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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
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Introduction

Computer Aided Engineering (CAE) has become a vital tool for product development in the au

tomobile

industry. Various computer programs and models have been developed to simulate dynamic systems. To

maximize the use of these models, the validity and predictive capabilities of these models are

assessed

quantitatively. Model validation is the process of comparing CAE model outputs with test measurements in
order to assess the validity or predictive capabilities of the CAE model for its intended usage. The fundamental
concepts and terminology of model validation have been established mainly by standard committees
including the American Institute of Aeronautics and Astronautics (AIAA)[Z], the American Society of
Mechanical Engineers (ASME) Standards Committees on verification and validation of Computational Solid
Mechanicsl3l and Computational Fluid Dynamics and Heat Transferl4], the Defense Modeling and Simulation

Office (OMSO) of the U.S. Department of Defense (DoD)!2], the United States Department of Energy]
and varipus other professional societies [19].[20],

One of the critical tasks to achieve quantitative assessments of models is to develop a validation m
has the desirable metric properties to quantify the discrepancy between functional or time history r
from both physical test and simulation result of a dynamic systemlZl.[161.[17], Developipg’quantitati
validation methods has attracted considerable researchers’ interest in recent years#111.112],[13],[15]
31.[241[26]] However, the primary consideration in the selection of an effective métFit should be basg
applicatipn requirements. In general, the validation metric is a quantitativemeasurement of the (
agreement between the physical test and simulation results.

This dociiment is the essential excerpt of the ISO/TR 1625001 which,provides standardized calcul
the corr¢lation between two signals of dynamic systems, and it is validated against multiple vehid
case studlies.

(DOE)[6]

btric that
bsponses

ve model
[17],[18].[2
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Technical Specification

ISO/TS 18571:2024(en)

Road vehicles — Objective rating metric for non-
ambiguous signals

1 Scope

This dog+

between
aimed at
validateq
accelerat

NOTE

two non-ambiguous signals obtained from a physical test and a computational model
vehicle safety applications. The objective comparison of time-history signals of modelaj
| against various loading cases under different types of physical loads such as forcesy/mom
ions. However, other applications can be possible too, but are not within the scope of this d

Annex A gives some examples of the application of this document.

2 Normative references

There ar

3 Ter
For the p
[SO and |
— ISO

— IECI

3.1
filtering

E no normative references in this document.

ms and definitions
urposes of this document, the following terms and definitions apply.
EC maintain terminology databases for use in standardization at the following addresses:

Dnline browsing platform: available at https{//www.iso.org/obp

lectropedia: available at https://wwwxsélectropedia.org/

smoothing of signals by using standatdized algorithms

3.2
level of ¢
similarit|

3.3

rorrelation
y of two signals

intervaﬂ‘of evaluation

time do

3.4
rating

ain thatds,tsed to calculate the correlation between two signals

rrelation
and it is
nd test is
ents and
bcument.

calculaté

3.5

Rives i lovelof Jation (3.2) fobjects ing)

sampling rate
recording frequency of a signal

3.6

time sample
pair values (e.g. time and amplitude) of a recorded signal

© IS0 2024 - All rights reserved
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3.7
time-history signal
physical value recorded in a time domain

Note 1 to entry: Time-history signals are non-ambiguous.

4 Abbreviated terms and symbols

4.1 Abbreviated terms

CAE Computer Aided Engineering

CORA CORrelation and Analysis

DTW Dynamic Time Warping

EEARTH Enhanced Error Assessment of Response Time Histories

SME Subject Matter Expert

4.2 General

C,C(t) Analyzed signal (CAE signal)

T, T(t) Reference signal (test signal)

At Interval between two-time samples

t Time signal (axis of abscissa)

to Time zero of an event (e.g. test, crash,\impact)

Estart Starting time of the interval of‘evaluation

tend Ending time of the intervalof evaluation

N Total number of samplepoints (e.g. time steps) between the starting time ¢t . and engling time
tend

4.3 Cdrridor score

Z Corridérscore

Z(t) Corridor score at time t (curve)

ky Exponent factor for calculating the corridor score between the inner and outer corridors

ag Relative half width of the inner corridor

by Relative half width of the outer corridor

o) Half width of the inner corridor

IR Half width of the outer corridor

5 (t) Lower/upper bounds of the inner corridor at time ¢ (curve)

8, (t) Lower/upper bounds of the outer corridor at time t (curve)

© IS0 2024 - All rights reserved
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Ny All natural numbers without zero

T Absolute maximum amplitude of the reference signal T

norm
4.4 Phase, magnitude and slope scores
4.4.1 General

c', C% (i) Truncated and shifted CAE curve

CtS+W ‘/\Iarpnr] CAFE curve of S

clstd Derivative CAE curve of C*

ctstd Derivative CAE curve of C* after averaging

7', 7% ([j))  Truncated and shifted test curve

Tw Warped test curve of T
TSt Derivative test curve of T*
Tts+d Derivative test curve of T* after averaging

