage (%) of 

soak time relative to the entire duration of the cycle. (*) denotes missing data 

Repeat 
Soak duration (and per cent of the total cycle) / h ( %) 

Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab 8 

1 2.2 (33) 2.2 (33) *  1.4 (24) 0.9 (16) 0.4 (7) 1.4 (24) 1.7 (28) 

2 2.2 (33) 2.1 (32) *  1.3 (23) 0.8 (16) 0.4 (7) 1.2 (21) 1.7 (28) 

3 2.1 (32) 2.0 (32) *  1.5 (25) 0.8 (15) 0.4 (7) 1.3 (23) 1.7 (28) 

4 2.1 (32) 2.1 (32) *  1.3 (22) 0.8 (16) 0.4 (8) 1.7 (27) 1.7 (27) 

5 2.1 (32) 2.2 (33) *  1.2 (21) *  0.3 (7) 1.7 (28) 1.8 (29) 

6 2.2 (33) 2.3 (34) *  1.3 (23) *  0.3 (6) 1.5 (25) 1.5 (26) 

3.5.2 Applying different initial disc temperatures at the beginning of each repetition appears to 

influence the average disc temperature over the cycle. Figure 23 and Figure 24, respectively, 
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illustrate the average and maximum disc temperature over the cycle measured by TCEmb 

concerning the disc temperature at the beginning of the cycle. Both figures include data for all 

labs over the six repetitions of T1 (EED). From the evidence presented, increasing the disc 

temperature at the beginning of the cycle results in an increase in the average brake 

temperature. Lab 6 seems to behave differently in temperature regimes (generally lower 

average temperatures) than the other labs due to the different cooling strategies (applying 

constant airspeed of 45 km/h). However, Lab 6 seems to follow the same direction regarding 

the influence of temperature at the beginning of the cycle on the average brake temperature.  

3.5.3 A remarkable find is that the application of different initial disc temperatures at the beginning 

of the cycle does not seem to influence the maximum disc temperature over the cycle. Figure 

24 shows that most of the tests were performed with an initial disc temperature of (20 to 25) 

ÁC and resulted in maximum disc temperature in a wide range of (150 to 190) ÁC. Moreover, 

Lab 4 performed tests with entirely different initial disc temperatures resulted in a maximum 

disc temperature of approximately 160 ÁC, regardless of the initial cycle temperature. Other 

parameters affect maximum temperature rather than the temperature at the beginning of the 

cycle and thus the correct application of soak times.  

3.5.4 Moving forward, all labs need to follow a strict soaking protocol to avoid differences in the 

temperature regime and conduct repeatable and reproducible tests. The proper soak applies 

even if maximum temperature ï and thus PN emissions ï does not seem to be affected by the 

correct soaking application. 

Figure 23 
Average disc temperature over the WLTP Brake cycle concerning the disc temperature at the beginning of the cycle 
ï The values represent measurements using TCEmb 
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Figure 24 
Maximum disc temperature over the WLTP Brake cycle concerning the disc temperature at the beginning of the 

cycle ï The values represent measurements using TCEmb  

 

III.  Statistical assessment of time-resolved test results ï EED 

files 

4 Purpose 

The next level of numerical assessment of the dynamometer data pertains to the time-resolved 

speed response at 1 Hz. The WLTP Brake cycle is a speed profile derived from an extensive 

database from several regions and countries worldwide, following the approach used to derive 

the corresponding exhaust duty cycle [UNECE, 2019]. A significant departure from legacy 

duty cycles for dynamometer testing is the need to adhere to a prescribed speed profile, 

including the time between braking events. The integration of the dynamometer (control 

software and motor drive technology) and the control program to execute the cycle 

influences: 

½ the cooling regime of the friction couple and the overall temperature levels during the 

test; 

½ the airstream around the brake inbetween brake events and the impact on particle 

transport. 

The two standard metrics to qualify the execution of the cycle relative to the (time-resolved 

AT 1 Hz) speed trace include: 
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½ speed violations as the per cent of the time the brake speed was outside the limits 

established on the GTR 15 [UNECE, 2019]; 

½ speed error as the Root Mean Square of the Speed Error (RMSSE) per [SAE J2951:2014]; 

also expressed as per cent of the maximum error allowed by the GTR 15. 

5 Scope and Application 

The metrics from paragraph III apply to the speed trace for friction couples tested per the 

PMP WLTP Brake cycle Protocol [UNECE, 2020]. 

6 Definitions  

6.1 Testing  

6.1.1 ñEEC fileò means a standard tabular file with test and brake information and a tabular 

summary of test outputs, with one row for each braking event [VDA, 2013]. 

6.1.2 ñEED fileò means a standard tabular file for time-resolved (at 1 Hz for this study) data from a 

given test indicating brake and dynamometer outputs [VDA, 2013]. 

6.1.3 ñCycleò means the WLTP Brake cycle as defined in Mathissen et al. [2018]. 

6.1.4 ñTestò [T] means a series of six repeats of the WLTP Brake cycle on the same sample of a 

friction couple, executed under repeatability conditions [ISO 57252:2019]. 

6.1.5 ñRepeatò [R] means one execution of the entire WLTP-Brake cycle 

6.2 Statistics  

6.2.1 ñSpeed errorò is the instantaneous difference between the actual brake speed and the target 

speed (nominal speed) of the WLTP Brake cycle. 

6.2.2 ñSpeed violationò means whenever the actual speed of the dynamometer exceeds the speed 

trace tolerances, compared to the prescribed (nominal) speed. 

6.2.3 ñSpeed toleranceò means the limits defined as 2.0 km/h faster than the highest point, or 2.0 

km/h slower than the lowest point of the prescribed trace within Ñ 1.0 second of the given 

point in time. 

6.2.4 ñRoot Mean Square of Speed Errorò means the square root of the sum of the squared 

differences between the actual and the prescribed speed, divided by the number of speed 

values taken at 1 Hz. 
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7 Abbreviations  

 
BrkSpd braking speed 

CA %rh relative humidity of the cooling air 

CASpd cooling airspeed 

CATemp cooling air temperature 

COF Coefficient of friction 

CSV Comma-separated values 

E_Rotor embedded thermocouple temperature 

EEC VDA 305/EKB 3008 summary data with one row per record 

EED VDA 305/EKB 3008 data in the time domain (1 Hz for this project) 

EKB European Brake Noise Experts Group 

Hi the higher limit for linear speed 

IP inner pad temperature 

Lo the lower limit for linear speed 

Mu coefficient of friction 

OP outer pad temperature 

P the pressure exerted on the brake 

R_Rotor rotating thermocouple temperature 

R0 a single identifier for the nominal vehicle test 

R1éR6 repeats 1 to 6 for a given test 

RMSSE Root Mean Square of Speed Error 

T  torque output of the brake 

TCEmb Embedded Thermocouple 

TCRub Rubbing Thermocouple 

8 EED (CSV) file structure per VDA 305/EKB 3008 

8.1 EED files apply to each brake application (multiplied by the number of brakes used in the 

test). For this project, one entire repeat of the WLTP-Brake cycle includes 303 EED files. 

Essentially, an EED file consists of a value table, with columns representing a measurand 

(e.g., speed, deceleration, pressure, temperature, torque, and COF, among others), and every 

row represents a sampling period of 1 Hz for this study.  

8.2 The creation of the EED files required a series of previous steps, which commenced with the 

test planning and concluded with the test output to report to the statistical analysis team. 

Figure 25 illustrates the simplified workflow for all labs. 

8.3 Table 8 illustrates the structure of the EED file for a randomly selected part of one repeat 

corresponding to 25 seconds of test data. The adaptation of the EED files to the WLTP Brake 

cycle creates a single file for the entire cycle for each repeat. It depends upon the software 

used for data collection; the EED file may split into 10 files, one for each trip. Essentially, an 

EED file is a value table. Each column represents a measurement signal (e.g. speed, pressure, 

temperatures, torque, coefficient of friction, cooling airspeed, cooling air temperature, cooling 

air humidity, among others). Every row on the EED file represents a sampling period. The 

EED file is part of the test information, including other types of files, more for noise and 

vibration tests. 
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8.4 The EED files for all the tests create a spreadsheet extending to the right of Table 8. The 

extended file includes five more sets of columns to complete six repeats per lab and seven 

more columns to complete eight labs.  

8.5 Before calculating the metrics for speed violations and RMSSE, the statistical analysis team 

had to perform a data alignment to synchronise the individual EED files for each trip. This 

alignment ensured that the onsets of speed for each trip for each lab matched the nominal 

value. Table 9 illustrates an EED file pre  and post alignment. The main reason for the 

misalignment stems from the time it takes for the brake to reach the initial temperature to start 

the next trip. The nominal WLTP Brake cycle does not include a prescribed cooldown time 

(soak time) between events. 

Figure 25 
Flowchart from test planning to EED files for each repeat, each test, and each lab ï The workflow indicates the 

combination of activities performed at the PMP and the individual lab level 
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Table 8 
Extract of EED file for Repeat 1 of Lab 1 ï Trip = trip marker for WLTP Brake cycle; Time = time marker for the 

nominal WLTP Brake cycle 

Table 9 
Extract of EED pre and post alignment ï Pre alignment on the left side shows R1 has zero seconds before speed onset, 

and the onset for R2 is delayed by 14 seconds. The data after the zerospeed alignment on the right side shows all the repeats 

with onset simultaneously, allowing the correct computation of speed violations and RMSSE. Orange cells indicate 

misaligned sets. Green cells indicate sets aligned asis or after inserting | removing zero speed data points 

Trip 
Time 

/ s 

pre-alignment post alignment 

Braking speed / km/h 

R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6 

1 1 1.42 0 0 0 0 0 0 0 0 0 0 0 

1 2 5.14 0 0 0 0 0 0 0 0 0 0 0 

1 3 8.75 0 0 0 0 0 0 0 0 0 0 0 

1 4 12.28 0 0 0 0 0 0 0 0 0 0 0 

1 5 15.78 0 0.45 1.40 0.24 0 1.42 0.14 0.45 1.40 0.24 0 

1 6 19.17 0 4.13 5.23 3.79 3.24 5.14 3.55 4.13 5.23 3.79 3.24 

1 7 21.21 0 7.79 8.82 7.44 6.87 8.75 7.30 7.79 8.82 7.44 6.87 

1 8 20.96 0 11.27 12.25 10.91 10.38 12.28 10.82 11.27 12.25 10.91 10.38 

1 9 20.84 0 14.74 15.73 14.46 13.92 15.78 14.37 14.74 15.73 14.46 13.92 

1 10 20.78 0 18.23 19.19 17.86 17.38 19.17 17.82 18.23 19.19 17.86 17.38 

1 11 20.76 0 21.26 21.18 21.19 20.90 21.21 21.16 21.26 21.18 21.19 20.90 

1 12 20.74 0 20.98 20.91 21.02 21.05 20.96 20.99 20.98 20.91 21.02 21.05 

1 13 20.71 0 20.81 20.8 20.85 20.86 20.84 20.84 20.81 20.8 20.85 20.86 

1 14 20.70 0 20.74 20.71 20.77 20.79 20.78 20.77 20.74 20.71 20.77 20.79 

1 15 20.55 0 20.71 20.68 20.76 20.72 20.76 20.71 20.71 20.68 20.76 20.72 

1 16 18.48 0 20.71 20.69 20.73 20.67 20.74 20.69 20.71 20.69 20.73 20.67 

1 17 14.97 0 20.71 20.71 20.74 20.67 20.71 20.7 20.71 20.71 20.74 20.67 

1 18 11.43 0 20.72 20.73 20.71 20.69 20.70 20.73 20.72 20.73 20.71 20.69 

1 19 7.91 0.14 20.63 20.56 20.69 20.71 20.55 20.74 20.63 20.56 20.69 20.71 

1 20 4.47 3.55 19.57 18.36 19.77 20.52 18.48 19.92 19.57 18.36 19.77 20.52 

Trip  

Time 
L1 

time BrkSpd T P Mu R_Rotor E_Rotor OP IP CASpd CATemp CArh 

s 
s km/h NĿm kPa  ÁC ÁC ÁC ÁC km/h ÁC %RH 

R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 

1 1 1 682 0.0 7.1  3.8 0.0 18.2 21.9 19.0 19.4 9.7 16.3 47.1 

1 2 1 683 0.0 7.5  3.0 0.0 18.1 21.9 19.0 19.4 11.3 16.3 46.9 

1 3 1 684 0.0 7.9  3.0 0.0 18.1 22.0 19.0 19.3 12.7 16.3 46.7 

1 4 1 685 0.0 8.2  1.4 0.0 18.0 21.9 19.0 19.4 13.9 16.3 46.4 

1 5 1 686 1.4 7.9  3.8 0.0 17.9 21.9 19.0 19.3 15.2 16.3 46.2 

1 6 1 687 5.1 7.9  3.8 0.0 17.9 21.9 19.0 19.4 16.0 16.2 46.1 

1 7 1 688 8.8 8.0  4.5 0.0 18.1 21.9 19.0 19.4 17.1 16.2 46.1 

1 8 1 689 12.3 9.1  3.8 0.0 18.2 21.7 19.0 19.3 17.7 16.2 46.2 

1 9 1 690 15.8 8.8  3.0 0.0 18.4 21.7 19.0 19.4 17.9 16.2 46.4 

1 10 1 691 19.2 8.6  2.2 0.0 18.6 21.9 19.0 19.4 19.0 16.2 46.4 

1 11 1 692 21.2 8.4  3.8 0.0 18.8 21.7 19.0 19.3 19.3 16.2 46.6 

1 12 1 693 21.0 8.6  3.8 0.0 18.9 21.8 19.0 19.3 19.9 16.2 46.7 

1 13 1 694 20.8 8.8  3.8 0.0 19.0 21.7 19.0 19.3 20.7 16.2 46.8 

1 14 1 695 20.8 8.6  3.0 0.0 19.0 21.8 18.9 19.4 21.1 16.1 46.9 

1 15 1 696 20.8 8.8  3.0 0.0 19.0 21.6 19.0 19.3 21.5 16.1 47.0 

1 16 1 697 20.7 8.9  3.0 0.0 18.9 21.3 18.9 19.3 21.4 16.1 47.1 

1 17 1 698 20.7 8.6  3.0 0.0 18.9 20.9 18.9 19.3 22.5 16.1 47.2 

1 18 1 699 20.7 8.2  3.8 0.0 18.9 21.1 19.0 19.3 22.3 16.1 47.3 

1 19 1 700 20.6 8.0  3.8 0.0 18.9 21.3 18.9 19.3 22.5 16.1 47.4 

1 20 1 701 18.5 13.6 302.1 0.0 18.8 21.5 18.9 19.3 23.2 16.0 47.5 

1 21 1 702 15.0 172.1 1 128.0 0.3 19.1 22.8 19.0 19.3 23.4 16.1 47.6 

1 22 1 703 11.4 168.7 1 155.9 0.3 20.1 23.8 19.5 19.6 23.4 16.0 47.7 

1 23 1 704 7.9 169.4 1 160.6 0.3 21.0 24.2 20.1 20.0 23.7 16.0 47.8 

1 24 1 705 4.5 171.0 1 170.7 0.3 21.4 24.7 20.9 20.3 23.9 16.0 47.9 

1 25 1 706 1.0 168.3 1 200.9 0.2 21.4 24.1 21.5 20.5 23.8 16.0 48.1 
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8.6 Figure 26 illustrates the differences in time markers for the start of each trip and the resulting 

loss of synchronicity for the metrics on speed error. Figure 26a includes the actual soak times 

in between trips. The postalignment traces in Figure 26b include normalising the zero speed 

periods at the beginning of each trip and allowing the computation of speed metrics. 

Figure 26 
Alignment of time-resolved brake speed for EED files for test 1 from Lab 4 ï (a) Top ï R1 6 as measured including 

soak times between individual trips; (b) Bottom ï R1 6 after adding or removing zerospeed data values to align each trip to 

its particular time as the start of each trip. 
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9 Statistics for speed violations and speed error with EED files 

9.1 Speed violations 

9.1.1 For every nominal value on the speed trace at 1 Hz, use the following equations to determine 

the speed tolerance. 