4.4.2 Phase score

Ep Phase score

kp Exponent factor for calculating the phase score Ep
g; Maximum allowable percentageof time shift

m Time steps moved to evialuate the phase error

ne Number of time shiftsto get pg

PE Maximum cress-correlation of all p; (m) and pg (m)
py, (m) Cross cofrelation - signal is moved to the left

pr (m) Cross,correlation - signal is moved to the right

4.4.3 lrlagnitude score

Ey Magnitude score

Ky Exponent factor for calculating the magnitude score Ey
m Maximum allowable magnitude error

€mag Magnitude error

n

Number of data samples of time shifted and truncated curves (€* and T%)

© IS0 2024 - All rights reserved
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d Local cost matrix to perform the dynamic time warping
(i, j) Local cost function to perform the dynamic time warping
dey [1, 7] Cumulative cost matrix

Drw Dynamic time warping distance

Drwopt (i,J)  Cost of the optimal warping path

I Index number of time shifted and truncated CAE curve ¢%

I Index number of [ -th warping path of curve ¢

J Index number of time shifted and truncated test curve T*
Ji Index number of [ -th warping path of curve T*

k Index number of any warping path

k Number of data samples of the optimal warping path

w Optimal warping path

wy The I -th warping path cell

4.4.4 S$lope score

Eg Slope (topology) score

kg Exponent factor for calculating the$lope score Eg
g; Maximum allowable slope error

Eslope Slope error

4.5 Overall ISO rating

R Overall ISQ fating

wy Weightingfactor of the corridor score Z

Wp Weighting factor of the phase score Ep

Wy Weighting factor of the magnitude score Ey
Wy Weightingfactorofthestopeseore—+s

r Rank of the sliding scale of the ISO metric
Sctower () Lower threshold of rank r

Scupper (T) Upper threshold of rank r

© IS0 2024 - All rights reserved
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5 General data requirements

The metric described in this document requires non-ambiguous curves (e.g. time-history curves).
Furthermore, it is required that the reference curve T(t) and the evaluated curve C(t) are both defined

between starting time tg, . and ending time t,,4 . Both curves shall have the same number of sample points
N with a constant time interval At within the evaluation interval.

6 ISO metric

6.1 General

The appfoach of this document is to combine different types of algorithms to get reliablesand robust
assessments of the correlation of two signals. The calculated score provides fair assessment férypoqr and for
good corfelations of two signals. The two most promising metrics are identified in Reference [1], they are the
CORA cofridor method and EEARTH. A combined metric based on the improved CORA corridor method and
EEARTH]|is then proposed for this document which has been fully validated using responses from|multiple
vehicle plassive safety applications.

Figure 6]1 shows the structure of the overall ISO metric. While the corridor method calculates the dleviation
between|curves with the help of automatically generated corridors, the EEARTH method analyse$ specific
curve chiaracteristics such as phase shift, magnitude and shape. Hence, .the”ISO metric consists of the two
best avaflable algorithms.

Total ISO rating

A 4 A 4 A 4 A 4

Corridor Phase Magnitude Slope

Figure 6.1 — ISO metric structure

alculation of the overall ISO rating

The combinatien of the four metric ratings (corridor, phase, magnitude and slope) will provide| a single
number |RAorx the correlation of the analysed signals which represents the final overall objective rating. The
overall o i ing R i inj : e i i phase (Ep),

‘l e - a NOo KK
magnitude ( £y ) and slope ( Eg ). Four individual weighting factors are defining the influence of each metric

on the overall rating [see Formulae (6.1) and (6.2)]. The corresponding weighting factors are shown in
Table 6.1.

© IS0 2024 - All rights reserved
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Table 6.1 — Weighting factors of the ISO sub-ratings

Parameter Value Description
wy 0,4 Weighting factor of the corridor score
Wp 0,2 Weighting factor of the phase score
WM 0,2 Weighting factor of the magnitude score
Wg 0,2 Weighting factor of the slope score

6.3 Corridor score

6.3.1 eneral

The corrfdor metric calculates the deviation between two signals by means of corridor fitting. The[two sets
of corridprs, the inner and the outer corridors, are defined along the mean curve. If the evaluated clirve C is
within the inner corridor bounds, a score of “1” is given and if it is outside the outerneorridors boyinds, the
score is get to “0”. The assessment declines from “1” to “0” between the bounds of inner and outer ¢orridors
resulting in three different rating zones as shown in Figure 6.2. The complian¢e with the corridors is
calculatdd at each specific time ¢ and the final corridor score Z of a signal is-the'average of all scoyes Z (t)

at specif]c times t.

Key
1 rating=0
2 0<rpting <@
3  rating =1

Figure 6.2 — Rating zones of the corridor metric (corridors of constant width)[2]

The philosophy of the ISO approach is to use a narrow inner corridor and a wide outer corridor(4l, It limits
the number of “1” ratings to only good correlations and gives the opportunity to distinguish between poor
and fair correlations. If the outer corridor is too narrow, too many curves of a fair or moderate correlation
would get the same poor rating of “0”, like signals of almost no correlation with the reference. Basically, the
width of the corridors can be adjusted in order to reflect the specific signal characteristic. The width can
be constant for the whole duration of the dynamic responses or vary at the different time intervals. This
document applies the most common approach of using constant corridor widths for the whole duration of
the dynamic responselll[25],

© IS0 2024 - All rights reserved
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6.3.2 Calculation

The parameters a; and by define the relative half widths of the inner and the outer corridors. Both shall be
between “0” and “1”, and a, shall be less than b,. The absolute half widths of both corridors are defined as
the product of relative half width and the absolute maximum amplitude T, of the reference signal T.

Formula (6.3) shows the calculation of T}, and itis calculated within the interval of evaluation.

T max(T)|} (6.3)

norm

=max{|min(T)

)

The absolute half width of the inner corridor (absolute distance from the reference signal to the outer
bounds of the inner corridor) is defined by Formula (6.4). The calculation of the absolute half width of the
outer colridors [see Formula (6.5)] is similar to that of the inner corridors.

51 =dy 'Tnorm OSCIO <1 64)
60 :bO 'Tnorm OSbO Sl and ao <b0 6.5)

Based o1} these definitions the lower and upper bounds of the inner corridor are-defined by Formjula (6.6)
and the lpwer and upper bounds of the outer corridor are defined by Formula(6.7).

6 (¢)=T(t)*4; 6.6)
8, (t)=T(t)+8, 6.7)

Formula|(6.8) shows the calculation of the corridor score for the correlation between the referencelsignal T
and the gnalysed signal C at each evaluation time t . If the-adbsolute difference between the signals|T and C
is less than the half width of the inner corridor (J;), then the score is set to “1”. The score is calcyilated by

Formula|(6.8) when the absolute difference betweetriboth signals is in between &; <|T (t)—C(t)| <P, . If the
absolute(difference between both signals is greater than the half width of the outer corridor (, ),[then the
score is get to “0”. The parameter k; assesseg.the location of the analysed signal within the outer|corridor,
and it applies the appropriate penalty ontheScore. A linear (k; =1), quadratic (k; =2), cubical (K; =3) or
any othef regression relationship can be defined accordingly.

1 ifi* |T(t)-C(t)|<6;
kg
Z(t)= [50_@“_)(;6(0'] k;€ Nog 6.8)
0 if |T(t)-C(t)|>8,

The finallcorridorscore Z is calculated by averaging all single time step score Z(t) as shown in Fornjula (6.9).

The pargmeter<N represents the total number of sample points (e.g. time steps) between starting and
ending t1mes of the interval of evaluation.

tend

Y, Z()

t=t
7 = start 69
— N (6.9)

One of the advantages of the corridor metric is the simplicity and the clearness of the algorithm. It
reflects criteria which are used intuitively in engineering judgment. Sometimes this simplicity may be the
disadvantage of the method. For example, a small distortion of the phase can lead to a very undesirable
rating(ll.

Based on a sensitivity study of CORA[14] and as described in Reference [1], fixed width corridors are
employed and the most appropriate metric parameters are identified as shown in Table 6.2.

© IS0 2024 - All rights reserved
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Table 6.2 — Parameters of the corridor metric

Parameter Value Description
ag 0,05 Relative half width of the inner corridor
bo 0,50 Relative half width of the outer corridor
ks 2 Transition between ratings of “1” and “0” (progression)

6.3.3 Step by step procedure

First, the signals shall be pre-processed as described in Clause 8. After preparing the signals for the analysis

and defiimgtheimtervatof evatuatiorn, the maximumm absotuteamptitude 5, of tire Teference

ignal T

shall be determined within this interval. It is used to calculate the inner and outer corridors) The actual
corridor|assessment shall be executed within this defined interval. The total score ranges between “0” and
“1”. A score of “1” does not mean that both signals are identical. Solely their correlation is mathematically

perfect within the defined tolerances.

To sumnjarize, the following step-by-step procedures shall be followed to calculate corridor score:
a) Pre-process both signals according to Clause 8.

b) Calcplate T, ., within the interval of evaluation by using the reference-signal.

c) Calcplate the inner and the outer corridors.

d) Calcplate the corridor score Z(t) at every specific time t within the interval of evaluation.

e) Calcplate the total corridor score Z based on Z(t) and the’/number N of time sample points.

6.4 Phase, magnitude and slope scores

Phase, mlagnitude and slope (or so-called topology). error assessments between the time history qurves T
and C afe used as objective rating metrics(23427l in addition to the corridor metric described before. The
enhancefl error assessment of response time-histories (EEARTH) metric combines these three ass¢ssments
to the glpbal response error(2Zl, It is defined as the error associated with the complete time history with
equal wdight on each point. Quantifying the errors associated with these features of phase, magnitude and

slope (to

ology) separately is challenging because there are strong interactions among them. For example,

to quantfify the error associated (wWith magnitude, the presence of a phase difference between [the time
historied may result in a misleading measurement. A unique feature dynamic time warping (DT|W)[22] is
used to deparate the interaction of phase, magnitude and slope (topology) errors. It aligns peaks and valleys
as much| as possible by expdnding and compressing the time axis according to a given cost (flistance)

The ranges of the three errors are quite different and there is no single rating that can provide a qugntitative
assessment along, Therefore, a numerical optimization method is employed to identify the appropriate

parametprs se that the resulted phase, magnitude and slope sub-ratings can match with SME’s

ratings

closelyl8}[214 Figure 6.3 shows the workflow of the procedures and the details of the algorifthms are

describefdin’the following subsections.