3 ȟ ȟ ÍÉÎ3 ȟ3 ς  

3 ȟȟ ÍÁØ3 ȟ3 ς  

where: 

Ὓ ȟ ȟ   is the lower limit for the nominal speed at time ὸ  

Ὓ ȟ ȟ   is the upper limit for the nominal speed at time ὸ 

άὭὲὛ ȟὛ   is the minimum nominal speed within Ñ 1 s at time ὸ 

άὥὼὛ ȟὛ   is the maximum nominal speed within Ñ 1 s at time ὸ 

9.1.2 For each speed value on the test results at 1 Hz, determine the speed error. 

3 ȟȟ 3 ȟ 3 ȟ 

where: 

3 Ȣȟ is the difference between the actual brake speed and the nominal speed for 

test repeat Ὥ at time ὸ 

3 ȟ  is the actual brake speed on the dynamometer for test repeat Ὥ at time ὸ 

3 ȟ  is the nominal brake speed at time ὸ 

9.1.3 Determine for each speed value on the test results whether there is a speed violation or not, 

using the following equation: 

Ὓ ȟȟ

ρ ÉÆ  3 Ȣȟ Ὓ ȟ ȟ 3 ȟȟ

ρ ÉÆ 3 Ȣȟ  Ὓ ȟ ȟ 3 ȟȟ

π ÏÔÈÅÒ×ÉÓÅȢ

 

where: 

Ὓ ȟȟ  is the discrete output for a given test repeat Ὥ at time ὸ 

9.1.4 Determine the total speed violations (above and below) for the entire trip, and compute the 

absolute count as a per cent of the total value points on the nominal WLTP Brake cycle. Do 

not include values during the soak or warm-up periods.  

Ὓ ȟȟϷ ὥὦί

 

Ὓ ȟȟ ρυ ψςφ 

where: 

Ὓ ȟȟϷ is the speed violations for the cycle in per cent 

ὥὦίὛ ȟȟ  is the absolute value of the speed violation parameter per paragraph 9.1.3 

ρυ ψςφ  is the total time of the WLTP Brake cycle without soak or cooldown times 



PMP ς Particle Measurement Programme Informal Working Group 

 

37 

 

9.1.5 Figure 27 illustrates the equations in a graphical format as depicted on the GTR 15. Figure 28 

depicts the application of the speed tolerance to the first 30 seconds during Trip #1 for Lab 4. 

Figure 27 
Tolerance limits for speed violations per UN GTR No. 15 ï Dashed lines indicate the upper and lower limits for brake 

speed using the time-resolved nominal speed at 1 Hz. The solid line indicates the nominal speed trace

 

Figure 28 
Tolerance limits for speed violations applied to the WLTP Brake Cycle ï Red dashed lines indicate the upper and lower 

limits for the nominal speed using equations from paragraph 9.1. Grey dashed line indicates the nominal speed, and solid 

black line illustrates the actual brake speed during the test 
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9.1.6 Table 10 provides a numerical example of how to compute speed violations for a given 

repeat. 

Table 10 
Example of computation of speed violations for test 1, repeat 1, Lab 1 ï Calculations in bold, greyed cells depicts 

values for time marker at 1124 s, using equations from paragraph 9.1. At 1124 s, the brake speed needs to be between 1.5 

km/h and 12/4 km/h not to incur a speed violation  

Trip  
Time  

/ s 

Speed / km/h 
Speed difference from nominal / 

km/h 
Speed violations 

Nominal 
Lower 

nominal 
Upper 

nominal 
Actual 
dyno 

Lower 
nominal 

Upper 
nominal 

Actual 
dyno 

Marker 
Total  
/ # 

Total  
/ % 

3 ȟ 3 ȟ ȟ 3 ȟȟ 3 ȟ 3 Ȣ ȟ  3 Ȣ ȟ  3 Ȣȟ R1 R1 R1 

1 1 0.0 ½ ½ 0.0 0.00 0.00 0.00 ½ ½ 0.00 % 

1 2 0.0 -2.0 2.0 0.0 -2.00 2.00 0.00 ½ 0 0.00 % 

1 3 0.0 -2.0 2.0 0.0 -2.00 2.00 0.00 ½ 0 0.00 % 

1 4 0.0 -2.0 5.4 0.0 -2.00 5.45 0.00 ½ 0 0.00 % 

1 5 3.4 -2.0 8.9 1.4 -5.45 5.45 -2.03 ½ 0 0.00 % 

1 6 6.9 1.4 12.3 5.1 -5.45 5.45 -1.76 ½ 0 0.00 % 

1 7 10.3 4.9 15.8 8.8 -5.45 5.45 -1.60 ½ 0 0.00 % 

1 8 13.8 8.3 19.2 12.3 -5.45 5.45 -1.51 ½ 0 0.00 % 

1 9 17.2 11.8 22.7 15.8 -5.45 5.45 -1.46 ½ 0 0.00 % 

1 10 20.7 15.2 22.7 19.2 -5.45 2.00 -1.52 ½ 0 0.00 % 

1 753 46.7 44.7 48.7 45.3 -2.00 2.00 -1.44 ½ 0 0.00 % 

1 754 46.7 44.7 48.7 44.6 -2.00 2.00 -2.10  1 1 0.01 % 

1 755 46.7 44.7 48.7 46.7 -2.00 2.00 -0.04 ½ 1 0.01 % 

            

2 1 123 10.4 4.9 15.8 13.9 -5.46 5.46 3.50 ½ 2 0.01 % 

2 1 124 6.9 1.5 12.4 13.7 -5.46 5.46 6.77 1 3 0.02 % 

2 1 125 3.5 -2.0 8.9 10.6 -5.46 5.46 7.11 1 4 0.03 % 

            

10 
15 

824 
0.0 -2.0 2.0 0.9 -2.00 2.00 0.87 ½ 164 1.04 % 

10 
15 

825 
0.0 -2.0 2.0 0.5 -2.00 2.00 0.49 ½ 164 1.04 % 

10 
15 
826 

0.0 -2.0 2.0 0.5 -2.00 2.00 0.54 ½ 164 1.04 % 

Total speed violations 164 1.04 % 

Total speed violations below 160 
 

Total speed violations above 4 

3 ȟ ȟ ÍÉÎρπȢτȟσȢυ ς ρȢυ 

3 ȟȟ ÍÁØρπȢτȟσȢυ ς ρςȢτ 

3 ȟ ȟ ρσȢφψ φȢω φȢχχ 

Ὓ ȟȟ ρȟίὭὲὧὩ φȢχχ  ρςȢτ φȢω 

For the entire cycle Ὓ ȟȟϷ ρφτρυ ψςφρȢπτ Ϸ 
 

 

9.1.7 Table 11 indicates the summary of speed violations as a per cent of total time for all six 

repeats on T1 for all eight labs. Lab 6 did not exhibit any speed violation, followed closely by 
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Lab 4. Lab 3 and Lab 8 exhibited 42 % and 32 % of speed violations at the other bookend, 

respectively. Lab 5 did not conclude R5 and R6 due to technical issues.  

9.1.8 The overall behaviour among Labs and across repeats exhibited a low per cent of speed 

violations. Labs 1, 4 and 5 exhibited more significant numbers of speed violations during Trip 

#1. These reductions hint at possible control program optimisations before continuing to 

subsequent trips. In contrast, Lab 8 performed the first five repeats with more than 37 % 

speed violations and made changes to the last repeat to reduce the violations to 0.5 %. 

Table 11 
Summary of speed violations for all six repeats during T1 for all laboratories ï The per cent values indicate the time 

during the entire cycle. The braking speed on the dynamometer was outside the limits outlined in paragraph 9.1. (*) denotes 

missing data 

Lab 

Speed violations per repeat / % 

Mean / % 
R1 R2 R3 R4 R5 R6 

L1 20.1 7.6 7.8 7.7 6.6 7.9 9.6 

L2 11.2 2.1 2.2 2.3 2.5 3.0 3.9 

L3 40.6 44.0 42.4 43.1 39.8 43.4 42.2 

L4 1.0 0.2 0.1 0.0 0.9 0.4 0.4 

L5 1.7 2.2 3.0 2.2 *  *  1.5 

L6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

L7 10.1 10.2 10.8 10.8 10.2 9.4 10.3 

L8 38.9 38.4 37.5 37.7 37.6 0.5 31.8 

Mean 15.4 13.1 13.0 13.0 12.2 8.1 12.6 

9.2 RMSSE (Root mean square of speed error) 

9.2.1 For each timestamp of a given speed trace (upper or lower speed limits, or actual speed from 

the dynamometer), calculate the RMSSE using the following equation: 

ὙὓὛὛὉ  
В 3 Ȣȟ

ὔ
 

where: 

ὔ is the number of data values accrued for the calculation  

9.2.2 Determine the RMSSE for a given cycle as a per cent using the following equation: 

ὙὓὛὛὉ Ϸ  
ὙὓὛὛὉ

ὙὓὛὛὉȟ
ρππ Ϸ 

where: 

ὙὓὛὛὉ Ϸ  is the RMSSE for repeat Ὥ of a given cycle as a per cent of the RMSSE 

allowed 

ὙὓὛὛὉ is the RMSSE for repeat Ὥ of a given cycle in speed units 

ὙὓὛὛὉȟ  is the RMSSE for the lower or upper speed limits using the 3 ȟ ȟ or 3 ȟ ȟ, 

respectively per paragraph 9.1 
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9.2.3 Figure 29 depicts the speed trace for the first 30 seconds of Trip #1 of the R1 from Lab 4.  

Figure 29 
Speed error for RMSSE calculation applied to the WLTP Brake Cycle ï Red circles on the thin solid black line, 

indicate the speed error at each marker using equations from paragraph 9.2. Grey dashed line indicates the nominal speed, 

and solid black line illustrates the actual brake speed during the test 

 

9.2.4 Table 12 illustrates the calculation steps for the first 10 seconds of T1-R1 from Lab 1. 

Table 12 
Example of computation of RMSSE for Lab 1, test 1, repeat 1  Table illustrates the first 10 seconds of Trip #1 

Tim

e  

/ s 

Nominal 

brake 

speed 

Lower 

speed  

limit  

Upper

speed 

limit  

Dyno 

brake 

speed 

Speed error 
ἡἭἺἺȢἠἱȟἼ 

(Speed error)Į 
ἡἭἺἺȢἠἱȟἼ  

Cumulative RMSSE 

 
3 ȟ 3 ȟ ȟ 3 ȟȟ 3ȟ R0,Lo,t R0,Hi,t Ri,t R0,Lo,t R0,Hi,t Ri,t R0,Lo,t R0,Hi,t Ri,t 

 km/h km/h km/h km/h km/h km/h km/h (km/h)Į (km/h)Į (km/h)Į km/h km/h km/h 

1 0.0 
  

0.00 0.00 0.00 0.00 0.00 0.00 0.00   
 

2 0.0  2.0 2.0 0.00  2.00 2.00 0.00 4.00 4.00 0.00 1.41 1.41  

3 0.0  2.0 2.0 0.00  2.00 2.00 0.00 4.00 4.00 0.00 1.63 1.63  

4 0.0  2.0 5.4 0.00  2.00 5.45 0.00 4.00 29.68 0.00 1.73 3.07  

5 3.4  2.0 8.9 1.42  5.45 5.45  2.03 29.68 29.68 4.11 2.89 3.67 0.91 

6 6.9 1.4 12.3 5.1  5.45 5.45  1.76 29.68 29.68 3.09 3.45 4.02 1.10 

7 10.3 4.9 15.8 8.8  5.45 5.45  1.60 29.68 29.68 2.54 3.80 4.26 1.18 

8 13.8 8.3 19.2 12.3  5.45 5.45  1.51 29.68 29.68 2.29 4.04 4.42 1.23 

9 17.2 11.8 22.7 15.8  5.45 5.45  1.46 29.68 29.68 2.14 4.22 4.55 1.25 

10 20.7 15.2 22.7 19.2  5.45 2.00  1.52 29.68 4.00 2.31 4.36 4.36 1.28 

Sum of squares 190.11 190.11 16.48    

Root Mean Square of Speed Error 4.36 4.36 1.28 

ὙὓὛὛὉ 
τȢρρσȢπωςȢυτςȢςωςȢρτςȢσρ

ρπ

ρφȢτψ

ρπ
ρȢςψ 

ὙὓὛὛὉȟϷ 
ρȢςψ

τȢσφ
ςω Ϸ 

9.2.5 Tables 13 and 14 indicate the summary RMSSE and RMSSE % for all six repeats on T1 for all 

eight labs, respectively. Labs 4 and 6 managed to conduct the six repeats below 50 % of the 
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acceptable limit. Labs 1 and 2 completed five repeats between 85 % and 95 % of the 

acceptable limit. Labs 7 and 8 had only one or two repeats below the limit of 3.2 km/h 

(rounded value for 3.191 km/h). 

9.2.6 It is essential to contrast the RMSSE metrics with accuracy and precision from paragraphs 1.6 

and 1.7 to understand the speed control during the cycle fully. Labs 3, 7, and 8 exhibited a 

performance related to braking speed and braking deceleration, comparable or better than 

other labs. It is interesting to note that Lab 3 develops braking decelerations with 

high fidelity compared to the WLTP Brake cycle (see paragraph 1.8). Conversely, the same 

lab was able to control brake the speed within the speed tolerances when including the 

acceleration, cruise, and dwell events. 

Table 13 
Summary of RMSE values for all six repeats during T1 for all laboratories ï The values reflect the results after applying 

the calculations from paragraph 9.2. (*) denotes missing data. The row for WLTP refers to the maximum RMSSE metric 

while still complying with the speed tolerances. The mean values include only the actual Lab results  

Lab 
RMSSE / km/h Mean / 

km/h R1 R2 R3 R4 R5 R6 

WLTP 3.2 3.2 3.2 3.2 3.2 3.2 3.2 

L1 5.4 2.8 2.8 2.8 2.7 2.8 3.2 

L2 16.8 2.8 2.8 2.8 2.8 3.0 5.2 

L3 13.7 14.8 13.9 14.4 13.0 13.6 13.9 

L4 1.5 1.2 1.1 1.2 1.5 1.4 1.3 

L5 2.6 2.8 3.0 2.9 *  *  2.8 

L6 0.5 0.3 0.7 0.6 0.6 0.4 0.5 

L7 3.2 3.4 3.5 3.6 3.2 3.0 3.3 

L8 16.3 15.8 15.7 15.7 15.9 1.2 13.4 

Mean 7.5 5.5 5.4 5.5 5.7 3.6 5.5 

Table 14 
Summary of RMSSE % for all six repeats during T1 for all laboratories ï The values reflect the results after applying the 

calculations from paragraph 9.2. (*) denotes missing data 

Lab 
RMSSE % 

Mean 
R1 R2 R3 R4 R5 R6 

L1 170 % 87 % 87 % 87 % 86 % 89 % 162 % 

L2 526 % 87 % 88 % 89 % 89 % 93 % 162 % 

L3 428 % 464 % 435 % 451 % 407 % 428 % 435 % 

L4 47 % 38 % 34 % 36 % 46 % 43 % 41 % 

L5 82 % 88 % 94 % 90 % *  *  89 % 

L6 15 % 11 % 21 % 18 % 19 % 14 % 16 % 

L7 100 % 108 % 110 % 113 % 101 % 93 % 104 % 

L8 511 % 495 % 491 % 491 % 500 % 37 % 421 % 

Mean 235 % 172 % 170 % 172 % 178 % 114 % 174 % 

IV.  Statistical assessments on event-based test results ï EEC 

files 

10 EEC file structure per VDA 305/EKB 3008 

10.1 The EEC file is the primary data exchange format as a CSV file. This type of file makes the 

data exchange among testing facilities agnostic to the original software used on a given 

dynamometer. During this interlaboratory study, at least three different control systems were 

incompatible in their native format. The VDA 305/EKB3008 format developed by the 

European Expert Circle enables data exchange for such scenarios allowing testing facilities 

and users to interchange and combine test results as part of their regular work [VDA, 2013]. 