© IS0 2024 - All rights reserved
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[ Test curve ] [ CAE curve ]
\ 4
Shift CAE curve
\ 4 \ 4
Calculate truncated calculate shifted
< and truncated CAE
test curve curve
\ 4
Calculate cross
\ 4 \ 4 correlation
Calculate Calculate
derivatives derivatives
Y
v Max1r$
. Cross
Rur] dynamic time Eorrelation

warping (DTW)

v v

Calculate Calculate slope Calculate phase
mdgnitude error error error
\ 4 \ 4 v
Calculate Calculate slope Calculate phase
mdgnitude score score score

6.4.1 hase score

Figure 6.3 — Workflow of the calculation of phase, magnitude and slope scores

The phage score Ep is used to measure the phase lag between the two-time histories T and €. The npaximum

allowablg percentage of time shift is eg and it is pre-defined. In this step, the initial curve C is sh

then right one step at a time te- the original test data, curve T, and the cross correlation betxy
truncated test curve T, and shiftéd and truncated C are calculated until reaching the maximum 3

time shifft limits eg (tend =Espart )

ifted left

veen the
llowable
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When the initial curve C is moved to the left by m time steps, the number of overlapping points of the two
time histories after time shift m-At is reduced to n (n=N—-m) and the corresponding cross correlation

value p; (m) is calculated by Formula (6.10).

n-1
2[(C(tstart +(m+1)-At)=C(£)) (T (tstare +1-AL)=T (£))]

py, (m)=—=2 (6.10)
n— n—1
\/Z[C(tsm +(m+1)-At)-C (£)]° \/Z[T(tm +i-At)-T ()]
i=0 i=0
When the initial curve C is moved to the right by m time steps, the number of overlapping points after time
shift m- pAt—isredueced-ton{r=N—m)and-thecorrespondingeross-ecorrelationvalue—pp{mis-enlculated
by Form#ila (6.11)
n-1
D [(Cltsgare +i-AE)=C(6))- (T (Esare +(m+1)- A)=T ()]
PR () =—=> (4.11)
n—1 _ ) n—1 _ )
\/Z[C(tstm +i-At)—-C(t)] -\/Z[T(tstart +(m+i)-At)-T(t)]
i=0 i=0

The maxfmum cross correlation pg is the maximum of all p; (m) and pg.(m).If p; (m) and pg () result

in the same value as maximum use the one which results from less time shifting steps. If time shifting is also
the samd, prioritize p; (m).The number of the time shifting steps thatyields the maximum cross cofrelation

pg is defined as the phase error n,. The corresponding shifted and’truncated CAE curve C is redorded as

C® and the corresponding truncated test curve is recorded as<F* .

The phage score Ep is calculated by Formula (6.12). The-Bést phase score is “1”, which means there is no
need to ghift the CAE curve to reach the maximum cross,correlation between the initial test and CAE curves.
If the tinpe shift n; is equal to or greater than the maximum allowable time shift threshold e; -N ,[then the

phase scgore is “0”. In between, the phase score’is calculated by a regression method. It is either linear (
kp =1), quadratic (kp =2), or cubical (kp =3.).

1 if n, =0
&p-N—-n
Ep =} 2 —= kpe{1,2,3} (6.12)
ep-N
0 i n,>ep-N

The pre-fefined paraméter's shown in Table 6.3 are identical to the definition in Reference [1].

Table 6.3 — Fixed parameters of the phase score

Parameter Value Description
kp 1 Exponent factor for calculating the phase score
g; 0,2 Maximum allowable percentage of time shift

6.4.2 Magnitude score

The magnitude error is a measure of discrepancy in the amplitude of the two time histories. It is defined
as the difference in amplitude of the two time histories when there is no time lag between them. Before
calculating the magnitude error, the difference between the time histories caused by error in phase and
slope (topology) are minimized by using dynamic time warping (DTW).

© IS0 2024 - All rights reserved
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The definition of DTW is based on the notion of warping path. Let d be the matrix nxn of pair-wise squared

distances between samples of C* and T*. This matrix d is called the local cost matrix. The function used
to calculate the value for each cell of the matrix is called local cost function d(i,j). It is shown in

Formula (6.13).
inf, i>j+ceil(0,1*N)
d(i,j)= inf, j>i+ceil(0,1*N) (6.13)
2
(Cts (i)-T"% (j )) otherwise

Where C—nl maanscaillina F vhetion—ro malka SHEe dx VRaRH e WarBiREiS wathin o raacaona hla yranaa aximum

P Trrcoro—CoTITtT Ot TS C—oor Ty T TC VWV O DIt To vV TCIit o T coo oo oTeT o5 Sl

allowed warping window is defmed as 10 % length of the shifted and truncated curve. Any local costjfunction
falls outgide this area will be set as infinite value as following Figure 6.4 shows.

d[j, i] = inf

Key
1  window size
2 acceptable warping band

Figure 6.4 — Cost function for allowable DTW window

Once thelocal cost matrix is built, the algorithm finds the alignment path which runs through the|low-cost
areas on the cumulated cost matrix. A warping path wy [Formula (6.14]] IS a sequence of k matrix cells

[Formula (6.15]].
Wi =(Wq,Wy ., Wi ) n<k<(2n-1) (6.14)

© IS0 2024 - All rights reserved
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The cost of the warping path shall meet the following three conditions:
— Boundary conditions

wy =[1,1] and wy, =[n,n], i.e. w starts in the lower left cell and ends in the upper right cell.
— Continuity

Given w;_q =[i;_1,Jj;_1] and w; =[i;, j;], then, i; —i;_; <1 and j; — j;_; <1. This ensures that the cells of
the warping path are adjacent

— Monptonicity
Giveh w;_; =[ij_1,j;_1] and w; =[i;,j;], then, i;—i;_1 20 and j;-j;_q 20, with at’least ope strict
ineqpality. This enforces w to progress over time.

The DTW distance is recursively computed using a dynamic programming approach*that fills the [cells of a
cumulative cost matrix d,, [i,j] and recurrence relation [Formula (6.16)]. The{given sequence of |d,,,min iS

mandatdry if the values of the minima are the same. Then the DTW distance is evaluated as ghown in
Formula|(6.17).

d(i,j) i=1,j=1
oA ) +dg [1j-1] i=1
dtw[l']]: .. , , , { (4.16)
d(i,j)+dw [i-1,j]  j=1

d(i,j)+dwymin  Otherwise
Where diymin =min(dy, [i—1,j],dyy [1,j—1],dg, [I—1,9~1])

Dy |=dyy, [n,n] (6.17)

The warping path which has a minimal cost associated with alignment is called the optimal warpinjg path. It

is found py following the definition that évery possible warping path between C* and T should be tested
which cduld be computationally challenging due to the exponential growth of the number of optimal paths

as the lepgths of C* and T grow inearly.

Any warping path wy defines an alignment between C%and T® and, consequently, a cost to align the two

2
historied. Drwopt (CtS,TtS) is the minimum of such costs, i.e. the cost of the optimal warping path

[Formulg (6.18)].

ts s\ _ . ..
Drw pt(C & ) —mln(z[il_h]ew](d(ll'h) (4.18)

AL gn:g_ h 0 AE and te data. An optimal w3 gn:g_ h index w is

formed as shown in Formula (6.19) with k steps in the path. It starts with i =n and j; =n,thenitrecords
each time step from [n,n] to [1,1]. The algorithms can be expressed as shown in Formula (6.20).

Let i; an

. . . . T

17 17 T | T | ~

w{_" k-1 ! _1} 1<I<k (6.19)
]]:’ ]];_1 ]1 ]1

© IS0 2024 - All rights reserved
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[i;-1,1] Ji1=
[1,j;-1] I =

lij—1,Ji—1 =40 =1, i ] dw [ =1, j1 1= dymin (6.20)
[y, ;—1] A Ly J1 = 1]1=dymin

Where d

1—L,j;—1] dyylij-1,j;-1]=d

twmin

can be expressed by the index of CAE (C* ) and test (T ) curves.

[i
ewmin =min(dy,, [i-1,j],dy, [i,j—1],dy, [i—1,j—1]). Hence, the index matrix of warping path w

Then the-truncated-and umrpnd CAE curve C5*W andthe shifted truncated and mmrpnd test curve TtS+W
are formged as shown in Formulae (6.21) and (6.22).
. . . k
[CtS'{W (l];),CtS+W (I];_l),"-’ctS‘l'W (11 )]:[Cts (n),CtS (n_l),"-’ctS'f'W (1)} C*tS‘I'We m (6.21)
tw /. . . k

|:Tts w (]]; )’Tts+w (]];_1 )“"’Tts+w (]1 ):|:|:Tts (n),TtS (n—l),...,TtS+W (1):| Ttstwd o d22)

The maghitude error €,,, is calculated by Formula (6.23).
HCtS+W _tstw H
— 1
Emag| = “Tts+w “ (6.23)
1
Formulal(6.24) is used to calculate the magnitude score E);, where 8;/[ is the maximum allowable magnitude
error anfl ky; defines the order of the regression. The bestgnagnitude score is “1”, which means there is no
differende in the amplitudes after phase shift and dynainic time warping. If the magnitude erroy &p,,, is
equal to pr greater than the maximum allowable magnitude error threshold 8;4 , then the magnitudg score is
“0”. In bdtween, the magnitude score is calculated by regression method.
1 if  €pag =0
* Ky
&M —€
By 34| 228 ky €{1,2,3} (d.24)
em
0 if emag > &M
The pre-fefined parametéss shown in Table 6.4 are identical to the definition in Reference [1].
Table 6.4 — Fixed parameters of the magnitude score
Parameter Value Description
km 1 Exponent factor for calculating the magnitude score

s
un

*x DA - -
M Maximunrattowabte mragmitudeerror

6.4.3 Slope score

The slope error is a measure of discrepancy in slope (topology) of the two time histories. The slope of a time
history is defined by the slope at each point. To ensure that the effect of global time shift is minimized, the

slope is calculated from the time shifted histories T* and C*.