The EEC file contains two main sections.  
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10.1.1 Header data describe the boundary conditions for the test run with a description of the test, a 

description of the brake, and a description of the noise measurements. The latter does not 

apply to this study. Future work of the PMP IWG on nontailpipe emissions needs to address 

standard descriptors for the emission measurement setup and the sampling system. Table 15 

lists the components of the test and the brake descriptions. A header entry always consists of 

at least two column entries: the identifier and the assigned value. 

Table 15 
Summary of data types within the EEC file ï The table indicates the default elements per VDA 305/EKB 3008 for 

performance tests. Contingent upon the project, these elements may differ to reflect the metrics which apply to the project 

Type Elements  

Description of the test 

Company | lab, project, test, test program, test options, test rig identifier, test 

motivation, test start date, test end date, test time, total test cycles, actual test 

cycles, test aborted, test error  

Description of the brake 

Brake, brake manufacturer, brake part number, brake version number, brake ID 

number, brake axle, brake side, brake type, brake wheel load, brake piston area, 

brake effective radius, initial brake pressure, and brake efficiency 

10.1.2 Table 16 lists all the measurands used for this study, along with its nomenclature and units. 

10.1.3 The format for numerical data also included the number of decimal places to ensure proper 

and consistent resolution for all subsequent calculations. With only limited exceptions, which 

did not compromise the results, all labs submitted the data using the EEC formal agreed 

initially. 

Table 16 
List of column identifiers, column headings, and applicable units for each parameter or measurand for each repeat ï 

Rows in grey indicate the measurands used for the statistical assessments for standard deviations 

Measurand Identifier  Heading Units Description 

M1   Sect #   Trip # (1 to 10) 
M2   Stop #   Nominal event per WLTP (1 to 303) 

M3   Stop Stop   Internal dyno stop counter 

M4   Stop Time sec Duration of the brake event 
M5   Time of stop hh:mm:ss am/pm Clock time at the start of the brake event 

M6   Date of stop mm:dd:yyyy Calendar date 

M7 BrkSpd_SP Brk Spd Setpoint km/h Target braking speed per WLTP 
M8 BrkSpd Brk Spd km/h Braking speed (measured) 

M9 RelSpd_SP Rel Spd Setpoint km/h Target release speed per WLTP 

M10 RelSpd Rel Spd km/h Release speed (measured) 
M11 Dcl_SP Decel Setpoint m/sĮ Target total deceleration rate per WLTP 

M12 Dcl Decel avgdist m/sĮ Average by distance deceleration 
M13 Tavg Torque avgdist NĿm Average by distance braking torque 

M14 Pavg pressure avgdist kPa Average by distance brake pressure 

M15 Muavg mu avg dist Õ Average by distance coefficient of friction (COF) 
M16 E_IRT Initial Rotor ÁC Rotor temperature at braking speed with embedded TC 

M17 E_FRT Final Rotor ÁC Rotor temperature at release speed with embedded TC 

M18 E_MRT Max Rotor ÁC Maximum rotor temperature with embedded TC 
M19 R_IRT Initial Rotor ÁC Rotor temperature at braking speed with rubbing TC 

M20 R_FRT Final Rotor ÁC Rotor temperature at release speed with rubbing TC 

M21 R_MRT Max Rotor ÁC Maximum rotor temperature with rubbing TC 
M22 OP_IRT Initial Out pad ÁC Outer pad temperature at braking speed 

M23 OP_FRT Final Out pad ÁC Outer pad temperature at release speed 

M24 OP_MRT Max Out pad ÁC Maximum outer pad temperature 
M25 IP_IRT Initial In pad ÁC Inner pad temperature at braking speed 

M26 IP_FRT Final In pad ÁC Inner pad temperature at release speed 

M27 IP_MRT Max In pad ÁC Maximum inner pad temperature 
M28 CASpd ClSpdA km/h Average by time cooling airspeed 

M29 CATemp Air Temp ÁC Average by time cooling air temperature 

M30 CArh Humidity  % Average by time cooling air relative humidity 

10.1.4 The tabular overview of results includes one row per brake event (303 in total) and header 

rows for column identifier, column heading (or measurand), and units. For this study, a fourth 

header row identified the repeat (R1 to R6). Table 17 illustrates the structure of the tabular 

results. The rows reflect data for Trips #1 to #10. The trip event counter depends upon the 

actual trip, and the cycle event counter (mj) provides a tally of all the events for the entire test 

cycle. More details are available elsewhere [UNECE, 2020]. 
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Table 17 
Structure of a single EEC file as produced by the lab for each test, with n measurands, and six repeats 

Trip  
Trip 

event 

Cycle 

event 

M 1  M n M i  M n M 1  M n 

U1  Un Ui  Un U1  Un 

R1  R1 Ri  Ri R6  R6 

1 1 1          

            

10 mj 303          

 

10.1.5 The execution of the statistical calculations per ISO 57255 requires the compilation of all 

results into individual spreadsheets, one for each of the following measurands, using the 

actual values measured: 

a) Braking speed 

b) Average by distance deceleration 

c) Average by distance torque 

d) Average by distance pressure 

e) Average by distance coefficient of friction 

f) Maximum temperature with embedded TC 

g) Maximum temperature with rubbing TC 

h) Cooling air temperature (controlled) 

i) Cooling air temperature (all) 

j) Cooling air relative humidity (controlled) 

k) Cooling air relative humidity (all) 

10.1.6 Table 18 illustrates the layout of columns sorted (leftto right) by measurand with data for all 

the six repeats next to each other. This layout is an intermediate step before the computation 

of all the parameters and statistics. 

Table 18 
Structure of a single EEC by the lab for each test, six repeats, sorted horizontally for n measurands 

Trip  
Trip 

event 

Cycle 

event 

M 1  M 1 M i  M i M n  M n 

U1  U1 Ui  Ui Un  Un 

R1  R6 Ri  R6 R1  R6 

1 1 1          

            

10 mj 303          

10.1.7 The third and final step to prepare the data input was creating separate spreadsheets with all 

the data available for each measurand per paragraph 10.1.5. Table 19 depicts the layout. 

Table 19 
Structure of the combination by results from eight labs, two tests, and all six repeats for a single measurand ï The 

entire statistical process uses one spreadsheet for each measurand n as indicated in paragraph 10.1.5.  

Trip  
Trip 

event 

Cycle 

event 

L1  L 8 

T1 T2  T1 T2 

R1  R6 R1  R6  R1  R6 R1  R6 

1 1 1              

                

10 mj 303              

10.1.8 Tables 20 to 22 illustrate partial outputs per paragraph 10.1.5. to 10.1.7., respectively.  
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Table 20 
Example of single EEC file produced by the lab for the first six braking events on Trip #2, R1 on selected measurands ï Per paragraph 10.1.5. and Table 17 

Trip  
Tr ip 

event 

Cycle 

event 

 
BrkSpd_SP BrkSpd 

RelSpd_S

P 
RelSpd Dcl_SP Dcl Tavg Pavg Muavg E_IRT E_FRT E_MRT CASpd CATemp CArh  

Stop 

Time 

Brk Spd 

Setpoint 
Brk Spd 

Rel Spd 

Setpoint 
Rel Spd 

Decel 

Setpoint 

Decel 

avg dist 

Torque 

avg dist 

pressure 

avg dist 

mu 

avg dist 

Initial 

Rotor 

Final 

Rotor 

Max 

Rotor 

ClSpdA 

 

Air Temp 

 

Humidity 

 

   
sec kph kph kph kph m/sĮ m/sĮ NĿm kPa Õ ÁC ÁC ÁC kph ÁC % 

R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 

2 1 30 3.8 13.39 13.63 0.50 0.47 1.21 1.23 167.8 854.0 0.342 15.3 16.3 16.5 24.1 15.3 51.9 

2 2 31 4.0 33.59 34.03 18.90 18.85 1.34 1.34 182.6 986.7 0.321 16.6 22.3 22.4 24.1 15.3 51.9 

2 3 32 4.0 32.61 32.72 23.30 23.24 0.83 0.83 112.9 595.5 0.329 21.8 24.4 24.5 25.7 15.2 52.0 

2 4 33 3.0 25.12 25.49 18.50 18.50 0.83 0.84 114.0 586.2 0.338 25.0 26.3 26.3 25.7 15.2 52.0 

2 5 34 7.8 37.92 38.53 0.50 0.47 1.74 1.74 236.8 1247.5 0.329 27.7 37.6 38.5 24.1 15.2 52.1 

2 6 35 3.0 48.09 48.25 40.60 40.55 0.88 0.89 120.5 643.6 0.325 34.6 38.1 38.1 24.1 15.2 52.2 

Table 21 
Example of single EEC sorted (left to right) by measurand for one lab for the first six events on Trip #2, on selected measurands ï Per paragraph 10.1.6. and Table 18 

BrkSpd BrkSpd BrkSpd BrkSpd BrkSpd BrkSpd RelSpd RelSpd RelSpd RelSpd RelSpd RelSpd Tavg Tavg Tavg Tavg Tavg Tavg 

Brk Spd Brk Spd Brk Spd Brk Spd Brk Spd Brk Spd Rel Spd Rel Spd Rel Spd Rel Spd Rel Spd Rel Spd 
Torque 

avg dist 

Torque 

avg dist 

Torque 

avg dist 

Torque 

avg dist 

Torque 

avg dist 

Torque 

avg dist 

kph kph kph kph kph kph kph kph kph kph kph kph NĿm NĿm NĿm NĿm NĿm NĿm 

R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6 

13.63 13.63 13.75 13.63 13.75 13.75 0.47 0.47 0.47 0.47 0.47 0.47 167.8 168.0 168.3 167.4 166.7 166.9 

34.03 34.03 34.03 34.03 34.03 34.03 18.85 18.85 18.85 18.85 18.85 18.85 182.6 183.0 183.0 183.1 183.0 183.1 

32.72 32.84 32.84 32.84 32.84 32.84 23.24 23.24 23.24 23.24 23.24 23.24 112.9 113.1 113.1 113.3 112.9 113.1 

25.49 25.49 25.49 25.49 25.61 25.49 18.50 18.50 18.50 18.50 18.50 18.50 114.0 114.5 114.4 114.2 114.4 114.5 

38.53 38.53 38.53 38.53 38.53 38.53 0.47 0.47 0.47 0.47 0.47 0.47 236.8 237.3 237.3 237.5 237.5 237.7 

48.25 48.25 48.37 48.25 48.25 48.25 40.55 40.55 40.55 40.55 40.55 40.55 120.5 120.9 120.7 120.5 120.7 120.5 
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Table 22 
Example of the combination of test results for braking speed on the first six braking events on  

Trip #2 for Lab 1 and 2, both tests, and six repeats on each ï Per paragraph 10.1.7.  

and Table 19 

Trip  
Trip 

event 

Cycle 

event 

Lab 1 / km/h Lab 2 / km/h 

T1 T2 T1 T2 

R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6 

2 1 30 14.01 14.01 14.01 13.89 14.01 14.01 14.01 14.01 14.01 14.01 14.01 14.01 13.63 13.75 13.75 13.75 13.75 13.75 13.75 13.75 13.75 13.75 13.75 13.75 

2 2 31 34.44 34.32 34.44 34.44 34.44 34.32 34.44 34.44 34.44 34.32 34.32 34.44 34.14 34.03 34.26 34.14 34.14 34.26 34.03 34.03 34.14 34.14 34.14 34.14 

2 3 32 33.13 33.13 33.13 33.13 33.13 33.13 33.25 33.13 33.25 33.13 33.13 33.25 32.84 32.84 32.84 32.84 32.72 32.72 32.84 32.84 32.72 32.84 32.84 32.72 

2 4 33 25.77 25.77 25.89 25.77 25.89 25.77 25.89 25.77 25.89 25.89 25.89 25.77 25.61 25.49 25.49 25.49 25.49 25.61 25.49 25.61 25.49 25.49 25.49 25.49 

2 5 34 38.83 38.83 38.83 38.83 38.83 38.83 38.83 38.83 38.83 38.83 38.83 38.95 38.53 38.65 38.53 38.53 38.65 38.65 38.65 38.65 38.65 38.65 38.65 38.77 

2 6 35 48.69 48.69 48.69 48.69 48.69 48.69 48.69 48.69 48.69 48.69 48.69 48.80 48.49 48.25 48.49 48.37 48.37 48.49 48.37 48.37 48.25 48.37 48.25 48.13 

2 7 36 42.63 42.63 42.63 42.63 42.63 42.63 42.75 42.63 42.63 42.63 42.75 42.63 42.21 42.33 42.21 42.33 42.21 42.21 42.33 42.21 42.33 42.33 42.33 42.44 

2 8 37 30.52 30.52 30.52 30.52 30.64 30.52 30.64 30.64 30.64 30.64 30.64 30.64 30.35 30.23 30.23 30.23 30.11 30.23 30.23 30.11 30.23 30.35 30.23 30.23 

2 9 38 40.26 40.26 40.26 40.14 40.26 40.26 40.26 40.26 40.26 40.26 40.14 40.26 39.95 40.07 39.84 39.84 39.95 40.07 39.95 39.84 39.95 39.95 39.95 40.07 

2 10 39 30.04 29.92 29.92 29.92 30.04 29.92 30.04 29.92 30.04 29.92 30.04 30.04 29.64 29.64 29.64 29.52 29.64 29.64 29.76 29.64 29.52 29.52 29.52 29.64 

2 11 40 24.70 24.70 24.70 24.70 24.70 24.70 24.70 24.70 24.82 24.70 24.70 24.82 24.42 24.42 24.42 24.42 24.42 24.30 24.42 24.42 24.30 24.42 24.30 24.42 

2 12 41 42.15 42.27 42.15 42.15 42.15 42.27 42.15 42.15 42.15 42.15 42.15 42.15 41.97 41.85 41.97 41.85 41.97 41.97 41.97 41.85 41.97 41.97 41.97 41.97 

2 13 42 22.21 22.21 22.21 22.21 22.21 22.21 22.21 22.32 22.32 22.21 22.21 22.21 21.93 21.93 21.93 22.05 21.93 21.93 21.93 21.93 21.81 22.05 21.93 21.93 

2 14 43 32.66 32.54 32.66 32.54 32.54 32.66 32.66 32.66 32.66 32.66 32.66 32.66 32.48 32.37 32.48 32.48 32.48 32.37 32.37 32.37 32.37 32.37 32.48 32.25 

2 15 44 34.91 34.91 35.03 35.03 34.91 34.91 35.03 34.91 34.91 34.91 34.91 35.03 34.86 34.86 34.74 34.74 34.74 34.74 34.74 34.74 34.74 34.74 34.74 34.74 

2 16 45 76.35 76.24 76.24 76.24 76.24 76.35 76.24 76.24 76.24 76.35 76.24 76.35 76.11 76.00 76.11 76.11 76.11 76.11 76.23 76.11 75.88 76.11 76.00 76.11 

2 17 46 22.92 22.92 22.92 22.92 22.92 22.92 23.04 22.92 23.04 22.92 22.92 22.92 22.88 22.88 23.00 22.88 23.00 22.76 22.76 22.76 22.64 22.88 22.88 22.88 

2 18 47 41.80 41.80 41.80 41.80 41.80 41.80 41.92 41.80 41.68 41.80 41.80 41.80 41.38 41.50 41.61 41.50 41.61 41.61 41.61 41.61 41.50 41.50 41.61 41.50 

2 19 48 48.09 48.09 48.09 48.09 48.09 48.09 47.97 48.09 48.09 48.09 48.09 48.09 47.66 47.78 47.66 47.66 47.78 47.54 47.66 47.54 47.78 47.90 47.66 47.78 

2 20 49 35.51 35.39 35.51 35.51 35.39 35.51 35.51 35.39 35.51 35.51 35.51 35.39 34.97 35.09 34.97 35.09 35.09 35.09 35.09 35.09 35.09 35.09 35.09 34.97 
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11 Definitions for the application of the ISO 57255 

To ensure consistency and avoid unnecessary duplication, please refer to the ISO 5725 series of standards for 

specific terms and definitions. This section uses only a subset of statistical parameters and metrics, with 

abbreviated definitions, as needed to ensure clarity. 