© IS0 2024 - All rights reserved
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Central differences are first used to calculate the slope, except the first point taking a forward difference
and the last point taking a backward difference.

(C®+1)-Cc@))/acif =1
ot =4(C®(i+1)-C(i-1)) /2t if 1<i<n (6.25)
(€™ ()-c®(i-1))/ac  if i=n
(TS (i+1)-T"()))/Ac if  i=1

TOtS+d_ (Tts(i4_1)_'rt5(;_1))/')/\f i 1cicn (6.26)
ts /- ts /- . .
(T (i)-T (1—1))/At if i=n
Next, th¢ average slope is calculated with a continuous nine-point interval to generate.smoother slope
curves (£ and T®*),
cs*iy if i=1,n
1 i+1
=Y etk if i=2,n-1
3k:i—l
i+2 q
= cet(k) if i=3,n-2
ctstd = kzl‘tz (6/27)
i+3
- z cs* (k) if i=4,n-3
k i—3
i+4
- 2 cE*(k) if 4<i<n-3
k i—4
TG  if i=1,n
i+1
= Z TS (k) if _#=2,n—-1
k=i-1
i+2 d
= TS if i=3,n-2
Tt = ,2'2 0 (6.28)
i+3
- 2 T (k) if i=4,n-3
k =3
i+4
- LS sy if 4<i<n-3
7 k=i-4

Therefore, the slope curves are in same length with time shifted history curves and are used to calculate the
slope error directly without performing dynamic time warping. Both curves are then used to calculate the

slope error &g, by Formula (6.29).

HCtS+d _ts+d “
E

slope = HTts+d H (6.29)

Formula (6.30) is used to calculate the slope score Eg, where 8; is the maximum allowable slope error and
kg defines the order of the regression. The best slope score is “1”, which means there is no difference

© IS0 2024 - All rights reserved
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slope

is equal to or greater than the maximum allowable

slope error 8; , then the slope score is “0”. In between, the slope score is calculated by regression method.

ES:

1 if  &gope =0
x kg
w kse{1,2,3} 6
&
0 if  Egope 2 €5

The pre-defined parameters shown in Table 6.5 are identical to the definition in Reference [1].

6.4.4 ¢
The follo

a)
b)
)
d)
e)

Table 6.5 — Fixed parameters of the slope score

30)

Plarameter Value Description
kg 1 Exponent factor for calculating the slope score
g; 2,0 Maximum allowable slope error

Pre-
Calc
Calc

Calc

Perf
trun|

Calc
Calc
Gend

Geng
aver

Calc
Calc

jtep by step procedure
wing step by step process shall be followed to calculate the phase; magnitude and slope suh

process both signals according to Clause 8 (€ and T).

1late the phase error in terms of time steps n, by maximizing cross correlation.

1late the phase score Ep.

1late the shifted and truncated time history citves C* and T*.

brm dynamic time warping to the shiftedand truncated time history curves to generate th
cated and warped time history curves. C®*W and T%™V .

ilate the magnitude error &,,,, between ¢**" and T*™.

ilate the magnitude score-£y; .

rate the shifted and truncated derivative time history curves C65+d and T(Jts+d .

rate the smoother shifted and truncated derivative time history curves c®* and

hging nine-pojntintervals.

Cts+d Tts+d

ilate theSslope error g, between and

1late the slope score Eg.

-ratings.

b shifted,

Meaning of the overall ISO rating

The objective rating R ranges from “0” to “1”. The higher the score the better the correlation of the two
signals. This single-rating number can be transferred to a grade that represents the level of the correlation
by using a sliding scale (see Table 7.1).

© IS0 2024 - All rights reserved
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Table 7.1 — Sliding scale of the overall ISO rating

Rank r Grade Rating R Description
1 Excellent R>094 _Almost perfect characteristics of the reference signal
is captured
Reasonably good characteristics of the reference sig-
2 Good 0,80<R <094 nal is captured, but there are noticeable differences
between both signals
Basic characteristics of the reference signal is cap-
3 Fair 0,58<R <0,80 tured but there are significant differences between
the two signals
4 roor KR =U,56 Almostno correlation between the two signals
The low¢r and upper bounds of the different scales are calculated by using Formulae (7.1) and (7.2). Every
grade is|bounded by (Sciower (7), Scupper (r):| except the fourth grade “Poor” because there is po lower
thresholfl S¢jower (r=4) defined.
1 , 1 A
S ry=1-—r*——r reil,2,3 7.1
Clower ( ) 2T 50 { } s )
1 2 1
Scioder (r)=1-—(r-1)" ——(r-1) re{1,2,3,4} 7.2)
25 50
Howeveri), the thresholds of R in each grade are only valid if none-6f the parameters (e.g. weighting factors,
regressign schemes, sampling rates) described in the previous sections are altered.
8 Prefprocessing of the data
8.1 General
During the evaluation and validation of the, [SO metric, it was concluded that basic condition for the
compared signals such as, starting and ending times of the signals, sampling rate and filtering class shall be
kept the same in order to obtain correct results. This shall be done by the user.

8.2 Sy

[nitially,

nchronization of the signals

the signals shall be synchronized by physical meanings (£,) and by its timing. At each tin

the test §ignal, a value of the‘CAE signal is required.