12 Main abbreviations per ISO 5725 5  

 
Term Definition (values in parenthesis apply to this study only) Equation per  

ISO 5725-5:1998  

yijtk individual test result [19] 

gj number of samples for which at least one test result is reported (up to 16) [46] 

mj general average [39] 

nj total number of test results (up to 96 = 8 labs ³ 2 samples x 6 repeats) [46] 

nij summation of nijt values [47] 

nijt number of results obtained in one test (up to six in this project) ½ 

ὴ number of laboratories that report at least one test result (up to eight) [46] 

ɡHj degrees of freedom for samples (up to eight) [46] 

ɡLj degrees of freedom for laboratories (up to seven) [46] 

ɡrj degrees of freedom for repeatability (up to 80) [46] 

ί  betweensamples standard deviation [53] 

ίᶻ  betweensamples standard deviation using robust algorithms [33] 

ί  betweenlaboratory standard deviation [54] 

ίᶻ betweenlaboratory standard deviation using robust algorithms [54] 

ί  repeatability standard deviation [52] 

ίᶻ repeatability standard deviation using robust algorithms [29] 

ί  reproducibility standard deviation [55] 

ίᶻ  reproducibility standard deviation using robust algorithms [30, 31, 32] 

ίᶻ Standard deviation of the cell averages using robust algorithms [79] 

ώ  Sample average ½ 

ώ (Laboratory) cell average [23] 

ύ Between sample ranges [24] 

ύ  Within sample standard deviation ½ 
zijtk test residual [42] 

ὄ  laboratory effect [40] 

Ὄ  sample effect [41] 

Kij  the sum of squares of nijt values [48] 

Kj the sum of squares nij values [49] 

ὑ  summation of Kij values [50] 

ὑͼ summation of Kij / nij values [51] 

ὛὛ the sum of squares for laboratories [43] 

ὛὛ the sum of squares for samples [44] 

ὛὛᶻ  the sum of squares for samples using robust algorithms [78] 

ὛὛ the sum of squares for repeatability [45] 

ὛὛᶻ the sum of squares for repeatability using robust algorithms [77] 

*  denotes any calculation using robust algorithms (A or S)  

13 General concepts related to the application of the ISO 57255 

13.1 General concepts 

13.1.1 Interlaboratory studies for heterogeneous materials yield information regarding the variability between 

samples, two in this study for each lab. The methods applied in this study provide estimates of the 

reproducibility standard deviation, removing the variation between samples. 
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13.1.2 Friction materials are prime examples of heterogeneous materials. No two brake pads are the same. When 

working together with the mating disc and brake calliper, the resulting friction couple compounds the various 

properties of both materials. It is well known that friction, wear, and other relevant properties exhibit 

within batch and between batch variability. Another source of variability during interlaboratory studies 

occurs as the effect of the braking history and the actual test conditions for a given level (brake event) during 

this study. The variability among friction couples adds to the between laboratory variation, increasing the 

reproducibility standard deviation. By sending two sets of friction materials and discs from the same batch to 

each lab, the data can generate estimates for variation between friction couples to conduct two separate tests. 

This approach enables the calculation of the reproducibility standard deviation of the test method removing 

the between friction couple variation.  

13.1.3 A second aspect or characteristic of heterogeneous materials relates to the influence of the specimen 

preparation. Traditionally, the primary source of specimen preparation relates to the manufacturing process. In 

the strict statistical sense, the braking history of the friction couple during previous levels (brake events) is a 

source of variation, too. 

13.1.4 This precision experiment aims to discover the variability in practice when conducting brake emissions 

measurements. Hence, it is necessary to include the consequence of heterogeneity of the friction couple in the 

estimates of the precision of the measurement method.  

13.1.5 In reality, several labs were not able to conduct all the tests under repeatability conditions. A noticeable 

deviation from the repeatability conditions was the inability of several labs to control the cooling air 

temperature and humidity during the tests. Upon scrutiny of the results, it became apparent that some test labs 

changed the control program to correct for speed errors. One lab discovered the execution of Trip #1 for both 

tests did not have the brake actuation system working correctly, and hence the energy dissipated was 

significantly different from the nominal. A second lab discovered that this same situation occurred only during 

Test 1. See Table 1 for other factors which did not allow real repeatability conditions for all labs and all 

repeats. 

13.1.6 The formulae in this study follow the general calculations for a design for a heterogeneous material per 

subclause 5.9 of ISO 5725 5:1998. The use of the general formulae accommodates the fact that not all labs 

reported all the results. 

13.2 Concepts related to data handling for the statistical assessments 

13.2.1 The statistical design used in the study involves three factors arranged in a specific hierarchy: the factor 

ñlaboratoryò at the highest level, a factor ñsamples within laboratoriesò as the next level, and a factor ñtest 

results within samplesò as the lowest level of the hierarchy. 

13.2.2 The uncertainty of the estimate of the repeatability and reproducibility standard deviations were not assumed 

fixed using nominal or prior information. Due to technical and data processing issues, not all labs could 

conduct or report all results for every level (brake event).  

13.2.3 The scrutiny of the data for consistency, stragglers, and outliers relied on implementing the h* and k* statistics 

described in ISO 5725 2. The (*) denotes metrics and statistics derived using robust algorithms per paragraph 

16.  

13.2.4 Outlier detection is a pre-processing step to locate and manage data points in a data sample, which do not 

conform to general observations. Monitoring for data quality is especially crucial in this study due to missing 

values for some measurands on some tests or sections. See Figure 30 for an example of the EEC data for the 

coefficient of friction and data scrutiny to find and address erroneous values, e.g., COF of zero, or 

temperatures above 1000 ÁC, or that may have a significant influence on statistical outcomes is a primary task. 

There are hundreds of definitions and methods to detect outliers. In broad terms, this study endorses the 

definition of outliers provided by Templ et al. [2020], defining a statistical outlier as ñ[é] a data value that 

behaves differently from the majority of the data points which are assumed to follow some underlying 

model.ò
3
  

                                                           
3 Templ, Matthias, J. Gussenbauer, and P. Filzmoser. "Evaluation of robust outlier detection methods for zero-inflated complex data." Journal of 

Applied Statistics 47, no. 7 (2020): 1144-1167. 
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13.2.5 The consistency of the cell averages uses Mandelôs h* statistic. If the lab reports generally biased results, 

most h* statistics exhibit large values and in the same direction, approaching or exceeding the limits values. 

See paragraph 17.1 for detailed calculations and examples. 

13.2.6 The consistency of the between-sample (between test in this study) ranges uses Mandelôs k* statistic. If the 

lab is not testing under repeatability conditions (allowing extraneous factors to increase the between-sample 

variation), the k* statistic is unusually large, approaching or exceeding the limits values. See paragraph 17.2 

for detailed calculations and corresponding examples.  

13.2.7 The consistency betweenⱷtestⱷresults (between repeats in this study) uses Mandelôs k* statistic. If the 

laboratory achieves poor repeatability, the k* statistic also becomes unusually large, approaching or exceeding 

the limits. See paragraph 17.3 for detailed calculations and examples. 

13.2.8 In [ISO 5725 2:2019], the Cochranôs and Grubbôs tests apply to determine data exceeding the 1 % 

significance level that should be discarded. In some instances, the statistician may have good reasons to retain 

the data. During a smaller study, the statistician(s) have to decide between a) retaining all the data from a 

given laboratory, b) discard only data from certain levels from specific labs or c) discarding all the data from 

that laboratory. In this study, with over 3000 datasets to assess (11 measurands ³ 303 brake events), this 

process was not practical to apply using commercially available spreadsheets software. 

13.2.9 Before applying the robust methods and identifying outliers, the statistical analysis team removed the obvious 

data blunders early in the analysis. This step, which occurs on most rounds of proficiency testing, is crucial to 

avoid impairing the performance of the statistical methods. 

13.3 Concepts related to the application of robust algorithms 

13.3.1 This study applies robust methods for data analysis to calculate repeatability and reproducibility standard 

deviations from results containing outliers. Using tests for outliers and stragglers to exclude data allows the 

analystôs judgment to affect the results. 

13.3.2 Using robust methods allows the calculation of the standard deviations for repeatability (between tests) and 

reproducibility (between dynamometers), minimizing outlying data. In general, participants can qualify in two 

broad categories, those producing goodquality data and those generating insufficient quality data. In such an 

environment, the robust methods generate values for the standard deviations, valid for goodquality data 

class, not affected by insufficient quality data; unless the latter is too large. 

13.3.3 This study uses robust methods for data analysis described in clause 6 of [ISO 5725 5:1998]. The robust 

methods allow the analysis of the data in such a way that does not require (subjective) decisions that affect the 

results of the calculations. When there are good reasons to expect results containing outliers, it is preferable to 

implement robust methods. During this interlaboratory study, some labs executed the WLTP Brake cycle in 

the agreed-upon fashion for the first time. Yet, other labs had different levels of experience on the test method. 

Due to this situation, robust methods were particularly appropriate to derive different statistics, and no data 

was discarded upon review of results.  

13.3.4 The use of robust methods determines the standard deviations to use as the denominators in the h* and k* 

statistics and calculates the overall averages, avoiding distortion on the results. Besides, the statistics obtained 

from robust methods are then used to obtain estimates of repeatability, intermediate precision, and 

reproducibility standards deviations.  

13.3.5 The robust methods applied in this study are relatively simple and provide the means to combine (in a robust 

manner) cell averages, cell standard deviations, and cell ranges. They do not robustly combine individual 

results and start with the arithmetic cell average and the cell standard deviation. Other robust methods to 

combine test results within cells in a robust manner are more complicated to apply and were outside the scope 

of this study, besides being amenable to implement as simple spreadsheet iterations, robust algorithms A and 

S.  
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Figure 30 
Example of missing data for COF (all labs, two tests and six repeats) ï Cells in orange correspond to missing data 
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14 Standard deviations for repeatability, sample effect, laboratory effect, and 

Reproducibility  using non robust algorithms  

14.1 General aspects 

14.1.1 This paragraph follows the calculations and equations for the general formulae for heterogeneous materials 

per [sub-clause 5.9] in ISO 57255:1998.  

14.1.2 The estimations of accuracy (trueness and precision) are the result of four components, under repeatability 

conditions per: 

result = general average + laboratory component of bias + variation between samples + random error 

14.1.3 References to a specific clause or sub-clause use the [clause #.#] or [clause #.#.#] format. References to a 

specific equation use the [Eq. ##] format and references to a specific table use the [Table ##] format. Unless 

otherwise specified, the references in [é] apply to the ISO 57255:1998. The references ensure clarity and 

fidelity to the ISO 5725 series of standards and ease of scrutiny and understanding for interested readers.  

14.1.4 The workflow of calculations in this paragraph follows the structure to accommodate the spreadsheet built for 

this study. 

14.1.5 The general structure to present the calculation steps initiates with a brief introduction, followed by a 

numerical example with tabular data (as deemed useful or relevant) and the general formulae applicable for 

the first row (brake event 1) measurand corresponding to the coefficient of friction. To ensure clarity to 

present the results, the tabular representation in this report may differ from the actual layout of the 

spreadsheet. 

14.1.6 The spreadsheet used to generate the data for this report uses an open-source spreadsheet in MicrosoftÊ Excel 

365.  

14.1.7 The values shown on this table may differ from the actual calculation due to rounding. 

14.1.8 Tables 23 to 26 use the averageby distance coefficient of friction for level (event) 1. The data provides an 

example of the general formulae when missing some test results [clause 5.9].  

14.2 General and sample average; laboratory and sample effects; sums of squares for laboratories, samples and 

repeatability; degrees of freedom and factors standard deviations [clause 5.9.a to 5.9.j]. 

14.2.1 Reference Table 23 to determine the sample average, the sample standard deviation, the cell (laboratory) 

average
4
, and the general average [Table 19, expanded].  

NOTE: use the individual test results to determine the cell and the overall average values. Using the sample 

average values and the cell average, respectively, yields different (incorrect) results. 
                                                           
4 See TECHNICAL CORRIGENDUM 1 to ISO 57255:1998, published 2005-08-15 
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Table 23 
Determination of the COF for Level 1 ï Including calculation of averages and the number of test results 

Laboratory  

i 
Sample  

t 

Test results for the COF Sample 

average  

yit 

Sample 

std. dev. 

ύ  

(Lab.) cell 

average 

yi 

(Laboratory

) cell range 

ύ k = 1 k = 2 k = 3 k = 4 k = 5 k = 6 

1 
1 0.236 0.384 0.390 0.391 0.392 0.393 0.364 0.062 8 

0.360 0.008 8 
2 0.247 0.371 0.371 0.378 0.379 0.387 0.356 0.053 4 

2 
1 0.240 ½ ½ ½ ½ ½ 0.240 ½ 

0.240 ½ 
2 ½ ½ ½ ½ ½ ½ ½ ½ 

3 
1 0.211 0.405 0.410 0.406 0.395 0.398 0.371 0.078 5 

0.370 0.002 2 
2 0.234 0.406 0.399 0.401 0.391 0.381 0.369 0.066 6 

4 
1 0.256 0.436 0.438 0.427 0.431 0.434 0.404 0.072 6 

0.456 0.105 7 
2 0.270 0.541 0.560 0.558 0.564 0.563 0.509 0.117 7 

5 
1 0.196 ½ ½ ½ ½ ½ 0.196 ½ 

0.358 0.189 1 
2 0.255 0.410 0.422 0.422 0.353 0.446 0.385 0.070 7 

6 
1 0.278 0.317 0.289 0.279 0.267 0.275 0.284 0.017 4 

0.284 ½ 
2 ½ ½ ½ ½ ½ ½ ½ ½ 

7 
1 0.305 0.359 0.355 0.338 0.354 ½ 0.342 0.022 3 

0.342 ½ 
2 ½ ½ ½ ½ ½ ½ ½ ½ 

8 
1 0.233 0.431 0.458 0.458 0.389 0.459 0.405 0.088 4 0.405 

 
½ 

2 ½ ½ ½ ½ ½ ½ ½ ½ 

Applying [Eq.21] then gives: 
Sample average for lab 1, sample 1  

 

Applying [Eq.23] then gives: 
Cell average for lab 5: 

 

Applying [Eq.39] then gives:  
General average: 

Number of test results (nonzero) 

 
y11 = (0.236 + 0.384 + 0.390 + 0.391 + 0.392 + 0.393) ╘ 6 = 0.364 

 

 
y5 = (0.196 + 0.255 + 0.410 + 0.422 + 0.422 + 0.353 + 0.446) ╘ 7 = 0.358 

 

 
m1 = (0.236 + 0.384 + 0.390 +ĿĿĿ+ 0.458 + 0.389 + 0.459) ╘ 61 = 0.374 

n1 = 61 

14.2.2 Reference Table 24 to calculate the sum of squares for laboratories [Table 20, expanded] 

Table 24 
Calculation of the sum of squares for laboratoriesô COF for Level 1 ï Including laboratory effects, degrees of freedom, and factors  

Laboratory  
i 

(Laboratory) cell 

average 
yi 

Number of test 

results 
nij ὲ  

(Number of test 

results)Į 
Laboratory effect 

Bij 

ὄ  

(Laboratory 

effect)Į 
Factor  

Kij 

1 0.360 12 144  0.014 0.000 20 72 

2 0.240 1 1  0.135 0.018 12 1 

3 0.370 12 144  0.004 0.000 02 72 

4 0.456 12 144 0.082 0.006 78 72 

5 0.358 7 49  0.016 0.000 27 37 

6 0.284 6 36  0.090 0.008 12 36 

7 0.342 5 25  0.032 0.001 02 25 

8 0.405 6 36 0.031 0.000 93 36 

Applying [Eq.47] then gives: 
Number of tests results for labs 5, 6, 7 
 

Applying [Eq.40] then gives: 

Laboratory effect for lab 1 
 

Applying [Eq.48] then gives: 