8.3 Sa

The ISO
and slop

8.4 Filtering

mpling raté

metric was validated with signals of 10 kHz sampling rate. The sub-metrics to evaluate m|
e are sensitive to the signal’s sampling rate.

e step of

agnitude

The algorithms do not modify the original signals. It should be noted that the calculation of the correlation
could be difficult when using noisy signals. Figure 8.1 shows an example of the filtering effect. Signals A
and B are derived from the same unfiltered signal and differ only by the applied filter class. The overall
correlation rating of signal B increased compared to that of signal A due to the application of a higher filter
class. High-frequency oscillations could lead to misleading results.

© IS0 2024 - All rights reserved
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Key
1 referfence

2 signgl A (filter class 1)
3 signgl B (filter class 2)

Figure 8.1 — Signals with different filtet classes[1]

8.5 Interval of evaluation

The assgssment of the correlation should be focused on‘the relevant parts of the given signals. Typically,
crash signals include pre- and post-crash phases that:are not of interest and should be excluded from the
rating calculation. Therefore, an interval of evaluatidn shall be defined where the part of the signals is to be
assessed, The interval starts at t ., and ends.at't., 4. An assessment of using ratings of diffefent sub-

intervald of the same pair of signals is not allowed.

© IS0 2024 - All rights reserved
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A/

v

Key
1 referfence

2 signdl A

3 relevant interval
4 complete signal

Figure 8.2 — Different intérvals of evaluation[10]

Figure 8|2 depicts an example of this problem. The correlation rating is increased by 35 % when e
the interfval of evaluation from the relevant partto the whole time domain.

The ISO metric requires a minimum length of the interval of evaluation of 10 ms.

9 Limlitations

9.1 Gedneral

xtending

This doqument describes-a method to apply an objective metric to calculate the level of the cofrelation

between| two signal§)-As previously described, the application of such a metric requires soi
conditioms. Below.is\alist of a few known limitations to be considered when applying this metric.

92 T

me basic

The applieationefthismetrieisHmited-tonen—ambis

e passive

safety of vehicles and the corresponding numerical simulations (CAE). The most commonly used signals in

this field are time-history curves.

9.3 Metric validation

The metric is validated with time-history signals obtained from different data channel types such as, forces,
moments, accelerations, velocities and displacements. It is also validated with time-history signals of various

correlation qualities.

© IS0 2024 - All rights reserved
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9.4 Meaning of the results

As described in this document, the presented sliding scale (see Clause 7) is only valid for the comparison of
two signals. Any modification to the parameters such as weighting factors, sampling rates, etc. requires a
revision of the grade’s thresholds. Furthermore, the defined scale shall only be applied to the overall
objective rating R and not to its metrics.

9.5 Multiple responses

This ISO metric is defined to calculate the level of the level of correlation between two signals only. If more
than one pair of signals (e.g. whole set of signals from various channels of a test) are considered, the defined
thresholds of the sliding scale are no longer valid

© IS0 2024 - All rights reserved
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Annex A
(informative)

Case studies

A.1 General

This annex gives some examples of the application of this document. It is very similar to ISO/TR 162
Annex C|but shows intermediate result curves too. All responses are obtained in various tests'r
passive gafety of vehicles. The focus is on filtered and anonymized dummy responses. In €ach c3
CAE signals are compared with a test signal. As the quality of the CAE signals differs, different
correlatipn are covered by these case studies. See Figures A.2.1 to A.6.16 and Tables A.2.1\to A.6.3.

When uders develop their own code and apply Formula (6.20) searching for the warping path, if
more thgn one path with same d,,, values among those three, always take thé minimum one in f

sequence: dy, [I—1,j], duy [1,7-1], dpy [1-1,7-1].

When uders compare their score results with the data provided in this‘annex, it is recommended
differendes between each corresponding component score should be within £0,001 tolerance.

A.2 Adcelerations

A.2.1 Acceleration 1

Y
50 -

-100 -
-150
-200 &

=250

50:2013,
elated to
1se three
levels of

here are
ollowing

that the

-300 -

_350 L L L L L L Il
0 0,005 0,01 0,015 0,02 0,025 0,03 0,035 X

Key

X  t time[s]

Y  a,acceleration [m/s?]
1 test
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CAE1
CAE2
CAE3
Figure A.2.1 — Original curves
Table A.2.1 — ISO rating results
CAE1 ((;) CAE2 ((;) CAE3 ((3)
Grade Gaad Gaoad Gaad
Overall rating R 0,916 9 0,884 8 0912 2
Corridor score Z 0,956 0 0,897 7 0,922 5
Phase score Ep 0,951 8 0,919 6 0,983,9
Magnitude score Ey 0,952 4 0,964 0 0,971-6
Slope score Eg 0,768 3 0,744 9 0,760 6
Y
200
100+
0 -
-100 -
-200 -
-300
-400 -
_500 1 1 1 1 1 1 1
0 0,005 0,01 0,015 0,02 0,025 0,03 0,035 X
t, tinje [s]
a, ac¢eleratiod\[m/s?]
outef corridor upper
outer eorridor lower
innercorridor upper
inner corridor lower