Factor Kij for labs 5, 6, 7  
 

Applying [Eq.49] then gives: 
Factor Kj 
 

Applying [Eq.50] then gives: 

Factor ὑ 
 

Applying [Eq.51] then gives: 

Factorὑͼ  
 

Applying [Eq.46] then gives: 

Degrees of freedom for laboratories 
 

Applying [Eq.43] then gives: 
Sum of squares for laboratories 

 
n51 = 1 + 6 = 7; n61 = 6 + 0 = 6; n71 = 5 + 0 = 5 

 
 

B11 = 0.360  0.374 =  0.014 

 
 

K51 = 1Į + 6Į = 37; K61 = 6Į + 0 = 36; K71 = 5Į + 0 = 25 
 
 

K1 = 144 + 1 + 144 + 144 + 49 + 36 + 25 + 36 = 579 

 
 

ὑ = 72 + 1 + 72 + 72 + 37 + 36 + 25 + 36 = 351  
 
 

ὑͼ = 72 ╘ 12 + 1 ╘ 1 +ĿĿĿ+25 ╘ 5 + 36 ╘ 6 = 41.3 

 
 

vLj = 8  1 = 7 
 
 

SSL1 = 12 ³ 0.000 20 + 1 ³ 0.018 12 + ĿĿĿ+ 5 ³ 0.001 02  

+ 6 ³ 0.000 93 = 0.163 3  
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14.2.3 Reference Table 25 to calculate the sum of squares for samples [Table 21, expanded] 

Table 25 
Calculation of the sum of squares for the sampleôs COF for Level 1 ï Including calculation of sample effects and degree of freedom for each 

test sample 

Laboratory  
i 

(Laboratory) cell  

average 

yi 

Sample  
t 

Sample average  
yij 

Number of test 

results 
nijt 

Sample effect 
Hijt 

(Sample effect)Į 

Ὄ  

1 0.360 
1 0.364 6 0.004 1.95E 05 

2 0.356 6  0.004 1.95E 05 

2 0.240 
1 0.240 1 0.000 0.00E+00 

2 ½ ½ ½ ½ 

3 0.370 
1 0.371 6 0.001 1.17E 06 

2 0.369 6  0.001 1.17E 06 

4 0.456 
1 0.404 6  0.053 2.79E 03 

2 0.509 6 0.053 2.79E 03 

5 0.358 
1 0.196 1  0.162 2.63E 02 

2 0.385 6 0.027 7.30E 04 

6 0.284 
1 0.284 6 0.000 0.00E+00 

2 ½ ½ ½ ½ 

7 0.342 
1 0.342 5 0.000 0.00E+00 

2 ½ ½ ½ ½ 

8 0.405 
1 0.405 6 0.000 0.00E+00 

2 ½ ½ ½ ½ 

Applying [Eq.41] then gives: 

Sample effect for lab 1, sample 1 
 

Applying [Eq.46] then gives: 

Degrees of freedom for samples 
 

Applying [Eq.44] then gives: 
Sum of squares for samples 

 

 

H11 = 0.364  0.360 = 0.004 

 
 

vHj = 12  8 = 4 
 

 

SSH1 = 6 ³ 1.95E 05 + 6 ³ 1.95E 05 + ĿĿĿ+ 1 ³ 2.63E 02 

+ 6 ³ 7.30E 04 = 0.064 39 

14.2.4 Reference Table 26 to calculate the sum of squares for repeatability [Table 22]. This calculation uses the 

individual test results and the sample average from Table 23. 

Table 26 
Calculation of sum of squares for repeatability of the COF for Level 1 ï Including calculation of residuals and degrees of freedom for 

repeatability standard deviation 

Laboratory  
i 

Sample  
t 

Residual COF 

k = 1 k = 2 k = 3 k = 4 k = 5 k = 6 

1 
1  0.128 1 0.019 9 0.025 7 0.026 4 0.028 0 0.028 1 

2  0.108 3 0.015 8 0.015 5 0.022 2 0.023 5 0.031 2 

2 
1 0.000 0 ½ ½ ½ ½ ½ 

2 ½ ½ ½ ½ ½ ½ 

3 
1  0.159 8 0.034 2 0.039 2 0.035 2 0.024 2 0.027 2 

2  0.134 7 0.037 3 0.030 3 0.032 3 0.022 3 0.012 3 

4 
1  0.147 9 0.032 2 0.034 8 0.023 3 0.026 9 0.030 7 

2  0.239 7 0.031 6 0.050 4 0.049 1 0.055 1 0.053 5 

5 
1 0.000 0 ½ ½ ½ ½ ½ 

2  0.129 7 0.025 3 0.037 3 0.037 3  0.031 7 0.061 3 

6 
1  0.006 5 0.032 5 0.004 7  0.004 6  0.016 5  0.009 5 

2 ½ ½ ½ ½ ½ ½ 

7 
1  0.037 3 0.016 8 0.012 6  0.004 2 0.012 0 ½ 

2 ½ ½ ½ ½ ½ ½ 

8 
1  0.171 7 0.026 3 0.053 3 0.053 3  0.015 7 0.054 3 

2 ½ ½ ½ ½ ½ ½ 

Applying [Eq.42] then gives: 

Residual for lab 1, test 1 and 2 on both samples 
 

Applying [Eq.46] then gives: 
Degrees of freedom for repeatability 
 

Applying [Eq.42] then gives: 

Sum of squares for repeatability 

 

 

z1111 = 0.236  0.364 =  0.128 1; z1112 = 0.384  0.364 = 0.019 9; 
z1121 = 0.247  0.356 =  0.108 3; z1122 = 0.371  0.364 = 0.015 5 
 

vrj = 61  12 = 49 
 

 

SSrj = (  0.128 1)Į + (0.019 9)Į + (0.025 7)Į +ĿĿĿ+ (0.053 3)Į  

+ (  0.015 7)Į + (0.054 3)Į = 0.250 12 
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14.2.5 Applying [Eq.52] to [Eq.55] in [clause 5.9.k] then gives: 

ί ὛὛ ὺϳ  

ί πȢςυπ ρς ֗ τω  πȢππυ ρπυ Аό 

so 

ί πȢπχρ τ А  

and  

ί ὛὛ ὺ ί ὲ ὑͼ 

ί πȢπφτ σωτ πȢππυ ρπυφρτρȢσϳ  πȢππς ςσ Аό 

so  

ί πȢπτχ ς А  

and 

ί ὛὛ ὑͼ ὑ ὲϳ ί ὺ ί ὲ ὑ ὲϳ  

ί πȢρφσ σςχ τρȢσ συρφρϳ πȢππς ςσχ πȢππυ ρπυφρυχωφρϳ   πȢπππ ωσψАόϳ  

so 

ί πȢπσπ φ А  

and 

ί ЍπȢπχρ τ πȢπσπ φ  

ί πȢπχχ χ А 

14.2.6 Applying the repeatability and reproducibility limits established in clause 4.1.4 from ISO 5725-6:1994, when 

comparing two single test results, the critical differences are, respectively, for level 1 (event 1): 

½ Critical difference for repeatability, r = 2.8 ³ sr = 2.8 ³ 0.071 4 = 0.2 Õ 

½ Critical difference for reproducibility, R = 2.8 ³ sR = 2.8 ³ 0.077 7 = 0.22 Õ 

Upon examining the variability in test conditions among laboratories regarding the type of controls, climatic 

conditioning settings, and the importance of ensuring consistent results, the statistical analysis team endorsed 

the application of robust algorithms. Implementing robust algorithms (see paragraphs 15 and 16) enables, in 

general, a reduction in the standard deviations for repeatability and reproducibility. This approach is aligned 

with the overall objective to improve the testing practices and yields more robust and stringent tolerances on 

test variability. Table 27 illustrates the standard deviation for repeatability and reproducibility using robust 

algorithms, as a per cent of the values calculated with the methods presented here ½ paragraph 14. 

14.2.7 The statistical analysis team determined the estimates for standard deviations using robust Algorithms as the 

preferred method to report the results in this documentðreference Annex 1 for the graphical depiction, 

tabular results, and statistical metrics for the eleven measurands. 

Table 27 
Standard deviations using robust algorithms compared to non-robust algorithms ï Values for selected control variables and outputs during 

testing per the WLTP-Brake cycle 

Measurand Results of the robust algorithm as a per cent of non-robust methods 

Standard deviation for repeatability Standard deviation for reproducibility 

Brake speed ~45 % 10 % 

Average-by-distance deceleration < 5 % ~30 % 

(Controlled) cooling air temperature ~50 % ~65 % 

Maximum rotor embedded temperature ~50 % ~100 % 

Average-by-distance coefficient of friction 55 % ~90% 
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15 Robust Algorithm A for averages and Algorithm  S for standard deviations 

15.1 This project described in this document followed the usual practice for heterogeneous materials of preparing 

two samples (automotive friction couples) for each laboratory. The tests (T1 and T2) on each sample 

generated six test results (R1 to R6) for each of the 303 levels (303 brake events). This dataset allows three 

applications of Algorithms A and S to estimate the repeatability and reproducibility standard deviations. 

15.2 The calculations follow a tabular form, with the first column of data taken from the initial measurement and 

subsequent columns showing the iteration results. Instead of using the alternative method per [clause 6.3.6], 

which is adequate for hand calculation, the tabular form provides full visibility of each iteration. It is easy to 

implement as a spreadsheet without the need to sort the values in increasing order to determine the median. 

15.3 The iteration process repeats several times until the change in the robust estimates (s* or w*) is small per 

[clause 6.2.5 and 6.3.5] from one calculation to the test. The analysis team for this project defined a limit of 

less than 5 % change or four iterations, whichever was achieved first. 

15.4 Robust algorithms A and S transform the original data using a process called winsorisation
5
 to provide 

alternative estimators for the mean and standard deviation for near-normal datasets. Figure 31 depicts the 

histograms for all individual tests from all laboratories for the COF, indicating a normal distribution for one of 

the most complex measurands of the project. Figure 32 illustrates the histograms for the maximum disc 

temperature with the embedded thermocouple. These algorithms are most useful where the expected amount 

(proportion) of statistical outliers is below 20 %. A cursory review of Mandelôs h and k statistics before 

applying the robust algorithms indicates the amount of outliers is well within the 20 % limit [ISO 

13528:2015]. After applying robust algorithms A and S, Annexes 6 to 8 present Mandelôs h* and k* statistics. 

15.5 The output of the robust Algorithms is used along with [clause 5.5] to calculate estimates of the repeatability 

and reproducibility standard deviations and the standard deviation between samples. 

15.6 Reference Table 23 (initial values for iteration 0) and Table 28 for Algorithm S applied to the between-test-

results standard deviation [Table 29]. 

Figure 31 
(Example) of histograms for all COF (all labs, two tests with six repeats each) ï Each histogram represents each repeat with 40 bins and 

without any data transformation 

 
                                                           
5 Winsorizing or winsorization is the transformation of statistics by limiting extreme values in the statistical data to reduce the effect of possibly 

spurious outliers. It is named after the engineer-turned-biostatistician Charles P. Winsor (1895ï1951). The effect is the same as clipping in signal 

processing. Note that winsorizing is not equivalent to simply excluding data, which is a simpler procedure, called trimming or truncation, but is a 

method of censoring data. Visit https://en.wikipedia.org/wiki/Winsorizing  

https://en.wikipedia.org/wiki/Winsorizing
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Figure 32 
(Example) of histograms for all maximum disc temperatures with embedded thermocouple ï Each histogram represents each repeat with 

40 bins and without any data transformation  

Table 28 

Applying Algorithm S to the between-test-results standard deviations of the COF of Level 1 ï Using degrees of freedom ɡ = 6 ï 1 = 5 for six 

tests per [clause 6.3.2]; adjustment factor ɝ = 1.027; limit factor ɖ = 1.359 per [Table 23]. Values in blue indicate a change after applying 

the robust Algorithm for a given iteration 

Laboratory   
i 

Sample  

t 

Parameter 
Iteration  

0 1 2 3 4 

ɣ ½ 0.093 3 0.093 6 0.093 6 0.093 6 

L1 
T1 ύᶻ 0.062 8 0.062 8 0.062 8 0.062 8 0.062 8 

T2 ύᶻ 0.053 4 0.053 4 0.053 4 0.053 4 0.053 4 

L2 
T1 ύᶻ ½ ½ ½ ½ ½ 

T2 ύᶻ ½ ½ ½ ½ ½ 

L3 
T1 ύᶻ 0.078 5 0.078 5 0.078 5 0.078 5 0.078 5 

T2 ύᶻ 0.066 6 0.066 6 0.066 6 0.066 6 0.066 6 

L4 
T1 ύᶻ 0.072 6 0.072 6 0.072 6 0.072 6 0.072 6 

T2 ύᶻ 0.117 7 0.093 3 0.093 3 0.093 3 0.093 3 

L5 
T1 ύᶻ ½ ½ ½ ½ ½ 

T2 ύᶻ 0.070 7 0.070 7 0.070 7 0.070 7 0.070 7 

L6 
T1 ύᶻ 0.017 4 0.017 4 0.017 4 0.017 4 0.017 4 

T2 ύᶻ ½ ½ ½ ½ ½ 

L7 
T1 ύᶻ 0.022 3 0.022 3 0.022 3 0.022 3 0.022 3 

T2 ύᶻ ½ ½ ½ ½ ½ 

L8 
T1 ύᶻ 0.088 4 0.088 4 0.088 4 0.088 4 0.088 4 

T2 ύᶻ ½ ½ ½ ½ ½ 

 
Median ύᶻ 0.068 6 ½ ½ ½ ½ 

 
New median w*  ½ 0.068 9 0.068 9 0.068 9 0.068 9 

Applying [Eq.64] on iteration 0 then gives: 

Median of ύᶻ 
 
Applying [Eq.65] with ɖ = 1.359 on  

iteration 1 then gives: 
New limit value 

 

Applying [Eq.66] on iteration 1 for T2 on L4 
then gives: 

Adjusted value for ύᶻ 
 

Applying [Eq.67] with ɝ = 1.027 and p = 10 on 

iteration 1 then gives: 
New value for the median w* 

 

 

ύᶻ  άὩὨὭὥὲ πȢπφς ψȟπȢυσ τȟȟπȢπςς σȟπȢπψψ τ  πȢπφψ φ 
 
 

 

‪ ρȢσυω πȢπφψ φ πȢπωσ σ 
 
 

 

πȢρρχ χ πȢπωσ σ exceeds the limit value, so it becomes ύᶻ πȢπωσ σ 
 

 
 

ύᶻ  ρȢπςχ πȢπφς ψ πȢπυσ τ Ễ  πȢπςς σ πȢπψψ τ ρπ πȢπφψ ω 
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15.7 Reference Table 23 (initial values for iteration 0) and Table 29 for applying Algorithm S to the between-

sample ranges [Table 30]. 

Table 29 
Applying Algorithm S to the between-sample ranges of the COF of Level 1 ï Using degrees of freedom ɡ = 2 ï 1 = 1 for two samples per 

[clause 6.3.2]; adjustment factor ɝ = 1.097; limit factor ɖ = 1.645 per [Table 23]. Values in blue indicate a change after applying the robust 

Algorithm for a given iteration 

 

  

Laboratory   
i 

Parameter 
Iteration  

0 1 2 3 4 

ɣ ½ 0.094 2 0.120 4 0.120 4 0.120 4 

L1 ύᶻ 0.008 8 0.008 8 0.008 8 0.008 8 0.008 8 

L2 ύᶻ ½ ½ ½ ½ ½ 

L3 ύᶻ 0.002 2 0.002 2 0.002 2 0.002 2 0.002 2 

L4 ύᶻ 0.105 7 0.094 2 0.094 2 0.094 2 0.094 2 

L5 ύᶻ 0.189 1 0.094 2 0.094 2 0.094 2 0.094 2 

L6 ύᶻ ½ ½ ½ ½ ½ 

L7 ύᶻ ½ ½ ½ ½ ½ 

L8 ύᶻ ½ ½ ½ ½ ½ 

Median ύᶻ 0.057 2 ½ ½ ½ ½ 

New median w* 
 

0.073 2 0.073 2 0.073 2 0.073 2 

Calculating |y11 ⱷ y12| on iteration 0 for L1 from 

Table 25 then gives ύᶻ 

 

Applying [Eq.64] on iteration 0 then gives: 

Median of ύᶻ 

 

Applying [Eq.65] with ɖ = 1.645 on  

iteration 1 then gives: 

New limit value 

 

Applying [Eq.66] on iteration 1  

then gives: 

Adjusted value for ύᶻ 

 

Applying [Eq.67] with ɝ = 1.097 and p = 4 on 

iteration 1 then gives: 

New value for the median w* 

 

ύᶻ  ȿπȢσφτπȢσυφȿ  πȢππψ ψ 

‪ ρȢφτυ πȢπυχ ς πȢπωτ ς 

ύz  ρȢπωχ πȢππψ ψ πȢππς ς πȢπωτ ς πȢπωτ ς τ πȢπχσ ς 

 

 

ύᶻ  άὩὨὭὥὲ πȢππψ ψȟπȢππς ςȟπȢρπυ χȟπȢρψω ρ  πȢπυχ ς  

 

 

 

 

 

 

πȢρπυ χ πȢπωτ ς exceeds the limit value, so it becomes ύᶻ πȢπωτ ς  
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15.8 Reference Table 30 for the application of robust Algorithm A to the cell (laboratory) averages [Table 31 

expanded]. 

Table 30 
Applying Algorithm A to the cell averages of the COF of Level 1 ï Values in blue indicate a change after applying the robust Algorithm for a 

given iteration 

Laboratory  
i 

Parameter 
Iteration  

0 1 2 3 4 

j 
from direct 

input data 
|xi ⱷ x*| 

0.069 5 0.083 5 0.083 5 0.083 5 

x* ⱷ ű 0.289 4 0.271 7 0.271 7 0.271 7 

x* + ű 0.428 3 0.438 7 0.438 7 0.438 7 

L1 ὼᶻ 0.360 1 0.001 2 0.360 1 0.360 1 0.360 1 0.360 1 

L2 ὼᶻ 0.239 5 0.119 4 0.289 4 0.289 4 0.289 4 0.289 4 

L3 ὼᶻ 0.369 8 0.010 9 0.369 8 0.369 8 0.369 8 0.369 8 

L4 ὼᶻ 0.456 4 0.097 6 0.428 3 0.428 3 0.428 3 0.428 3 

L5 ὼᶻ 0.357 7 0.001 2 0.357 7 0.357 7 0.357 7 0.357 7 

L6 ὼᶻ 0.284 0 0.074 8 0.289 4 0.289 4 0.289 4 0.289 4 

L7 ὼᶻ 0.342 2 0.016 6 0.342 2 0.342 2 0.342 2 0.342 2 

L8 ὼᶻ 0.404 7 0.045 8 0.404 7 0.404 7 0.404 7 0.404 7 

 

x*  0.358 9 0.031 2 ½ ½ ½ ½ 

New x* ½ ½ 0.355 2 0.355 2 0.355 2 0.355 2 

s* ½ 0.046 3 ½ ½ ½ ½ 

New s* ½ ½ 0.055 7 0.055 7 0.055 7 0.055 7 

Applying [Eq.56] then gives: 

Median1 of ὼᶻ 
 
Applying [clause 6.2.3] to L1 then gives: 

The absolute value of the difference to the median 

 
Applying [Eq.56] then gives: 

Median of differences to the median 

 
Applying [Eq.57] then gives: 

A first robust estimate of standard deviation 

 

Applying [Eq.58] then gives: 

Robust limit value 

 
Applying [Eq.59] on iteration 1 for L2 

then gives: 

Adjusted value for ὼᶻ 
 
Applying [Eq.60] on iteration 1 then gives: 

New value for ὼᶻ 
 

 
Applying [61] on iteration 1 then gives: 

New value for ίᶻ 
 

 

 

ὼᶻ πȢσυχ χ πȢσφπ ρȾς πȢσυψ ω 
 
 

ȿὼ ὼᶻ ȿ  ȿπȢσφπ ρ πȢσυω ωȿ  πȢππρ ς 
 

 

ὼᶻ πȢπρφ φ  πȢπτυ ψȾς πȢπσρ ς  
 
 
ίᶻ  ρȢτψσπȢπσρ ς πȢπτφ σ  
 
 
• ρȢυ πȢπτφ σ πȢπφω υ  
 
 
 
πȢςσω υ πȢςψω τ exceeds the limit value, so it becomes ὼᶻ πȢςψω τ  
 
 
ὼᶻ πȢσφπ ρ πȢςψω τ πȢσφω ψ πȢτςψ σ πȢσυχ χ πȢςψω τ πȢστς ς

πȢτπτ χ ψ πȢσυυ ς А 
 
 

ίᶻρȢρστ
πȢσφπ ρ πȢσυυ ς πȢςψω τ πȢσυυ ς Ễ

πȢστς ς πȢσυυ ς πȢτπτ χ πȢσυυ ς
Ⱦψ ρ πȢπυυ χ  

1 average between the two values in the middle of the range for a dataset (ranked in increasing value) containing an even (eight) number of values 

16 Standard deviations for repeatability, sample effect, laboratory effect, and 

Reproducibility using robust algorithms  

16.1 The implementation of robust Algorithm A and Algorithm S to the heterogeneous material (friction couple) 

requires a different set of calculation steps to derive the standard deviations per [clause 6.8].  

16.2 To obtain the sum of squares for between-test-result standard deviation, apply robust Algorithm S per 

paragraph 15 and Table 28 along with [Eq.77] for Level 1 for all laboratories: 

ὛὛᶻ ςὴύᶻ  

ὛὛᶻ ς ψ πȢπφψ ω πȢπχυ ω ‘  

16.3 To obtain the sum of squares for the between-sample ranges, apply robust Algorithm S per paragraph 15 and 

Table 29 along with [Eq.78] for Level 1 (with four laboratories with two samples), then gives: 

ὛὛᶻ ὴύᶻ  
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ὛὛᶻ τ πȢπχσ ς πȢπςρ τ ‘ 

16.4 To obtain the standard deviation for the cell averages, apply robust Algorithm A per paragraph 15 and Table 

30 along with [Eq.79] for Level 1 then gives: 

ί ίᶻ 

▼◐ Ȣ   Ⱨ 

16.5 To calculate the repeatability standard deviation per [Eq.29] for Level 1 then gives: 

ίᶻ ὛὛᶻ τὴϳ  

ίᶻ πȢπχυ ω τ ψ πȢππς τ ‘ϳ  

so 

▼►
ᶻ Ȣ   Ⱨ 

16.6 To calculate the standard deviation to measure the variation between samples per [Eq.33] for Level 1 then 

gives: 

 ▼╗▒
ᶻ ╢╢╗▒

ᶻ ▬ ╢╢►▒
ᶻ ▬  

 ▼╗
ᶻ Ȣ  Ȣ  Ȣ ╔  Ⱨ  

 so 

 ▼╗
ᶻ Ȣ   Ⱨ 

 If [Eq.33] gives 

 ╢╢╗▒
ᶻ ▬ ╢╢►▒

ᶻ ▬  

 Then set 

 ▼╗▒
ᶻ   

16.7 To calculate the standard deviation for the laboratory (between-laboratory) effect per [Eq.54] for Level 1 then 

gives: 

ίᶻ ὛὛ ὑͼ ὑ ὲ ίᶻ ὺ ίᶻ ὲ ὑ ὲ  

ίᶻ πȢρφσ σ τρȢσ υχωφρ ρȢυτυὉ πτχ πȢππς τ φρυχωφρ πȢππς χτ ‘ 

so 

▼╛▒
ᶻ Ȣ   Ⱨ 

16.8 To calculate the standard deviation for reproducibility per [Eq.30] for Level 1 then gives: 

ί ί ὛὛᶻ ὛὛᶻ τὴϳ  

ί πȢπυυ χ πȢπχυ ω πȢπςρ τ τ ψ πȢππτ ψ ‘ϳ  

so 

▼╡▒
ᶻ Ȣ   Ⱨ 

If this gives 

 ▼╡▒
ᶻ ▼►▒

ᶻ 

 Then set 

 ▼╡▒
ᶻ ▼►▒

ᶻ 

16.9 Tables 31 and 32 present the consolidated results for all four standard deviations (repeatability, laboratory, 

sample, and reproducibility) for the 11 measurands defined in paragraph 10.1.5.  
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Table 31 
Summary standard deviations for main measurands in native units ï Including metrics for standard deviations repeatability ▼►▒

ᶻ, sample 

effect ▼╗▒
ᶻ , laboratory effect ▼╛▒

ᶻ, and reproducibility ▼╡▒
ᶻ. The statistics indicate values for all levels combined (303 brake events), the 50th and the 

95th percentiles, and each trip. All values reflect the results after applying robust algorithms 

Measurand Metric  

Mean Percentiles 
Trip  

1 2 3 4 5 6 7 8 9 10 

Number of levels (brake events) 

303 50th 95th 29 42 28 18 49 2 6 8 7 114 

Standard deviation / units according to the measurand 

Braking speed / km/h 

ίᶻ 0.05 0.05 0.07 0.05 0.06 0.06 0.06 0.06 0.05 0.05 0.05 0.05 0.05 

ίᶻ  0.01 0.03 0.06 0.02 0.01 0.01 - 0.02 - 0.00 0.01 0.02 0.01 

ίᶻ 1.71 1.69 1.90 1.73 1.74 1.70 1.73 1.72 1.63 1.83 1.75 1.68 1.69 

ίᶻ 0.17 0.15 0.28 0.17 0.17 0.15 0.18 0.15 0.25 0.18 0.19 0.19 0.18 

Average by distance deceleration / m/sĮ 

ίᶻ 0.003 0.003 0.005 0.005 0.004 0.003 0.003 0.003 0.003 0.002 0.003 0.003 0.002 

ίᶻ  0.002 0.002 0.005 0.001 0.001 0.002 0.001 0.002 0.011 0.001 0.002 0.003 0.002 

ίᶻ 0.184 0.157 0.283 0.213 0.200 0.175 0.181 0.181 0.105 0.229 0.197 0.169 0.171 

ίᶻ 0.088 0.079 0.128 0.088 0.096 0.096 0.075 0.087 0.057 0.148 0.076 0.086 0.083 

Average by distance torque / NĿm 

ίᶻ 0.4 0.4 0.7 0.7 0.5 0.4 0.4 0.4 0.3 0.3 0.4 0.4 0.3 

ίᶻ  0.2 0.2 0.5 0.1 0.1 0.1 0.1 0.2 0.4 0.0 0.2 0.3 0.2 

ίᶻ 11.4 9.2 19.1 11.5 11.8 12.2 11.0 12.1 12.0 11.6 11.7 9.1 11.0 

ίᶻ 6.5 5.5 11.4 5.3 5.9 6.5 8.0 6.4 9.1 10.1 8.4 5.4 6.3 

Average by distance pressure / kPa 

ίᶻ 44.6 16.8 105.8 123.0 45.7 27.3 21.4 19.2 15.5 21.9 21.5 17.3 13.4 

ίᶻ  14.4 15.9 27.1 - 8.9 15.9 14.1 19.0 10.2 16.2 14.9 6.5 15.4 

ίᶻ 69.2 57.6 113.1 77.3 80.1 64.7 75.9 74.4 61.3 85.3 79.8 53.2 58.7 

ίᶻ 82.0 65.6 140.7 146.5 86.3 70.1 82.5 72.9 63.8 95.5 83.2 59.3 61.9 

Average by distance COF / Õ 

ίᶻ 0.021 0.011 0.050 0.051 0.026 0.018 0.010 0.012 0.011 0.009 0.010 0.009 0.009 

ίᶻ  0.010 0.009 0.022 0.003 0.009 0.012 0.012 0.012 0.007 0.006 0.008 0.006 0.011 

ίᶻ 0.033 0.029 0.052 0.041 0.036 0.034 0.027 0.027 0.033 0.022 0.026 0.030 0.034 

ίᶻ 0.040 0.034 0.067 0.069 0.045 0.041 0.027 0.029 0.040 0.025 0.025 0.035 0.036 

Maximum temperature with embedded TC / ÁC 

ίᶻ 1.1 0.9 1.8 1.4 1.4 1.0 1.3 1.0 0.5 0.9 0.9 0.4 0.9 

ίᶻ  1.7 1.6 2.7 1.7 1.6 2.0 2.0 2.0 1.0 2.2 1.9 1.2 1.5 

ίᶻ 9.4 9.2 12.1 7.3 9.7 8.8 9.8 9.7 7.2 8.8 8.0 7.2 10.1 

ίᶻ 9.9 9.8 12.7 7.6 10.0 9.0 10.5 10.5 5.4 8.5 8.7 6.4 10.5 

Maximum temperature with rubbing TC / ÁC 

ίᶻ 1.3 1.1 2.2 1.7 1.4 1.2 1.6 1.2 0.5 1.2 0.9 0.5 1.2 

ίᶻ  3.4 3.3 5.0 3.2 3.3 3.3 3.8 3.4 2.5 2.5 3.1 2.2 3.6 

ίᶻ 11.2 10.7 15.8 12.4 10.9 10.2 10.9 11.0 6.5 11.8 9.4 7.4 11.6 

ίᶻ 10.7 10.1 15.8 12.0 10.5 8.2 10.7 10.5 5.5 11.8 9.2 8.1 11.4 

Cooling air temperature (controlled) / ÁC 

ίᶻ 0.21 0.20 0.29 0.30 0.24 0.19 0.18 0.20 0.20 0.20 0.22 0.22 0.19 

ίᶻ  0.11 0.14 0.23 - 0.07 0.10 0.07 0.11 0.18 0.11 0.02 0.14 0.14 

ίᶻ 0.30 0.23 0.51 0.64 0.20 0.21 0.24 0.24 - 0.29 0.29 0.22 0.24 

ίᶻ 0.32 0.28 0.49 0.49 0.28 0.26 0.31 0.31 0.20 0.30 0.36 0.30 0.29 

Cooling air temperature (all) / ÁC 

ίᶻ 0.25 0.21 0.37 0.50 0.22 0.18 0.18 0.21 0.20 0.21 0.21 0.24 0.21 

ίᶻ  0.22 0.24 0.36 0.07 0.21 0.21 0.16 0.22 0.33 0.25 0.08 0.26 0.26 

ίᶻ 5.75 5.78 5.91 5.45 5.59 5.64 5.62 5.76 5.76 6.02 5.89 5.91 5.88 

ίᶻ 0.77 0.57 1.60 1.70 0.51 0.50 0.60 0.61 0.24 0.74 0.72 0.64 0.62 

Cooling air relative humidity (controlled) / %RH 

ίᶻ 1.8 1.5 3.4 3.5 1.8 1.2 1.1 1.6 1.4 1.7 1.3 1.7 1.4 

ίᶻ  0.1 0.3 1.0 - - - - - - 0.1 - - 0.1 

ίᶻ 0.6 0.5 1.4 1.2 0.6 0.4 0.3 0.4 0.9 0.3 0.3 0.3 0.4 

ίᶻ 1.9 1.5 3.8 3.8 1.9 1.2 1.1 1.6 1.8 1.7 1.3 1.7 1.5 

Cooling air relative humidity (all) / %RH 

ίᶻ 2.0 1.8 3.6 3.6 2.1 1.7 1.6 1.9 1.4 2.0 1.8 2.1 1.7 

ίᶻ  0.1 0.4 1.1 - - - - - - - - - 0.2 

ίᶻ 4.4 4.4 5.0 3.5 3.8 3.8 4.1 4.6 4.8 5.1 4.9 5.0 4.7 

ίᶻ 2.6 2.2 4.8 4.8 2.7 2.0 2.0 2.3 2.2 2.6 2.2 2.5 2.2 
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Table 32 
Summary standard deviations for main measurands as a per cent of the average ï Including metrics for standard deviations for 

repeatability ▼►▒
ᶻ, sample effect ▼╗▒

ᶻ , laboratory effect ▼╛▒
ᶻ, and reproducibility ▼╡▒

ᶻ. The statistics indicate values for all levels combined (303 brake 

events), the 50th and the 95th percentiles, and each trip. The values are expressed as a per cent of the general average for all events, 50th percentile 

and 95th percentile values. Also, the table provides the values as per cent of the general average for each trip. All values reflect the results after 

applying robust algorithms 

Measurand Metric  

Mean Percentiles 
Trip  

1 2 3 4 5 6 7 8 9 10 

Number of levels (brake events) 

303 50th 95th 29 42 28 18 49 2 6 8 7 114 

Standard deviation / % of the mean for the applicable range of data 

Braking speed  
/ km/h 

ίᶻ 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.3 0.1 0.1 0.2 0.1 

ίᶻ  0.0 0.1 0.1 0.1 0.0 0.0 - 0.0 - 0.0 0.0 0.1 0.0 

ίᶻ 4.2 4.4 2.3 5.4 4.2 3.8 3.1 3.6 11.0 3.3 3.2 7.8 4.6 

ίᶻ 0.4 0.4 0.3 0.5 0.4 0.3 0.3 0.3 1.7 0.3 0.3 0.9 0.5 

Average by distance deceleration / m/sĮ 

ίᶻ 0.3 0.3 0.3 0.4 0.3 0.3 0.2 0.3 0.4 0.2 0.3 0.3 0.2 

ίᶻ  0.2 0.2 0.3 0.1 0.1 0.2 0.1 0.1 1.6 0.1 0.1 0.3 0.2 

ίᶻ 17.6 16.1 16.9 19.4 18.1 17.4 16.8 17.0 14.9 18.0 16.7 17.7 17.1 

ίᶻ 8.4 8.1 7.7 8.0 8.6 9.6 6.9 8.2 8.1 11.6 6.4 9.0 8.3 

Average by distance torque / NĿm 

ίᶻ 0.3 0.2 0.3 0.4 0.3 0.2 0.2 0.2 0.3 0.1 0.2 0.2 0.2 

ίᶻ  0.1 0.1 0.2 0.1 0.0 0.1 0.0 0.1 0.3 0.0 0.1 0.2 0.1 

ίᶻ 6.7 5.7 7.1 6.6 6.5 7.5 6.2 7.0 10.4 5.6 6.1 5.9 6.7 

ίᶻ 3.8 3.4 4.2 3.0 3.3 4.0 4.5 3.7 7.9 4.9 4.4 3.5 3.9 

Average by distance pressure  

/ kPa 

ίᶻ 5.9 2.5 8.2 15.6 5.7 4.0 2.6 2.4 2.8 2.2 2.5 2.5 1.9 

ίᶻ  1.9 2.3 2.1 - 1.1 2.3 1.7 2.4 1.8 1.7 1.7 0.9 2.2 

ίᶻ 9.2 8.4 8.7 9.8 10.1 9.5 9.2 9.4 11.0 8.7 9.1 7.7 8.4 

ίᶻ 10.9 9.6 10.9 18.6 10.8 10.3 10.0 9.3 11.5 9.8 9.5 8.6 8.9 

Average by distance COF  

/ Õ 

ίᶻ 5.1 2.6 10.3 12.8 6.3 4.3 2.6 3.0 3.1 2.3 2.6 2.4 2.2 

ίᶻ  2.5 2.2 4.5 0.8 2.2 2.8 3.0 3.0 1.9 1.6 2.1 1.6 2.5 

ίᶻ 8.2 7.0 10.7 10.1 8.9 8.2 7.1 6.8 9.0 5.9 6.8 7.6 8.2 

ίᶻ 9.8 8.3 13.8 17.0 11.1 9.7 7.0 7.4 10.8 6.6 6.4 8.8 8.5 

Maximum temperature with embedded TC  

/ ÁC 

ίᶻ 1.8 1.6 1.7 2.7 2.2 1.9 1.7 1.6 2.1 1.3 1.6 1.5 1.4 

ίᶻ  2.9 2.8 2.7 3.5 2.5 3.7 2.7 3.2 4.0 3.4 3.2 4.1 2.4 

ίᶻ 15.8 16.2 11.9 14.4 15.7 16.5 13.2 15.9 29.3 13.6 13.8 25.0 16.1 

ίᶻ 16.5 17.2 12.6 15.0 16.2 16.8 14.1 17.2 22.2 13.1 15.0 22.1 16.8 

Maximum temperature with rubbing TC  
/ ÁC 

ίᶻ 2.2 2.0 2.2 3.4 2.4 2.2 2.1 2.0 2.1 1.8 1.6 1.6 1.9 

ίᶻ  5.7 5.8 4.9 6.4 5.4 6.1 5.2 5.5 10.0 3.9 5.4 7.6 5.8 

ίᶻ 18.6 19.0 15.6 24.6 17.8 19.1 14.7 17.9 25.8 18.1 16.3 25.4 18.4 

ίᶻ 17.9 18.0 15.6 23.9 17.1 15.4 14.4 17.0 21.8 18.1 15.9 27.9 18.0 

Cooling air temperature (controlled)  
/ ÁC 

ίᶻ 1.1 1.0 1.4 1.5 1.2 0.9 0.9 1.0 1.0 1.0 1.1 1.1 0.9 

ίᶻ  0.6 0.7 1.1 - 0.4 0.5 0.4 0.6 0.9 0.6 0.1 0.7 0.7 

ίᶻ 1.5 1.2 2.6 3.2 1.0 1.0 1.2 1.2 - 1.5 1.5 1.1 1.2 

ίᶻ 1.6 1.4 2.4 2.5 1.4 1.3 1.6 1.6 1.0 1.5 1.8 1.5 1.5 

Cooling air temperature (all)  

/ ÁC 

ίᶻ 1.4 1.1 2.0 2.7 1.2 1.0 1.0 1.2 1.1 1.2 1.2 1.3 1.1 

ίᶻ  1.2 1.3 2.0 0.4 1.1 1.1 0.9 1.2 1.9 1.4 0.5 1.4 1.4 

ίᶻ 31.5 31.7 32.1 29.7 30.6 30.8 30.7 31.6 31.9 33.2 32.3 32.6 32.4 

ίᶻ 4.2 3.1 8.7 9.2 2.8 2.7 3.3 3.3 1.3 4.1 3.9 3.5 3.4 

Cooling air relative humidity (controlled) / %RH 

ίᶻ 3.5 2.9 6.6 7.1 3.5 2.4 2.2 3.1 2.8 3.3 2.6 3.3 2.9 

ίᶻ  0.1 0.6 1.9 - - - - - - 0.2 - - 0.2 

ίᶻ 1.1 1.0 2.8 2.5 1.2 0.7 0.6 0.8 1.8 0.5 0.6 0.7 0.9 

ίᶻ 3.7 3.0 7.4 7.7 3.8 2.5 2.3 3.2 3.5 3.4 2.6 3.4 3.0 

Cooling air relative humidity (all)  

/ %RH 

ίᶻ 4.1 3.5 7.1 7.3 4.1 3.3 3.2 3.7 2.8 4.0 3.5 4.1 3.3 

ίᶻ  0.2 0.9 2.1 - - - - - - - - - 0.3 

ίᶻ 8.7 8.8 9.9 7.0 7.4 7.6 8.1 9.2 9.4 10.0 9.7 10.0 9.3 

ίᶻ 5.2 4.3 9.4 9.8 5.3 4.1 4.1 4.6 4.4 5.2 4.3 5.0 4.3 
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17 Scrutiny of the data for consistency and outliers using parameters derived with 

robust Algorithms 

17.1 Examine the consistency for the cell (laboratory) average calculating the Mandelôs h* statistic per [clause 

5.6.1]. These statistics indicate the bias of the laboratory in general compared to the grand mean for all 

laboratories. The conventional approach is to plot the h* statistic in the order of the test levels (303 brake 

events), grouped by the laboratory. Reference Table 33 for the tabular calculations. Reference Annex 6 for the 

plots for each laboratory in the order of the levels. 

17.1.1 The values for x* and s* are obtained from paragraphs 15.8 and Table 30. 

17.1.2 The limit factors for plotting for eight laboratories (p = 8), using the limit of h = Ñ 2.06 at the 1 % significance 

level for outliers, and h = Ñ 1.75 at the 5 % significance level stragglers [ISO 5725-2:2019]. 

Table 33 
Tabular assessment of the Mandelôs h* statistic on cell averages of the coefficient of friction (Õ) of Level 1 

Laboratory  

i 
Parameter Cell average ●ᶻ ●ᶻ  

▐░▒
ᶻ statistic 

- 

L1 ὼᶻ 0.360 1 0.004 9 0.087 8 

L2 ὼᶻ 0.289 4  0.065 8  1.181 9 

L3 ὼᶻ 0.369 8 0.014 6 0.261 7 

L4 ὼᶻ 0.428 3 0.073 1 1.314 0 

L5 ὼᶻ 0.357 7 0.002 5 0.044 3 

L6 ὼᶻ 0.289 4  0.065 8  1.181 9 

L7 ὼᶻ 0.342 2  0.013 0  0.233 0 

L8 ὼᶻ 0.404 7 0.049 5 0.889 1 

 

x*  0.355 2 

 s* 0.055 7 

Applying [Eq.34] to Lab 1, then gives: 

Ὤᶻ  statistic 

 

Applying [Eq.34] to Lab 2, then gives: 

Ὤᶻ  statistic 

 

Ὤᶻ  πȢππτ ωπȢπυυ χϳ  πȢπψχ ψ 
 

 

Ὤᶻ  πȢπφυ ψπȢπυυ χϳ  ρȢρψρ ω  

17.2 Examine the consistency for the between-sample ranges calculating the Mandelôs k* statistic per [clause 

5.6.1]. These statistics indicate whether the laboratory carried out the test under repeatability conditions of 

allowed extraneous factors to increase the variation between samples. The assessment of results, plotting the 

k* statistic in the order of the test levels (303 brake events), is grouped by the laboratory. Reference Table 34 

for the tabular calculations. Reference Annex 7 for the plots for each laboratory in the order of the levels. 

17.2.1 The values for the cell ranges are obtained from paragraph 15.7 and Table 29. 

17.2.2 The limit factors for plotting for eight laboratories (p = 8) and six repeats (n = 6) using the limit of k = 1.65 at 

the 1 % significance level for outliers, and k = 1.45 at the 5 % significance level for stragglers [ISO 

5725 2:2018]. On rare occasions, some levels in two laboratories had missing data. The analysis calculation 

assumes the same limit factors for all to ensure consistency and simplicity of computation. 

Table 34 
Tabular assessment of the Mandelôs k* statistic on between-sample ranges of the coefficient of friction (Õ) of Level 1  

Laboratory  

i 
Parameter Cell range 

▓░▒
ᶻ statistic 

- 
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L1 ύᶻ 0.008 8 0.120 6 

L2 ύᶻ ½ ½ 

L3 ύᶻ 0.002 2 0.029 6 

L4 ύᶻ 0.094 2 1.286 2 

L5 ύᶻ 0.094 2 1.286 2 

L6 ύᶻ ½ ½ 

L7 ύᶻ ½ ½ 

L8 ύᶻ ½ ½ 

Applying [Eq.35] to Lab 1, then gives: 

Ὧᶻ  statistic 

 

Applying [Eq.35] to Lab 3, then gives: 

Ὧᶻ  statistic 

 

Ὧᶻ  πȢππψ ψ πȢπςρ ττϳϳ πȢρςπ φ 
 

 

Ὧᶻ  πȢππς ς πȢπςρ ττϳϳ πȢπςω φ 

17.3 Examine the consistency for the between-test-results standard deviations calculating the Mandelôs k* statistic 

per [clause 5.6.1]. These statistics indicate whether the laboratory carried out the test for a given sample under 

repeatability conditions or achieved poor repeatability among tests on the same sample. The regular 

assessment of results uses the plot of the k* statistic in the order of the test levels (303 brake events), grouped 

by the laboratory. Reference Table 35 for the tabular calculations. Reference Annex 8 for the plots for each 

laboratory in the order of the levels. 

17.3.1 The values for the between-test-results standard deviation are obtained from paragraph 15.6 and Table 28. 

17.3.2 The limit factors for plotting for eight laboratories (p = 8) and six repeats (n = 6) using the limit of k = 1.65 at 

the 1 % significance level (outliers) and k = 1.45 at the 5 % significance level (stragglers). On rare occasions, 

some levels in two laboratories had missing data. The analysis calculation assumes the same limit factors for 

all to ensure consistency and simplicity of computation. 

Table 35 
Tabular assessment of the Mandelôs k* statistic on the between-test-results standard deviation of the coefficient of friction (Õ) of Level 1  

Laboratory  
i 

Sample  
t 

Parameter 
Between-test-results standard 

deviation 

k* statistic  

- 

L1 
T1 ύᶻ  0.062 8 0.912 3 

T2 ύᶻ  0.053 4 0.774 9 

L2 
T1 ύᶻ  ½ ½ 

T2 ύᶻ  ½ ½ 

L3 
T1 ύᶻ  0.078 5 1.139 9 

T2 ύᶻ  0.066 6 0.966 4 

L4 
T1 ύᶻ  0.072 6 1.053 6 

T2 ύᶻ  0.093 3 1.354 5 

L5 
T1 ύᶻ  ½ ½ 

T2 ύᶻ  0.070 7 1.027 0 

L6 
T1 ύᶻ  0.017 4 0.252 0 

T2 ύᶻ  ½ ½ 

L7 
T1 ύᶻ  0.022 3 0.324 3 

T2 ύᶻ  ½ ½ 

L8 
T1 ύᶻ  0.088 4 1.283 3 

T2 ύᶻ  ½ ½ 

Applying [Eq.36] to test 1 for Lab 1, then gives: 

Ὧᶻ  statistic 

 

Applying [Eq.35] to test 2 for Lab 1, then gives: 

Ὧᶻ  statistic 

 

Ὧᶻ  πȢπφς ψ πȢπχυ ω ς ψϳϳ πȢωρς σ 
 

 

Ὧᶻ  πȢπυσ τ πȢȢπχυ ω ς ψϳϳ πȢχχτ ω 
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18 Uncertainty of the estimate of the repeatability and reproducibility standard 

deviations for heterogeneous materials 

18.1 The object of a precision experiment is to estimate the true value of the different standard deviations presented 

in this document. The estimation of a true standard deviation for repeatability needs to calculate the range 

about the true value where the estimate can lie. The uncertainty estimates rely on the chi-square distribution to 

solve this well-understood statistical problem. The uncertainty of the repeatability standard deviation depends 

on the number of laboratories and the number of tests. The uncertainty of the reproducibility standard 

deviation requires additional factors which combine the relationships between the repeatability, sample, and 

reproducibility standard deviations [clause 5.3].  

18.2 To estimate the uncertainty of the repeatability standard deviation per [Eq.16 modified] for Level 1, with a 

probability level of 95 %, then gives: 

½ pô = 8 laboratories 

½ Ὣ ρς ὸὩίὸίψ ὰὥὦέὶὥὸέὶὭὩί  ρȢυϳ  

½ ὲ φρ ὶὩίόὰὸίρς ὸὩίὸίυȢρϳ   

ὃ ρȢωφρ ςὴᴂὫὲ ρϳ  

═► Ȣ Ȣ Ȣϳ  Ϸ 

The uncertainty on the repeatability standard deviation is not Ñ 20 %; instead, by rearranging, the true 

repeatability standard deviation ůr lies between the limits: 

ίᶻ

ρ ὃ
„

ίᶻ

ρ ὃ
 

ίᶻ

ρ πȢς
„

ίᶻ

ρ πȢς
 

ḈπȢψσίᶻ „ ρȢςυίᶻ 

ḈπȢψσπȢπτψ χ „ ρȢςυπȢπτψ χ  

Ḉ Ȣ   Ⱨ Ɑ► πȢπφπ ω ‘  

18.3 There is a need first to determine the applicable parameters per [Eq.18] for Level 1, with a 95 % probability to 

estimate the uncertainty of the reproducibility standard deviation, then gives: 

‰ᶻ ίᶻ ίᶻϳ  

‰ᶻ πȢπρς τπȢπτψ χ πȢςφϳ  

‎ᶻ ίᶻίᶻϳ  

‎ᶻ πȢπφω σπȢπτψ χ ρȢτςϳ  

Ὀᶻ ‎ ρ ‰ᶻ Ὣϳ ρὲὫϳ ὴ ρϳ  

Ὀᶻ ρȢτς ρ πȢςφρȢυϳ ρ υȢρ ρȢυϳ ψ ρϳ πȢςπυ 

Ὀᶻ ‰ᶻ Ὣϳ ρὲὫϳ ὴὫ ρϳ   

Ὀᶻ πȢςφρȢυϳ ρ υȢρ ρȢυϳ ψρȢυ ρϳ πȢππψ 

Ὀᶻ ρ ὴὫὲ ρϳ  

Ὀᶻ ρ ψ ρȢυ υȢρ ρϳ πȢπςπ 

and 

ὃᶻ ρȢωφ Ὀᶻ Ὀᶻ Ὀᶻ ς‎zϳ  
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═╡
ᶻ Ȣ Ȣ Ȣ Ȣ Ȣϳ  Ϸ  

Again, the uncertainty on the repeatability standard deviation is not Ñ 33 %; instead, by rearranging, the true 

repeatability standard deviation ůR lies between the limits: 

ίᶻ

ρ ὃ
„

ίᶻ

ρ ὃ
 

ίᶻ

ρ πȢσσ
„

ίᶻ

ρ πȢσσ
 

ḈπȢχυίᶻ „ ρȢτωίᶻ  

ḈπȢχυπȢπφω σ „ ρȢτωπȢπφω σ  

Ḉ Ȣ   Ⱨ Ɑ╡ πȢρπσ σ ‘  

18.4 Table 36 reflects the statistics for uncertainty on the standard deviation for repeatability and reproducibility, 

applying the corresponding robust Algorithms. Reference paragraph 18.2 to estimate the actual range for a 

given estimation of standard deviation. Standard deviations with an uncertainty of 100 % or higher are 

irrelevant, as their value lies between zero and infinite. 

Table 36 
Uncertainty on the estimation of standard deviation for repeatability ═► zand reproducibility  ═╡

ᶻ ï the values shown on this table may differ 

from the actual calculation due to rounding. The uncertainty on the estimation of reproducibility for the maximum rubbing TC temperature for 

trips 3, 4, and 5 and the cooling air temperature for all laboratories during trip 6 yields a range from zero to infinity to the estimate 

Measurand Metric  

Mean Percentiles 
Trip  

1 2 3 4 5 6 7 8 9 10 

Number of levels (brake events) 

303 50th 95th 29 42 28 18 49 2 6 8 7 114 

Uncertainty of the standard deviation / % 

Braking speed 
ὃᶻ 17 17 17 17 17 17 17 17 17 18 17 17 17 

ὃᶻ  46 47 51 46 46 45 45 45 50 48 47 47 46 

Avg. by distance 

deceleration 

ὃᶻ 18 17 20 20 17 17 17 17 17 18 17 17 17 

ὃᶻ  52 52 52 52 53 52 52 52 57 54 52 52 52 

Avg. by distance 

torque 

ὃᶻ 18 17 20 20 17 17 17 17 17 18 17 17 17 

ὃᶻ  52 52 52 51 52 52 52 52 52 53 52 52 52 

Avg. by distance 

pressure 

ὃᶻ 18 17 20 20 17 17 17 17 17 18 17 17 17 

ὃᶻ  48 51 55 27 43 47 52 51 50 51 50 49 52 

Average by distance 

COF 

ὃᶻ 18 17 20 20 17 17 17 17 17 18 17 17 17 

ὃᶻ  48 50 58 31 43 46 50 53 51 52 49 50 52 

Max. temp. with 

embedded TC 

ὃᶻ 18 17 20 20 17 17 17 17 17 18 17 17 17 

ὃᶻ  53 53 55 53 52 53 53 54 53 55 53 53 53 

Max. temp. with rubbing 

TC 

ὃᶻ 18 18 19 19 18 18 17 17 18 18 18 18 18 

ὃᶻ  85 55 66 56 56 124 185 100 59 55 56 61 56 

Cooling air temp. 

(controlled) 

ὃᶻ 21 21 21 21 21 21 21 21 21 22 21 21 21 

ὃᶻ  57 49 86 45 38 49 52 52 56 46 45 48 71 

Cooling air temperature 

(all) 

ὃᶻ 17 17 17 17 17 17 17 17 17 18 17 17 17 

ὃᶻ  56 51 79 48 53 57 51 55 115 53 48 52 59 

Cooling air %RH 

(controlled) 

ὃᶻ 22 22 22 22 22 22 22 22 22 23 22 22 22 

ὃᶻ  26 24 34 27 26 25 26 25 36 26 25 24 26 

Cooling air %RH (all) 
ὃᶻ 18 18 18 18 18 18 18 18 18 19 18 18 18 

ὃᶻ  28 24 42 30 28 27 28 27 36 28 28 25 29 
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Annex 1 

Flowcharts of parameters and relationships for standard deviations  

The flowchart in Figure A1.1indicates the terms and symbols for the general formulae for calculations for a heterogeneous 

material per ISO 5725 5:1998 using non-robust algorithms.  

Figure A1.1 

Non-robust algorithm ï The formulae apply to each measurand on each braking event 
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The flowchart in Figure A1.2 indicates the terms and symbols for the general formulae for calculations for a heterogeneous 

material using robust algorithms.  

Figure A1.2 

Robust algorithm ï The formulae apply to each measurand on each braking event. Derive the values indicated on the light blue box (SSLj, Kj, 

Kôj, Kòj, nj, ɡLj) following the algorithm from Figure A1.1. all the values with an (*) symbol indicate the result of a robust method 
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Annex 2 

Heatmaps for original values per measurand for each lab, test, and repeat 

Figures A2.1 to A2.9 illustrate the values reported by each lab for all the different measurands. The heatmaps are implemented in 

MS ExcelÊ by using the inferno colourmap
6
. Such colourmaps come with certain advantages as they are: 

a. Perceptually uniform (the delta in colour is equal to the delta in the data) 

b. Friendly to colourblind people 

c. Non-biased conversion to grayscale  

On the data shown for all the different measurands 

½ The bar on the right side of the heat map shows the colour scaling for each measurand 

½ The changes in the measured values in the vertical direction (change is colour between rows) reflect the changes in the test 

parameters during the individual repeats and tests for each laboratory 

½ The changes in the measured values in the horizontal direction (change in colour between columns) reflect variability 

between repeats, between tests, or between laboratories 

½ Blank cells indicate values measured but not reported by the laboratory or incorrect values, which were curated and removed 

due to errors during the dyno test 

½ Cells in grey indicate brake events, repeats, or entire tests, not executed by the laboratory 

½ Review the changes along columns (repeats or tests) to assess patterns (sudden changes, trends or fluctuations) in parameters 

like cooling air temperature and humidity 

½ Variability within repeats or between tests for cooling air temperature and humidity can also appear as a checkered pattern 

½ To obtain more value and insight into the heatmaps, couple the assessment with other heat maps and statistics from the 

Annexes of this report. Also, combine the review of average-by-distance deceleration and torque; average-by-distance torque, 

average-by-distance pressure, and COF; maximum disc temperatures with embedded and maximum rubbing thermocouple; 

and cooling air temperature and cooling air humidity 

½ The nominal dataset for one laboratory with all measurands reported for two tests, each with six repeats, includes: 

(2 tests) ³ (6 repeats) ³ (303 braking events) ³ (11 measurands) ~ 40 000 individual values 

 

  

                                                           
6 For further reading visit https://www.mathworks.com/matlabcentral/fileexchange/51986-perceptually-uniform-colormaps.  To just download 

the colormaps themselves visit https://www.mathworks.com/matlabcentral/fileexchange/51986-perceptually-uniform-colormaps.  The download 

is under a CCO ñno-rights-reservedò licence (https://creativecommons.org/share-your-work/public-domain/cc0). 

https://www.mathworks.com/matlabcentral/fileexchange/51986-perceptually-uniform-colormaps
https://www.mathworks.com/matlabcentral/fileexchange/51986-perceptually-uniform-colormaps
https://creativecommons.org/share-your-work/public-domain/cc0
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Figure A2.1 
Heatmap for braking speed (km/h) 

 

Comments and highlights: Lab 6 exhibited lower speeds on average compared to other labs [Table 2] - Reference Figure 3 to visualize the colour 

scheme of the brake events and the speed in the time domain - Reference Table 4 on [UNECE, 2020] for a detailed listing of braking events. 

First 10 events are below 40 km/h; many events between 100 and 150 are (90-105) km/h; events 200-230 are (40-100) km/h; and event 295 is at 

132 km/h 
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Figure A2.2 
Heatmap for average-by-distance deceleration (m/s) 

 

Comments and highlights: On average, Labs 1 and 4 exhibited the highest decelerations, contrasting with Labs 6 and 7, which exhibited the 

lowest deceleration levels on average [Table 2]. See Figures 4 and 6 as well as Annex 6 for Mandelôs h* statistics for lab averages - The 

following repeats for Trip #1 were removed due to erroneous control settings: R2-R6 for T1 and all repeats for T2 for Lab 2; R2-R6 for T1 for 

Lab 5; and sporadic events for Labs 2 and 6 
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Figure A2.3  

Heatmap for average-by-distance torque (NĿm) 

 

Comments and highlights: Lab 6 exhibited the lowest torque values on average, followed by Labs 1 and 4. See Annex 6 for Mandelôs h* 

statistics for lab averages - Lab 6 exhibited larger-than-average variability between repeats, evidenced as a (lightly) checkered pattern for most 

brake events. See Annex 8 for the Mandelôs k* statistic between repeats - The following repeats for Trip #1 were removed due to erroneous 

control settings or missing data: R2-R6 for T1 and all repeats for T2 for Lab 2; R2-R6 for T1 for Lab 5; and sporadic events for Labs 2, 5, and 6 
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Figure A2.4 
Heatmap for average-by-distance brake pressure (kPa) 

 

Comments and highlights: Labs 1, 4 and 6 exhibit a lower-than-average pressure, also evidenced from Mandelôs h* statistic on  Annex 6 - 

Except for Lab 6, all other labs exhibited higher pressures during Trip #1, indicating the effect of the friction couple bedding - Labs 2 and 5 had 

an extended bedding behaviour, also evident on the heatmap for the COF - The ñdelayedò bedding behaviour on T2 for Lab 2 induced the 

highest values for Mandelôs k* statistic between repeats. See Annex 8 - The heatmap for brake pressure confirms the correlation with the 

heatmaps for deceleration and torque; a higher deceleration requires a higher torque, and higher torques demand higher pressure compounded 

with the COF variation - The following repeats for Trip #1 were removed due to erroneous control settings or missing data: R2-R6 for T1 and all 

repeats for T2 for Lab 2; R2-R6 for T1 for Lab 5; and sporadic events for Labs 2, 5, and 6 
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Figure A2.5 
Heatmap for average-by-distance COF (Õ) 

 

Comments and highlights: Lab 4 generated the highest values for COF, as seen on Mandelôs h* statistic on Annex 6 for cell averages - Labs 2, 6, 

and 7 exhibited COF lower-than-average, with R1 for T 2 on Lab 2 having the lowest values overall - Labs 4 and 5 had the highest metrics for 

the Mandelôs k* statistic between tests per Annex 7 - The ñdelayedò bedding behaviour on Lab 2 induced the highest values for the Mandelôs k* 

statistic between repeats, also observed in Annex 8 - Labs 3 and 7exhibited the low variation between repeats, as indicated the Mandelôs k* 

statistic on Annex 8 - Lab 4 (using fresh air) exhibited large values for the Mandelôs k* statistic between repeats - The following repeats for Trip 

#1 were removed due to erroneous control settings or missing data: R2-R6 for T1 and all repeats for T2 for Lab 2; R2-R6 for T1 for Lab 5; and 

sporadic events for Labs 2, 5, and 6 
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Figure A2.6 
Heatmap for maximum disc temperature with an embedded thermocouple (ÁC) 

 

Comments and highlights: Lab 2 exhibited the highest overall temperatures and, correspondingly, a large Mandelôs h* statistic for cell averages 

as seen in Annex 6 - Labs 3, 4, and 6 exhibited the lowest disc temperatures overall, with lab 6 having the lowest - Lab 5 was the closest to the 

overall average among all labs, as evidenced on the smallest Mandelôs h* statistic for lab average - Lab 4 had a consistently high variation 

between test repeats, while the last repeat on Lab 8 exhibited a shift to lower temperatures compared to the first five - The following repeats for 

Trip #1 were removed due to erroneous control settings or missing data: R2-R6 for T1 and all repeats for T2 for Lab 2; R2-R6 for T1 for Lab 5; 

and sporadic events for Labs 2, 5, and 6 
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Figure A2.7 
Heatmap for maximum disc temperature with rubbing thermocouple (ÁC) 

 

Comments and highlights: Directionally, the response of this measurand corresponds to the maximum temperature with the TCEmb - Lab 2 

exhibited larger Mandelôs k* statistic between tests, per Annex 7, compared to the same statistic for the TCEmb - For Lab 2, test 2 was consistently 

lower than test 1, similar to the behaviour exhibited by Lab 5 - The most considerable variation among all labs was near the end of Trip #10, 

which combines the effect of high speed, high deceleration, and variability in the COF - The following repeats for Trip #1 were removed due to 

erroneous control settings or missing data: R2-R6 for T1 and all repeats for T2 for Lab 2; R2-R6 for T1 for Lab 5; and sporadic events for Labs 

2, 5, and 6 
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Figure A2.8 
Heatmap for cooling air temperature (ÁC) ï Labs with the columns heading in blue used climatic controls during all tests 

 

Comments and highlights: Compare overall results to Table 3 for metrics on each lab and each report during T1 - Labs 4 and 6 (fresh air) 

exhibited the lowest Mandelôs h* statistic for lab average per Annex 6 - Lab 4 exhibited the highest Mandelôs k* statistics for variation between 

tests and between repeats - Lab 8 was consistently higher than the rest of the labs, as indicated by Mandelôs h* statistic for cell averages on 

Annex 6 - Except for Trip #1 during R1 of T1 and R1 and R5 of T2, Lab 5 had the lowest Mandelôs k* statistic for variation between repeats per 

Annex 8 - The cooling air temperature on Lab 4 went to a lower level shortly before reaching the mid-point of R4 during T1 and remained at the 

low level for the remainder of the test and into T2 - Lab 8 exhibited drifting cooling air temperatures within and between repeats - Labs 1 and 2 

exhibited instances of sudden changes, scattered across repeats during both tests 
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Figure A2.9 
Heatmap for cooling relative air humidity  ï Labs with the columns heading in blue used climatic controls during all tests 

 

Comments and highlights: Compare overall results to Table 4 for metrics on each lab and each report during test 1 - Lab 4 exhibited the highest 

Mandelôs h* statistics for lab averages and Lab 8 the lowest, evidenced on Annex 6. Lab 7 exhibited highs and lows on the same metric - Lab 2 

exhibited sporadic departures on the relative humidity level, increasing its Mandelôs k* statistic between repeats as illustrated in Annex 8 - Lab 4 

(with fresh air) exhibited values significantly below and above 50 % relative humidity across different repeats and between the two tests - Labs 

2, 3 and 5 exhibited large fluctuations during the first 50 events for a handful of repeats - Lab 2 exhibited departures from its average at least 

once for each repeat - Labs 1, 3, and 7 had a checkered behaviour throughout the tests, with Lab 7 exhibiting the most considerable swings 

within a short series of events 
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Annex 3 

Graphical representation of standard deviations versus average values 
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Average by distance deceleration 

 
Average by distance torque 

 

Average by distance pressure 

 
 

Average by distance coefficient of friction 
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