Figure A.2.2 — Corridor curves
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t, tin
a, ac
test

CAE]
CAE]
CAE]

-200 -

-250

-300 -

-350

0

e [s]

feleration [m/s?]

phase shifted
phase shifted
phase shifted

0,01 0,015 0,02 0,025

Figure A.2.3=- Time shifted curves
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t, tin

e [s]

T

1 1 1 1 1 1

0,005 0,01 0,015 0,02 0,025 0,03

s, slope of acceleration curve[m/s3]

test §
CAE]
CAE?
CAE3

lop
slop
slop
slop

Figure A.2.4 — Slope of time shifted curves

0,035 X
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Y Y
50 t+ 50+
0 ()¢
-50 -50
-100 -100
-150 } -150
-200 -200
-250 -250
-300 -300
-350 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ -350 ‘ ‘ ‘ ‘ ‘ ‘
0 0,01 0,02 0,03 0,04 X 0 0,01 0,02 0,03 0,04
Y
0k
-50
-100
-150
-200 t
-250 +
-300 ¢
-350 ‘ ‘ ‘ ‘ ‘ : ‘ ‘
0 0,01 0,02 0,03 0,04 X
Key
X  t tine [s]
Y  a,acgeleration [m/s?]
1 testyvarped
2  CAE1 warped
3  CAEZ warped
4  CAE3 warped

Figure A.2.5 — Warped time shifted curves
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Y
20
0 -
_20 -
_40 L
_60 -
_80 L
-100
-120 .
0 0,005 0,01 0,015 0,02 0,025 0,03 0,035 X
t, tinje [s]
a, ac¢eleration [m/s2]
test
CAE]
CAE]
CAE]
FigureA.2.6 — Original curves
Table A.2.2 — ISO rating results
CAE1((C;) CAE2 (C;) CAE3 ((3)
Grade Poor Fair Good
Overall rating R 0,437 9 0,699 3 0,854 2
Corridor scare-Z 0,4059 0,642 3 0,845 2
Phase s¢ore Ep 0,006 5 0,625 4 0,772 0
Magnitude score Ey 0,647 1 0,8219 0,965 9
Slope score Eg 0,724 1 0,764 8 0,842 7
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Figure A.2,7 — Corridor curves
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Y
O -
20 +
40 +
-60 +
-80 +
-100
_120 1 1 1 1 1 1 1
0 0,005 0,01 0,015 0,02 0,025 0,03 0,035 X
t, tinje [s]
a, ac¢eleration [m/s2]
test
CAE] phase shifted
CAEZ2 phase shifted
CAE3 phase shifted

Figure A.2.8 ~ Time shifted curves
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Figure A.2.9 — Slope of time shifted curves
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Figure A.2.10 — Warped time shifted curves
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A.2.3 Acceleration 3

Key

AW N R <

Y
50 -

40 -
30
20 |

10

t, ting
a, ac
test
CAE]
CAE
CAE7

0+
-10 +
20
-30

40 +

0 0,002 0,004 0,006 0,008 0,01 0012 0,014 0016 0,018 0,02 X

-50

e[s]

feleration [m/s?]

Figure A:2.11 — Original curves

Table A.2.3 — ISO rating results

CAE1 () CAE2 ((y) CAE3 ((3)
Grade Fair Good Good
Overall rating R 0,804 5 0,870 1 0,8314
Corridor scare-Z 0,726 3 0,816 4 0,749 9
Phase seore Ep 09401 09401 09401
Magnitude score Ey 0,897 7 09310 0,908 8
Slope score Eg 0,7321 0,846 7 0,808 4
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Table A.2.4 — ISO rating results
CAE1 (C;) CAE2 (C,) CAE3 (C3)
Grade Fair Fair Fair
Overall rating R 0,787 7 0,654 0 0,791 0
Corridor scare-Z 0,792 7 0,647 6 0,783 7
Phase seoré Ep 0977 1 0,920 0 0,994 3
Magnitude score Ey 0,870 9 0,7909 0,848 6
Slope score Eg 0,505 2 0,264 1 0,544 6
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Table A.3.1 — ISO rating results
CAE1 (C;) CAE2 (C,) CAE3 (C3)
Grade Fair Fair Fair
Overallyating R 0,699 4 0,624 2 0,706 0
Cofridor score Z 0,529 7 0,540 6 0,537 9
Phase score Ep 0,717 5 0917 7 0,749 6
Magnitude score Ey 0,892 4 0,463 3 0,847 6
Slope score Eg 0,827 6 0,658 8 0,856 8
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Table A.3.2 — ISO rating results
CAE1 ((y) CAE2 ((;) CAE3 ((3)
Grade Fair Poor Fair
Overall ratidg.R 0,591 2 0,364 3 0,583 5
Corridorscore Z 0,403 3 0,286 8 0,374 0
Phagséscore Ep 0,720 3 0,905 6 0,744 8
Magnitude score Ey 0,759 9 0,098 0 0,642 6
Stopestore£g 066974 0,244 1 0;7819
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Table A.4.1 — ISO rating results

Il Il
0,04 0,045 X

CAE1 ((;) CAE2 ((;) CAE3 ((3)
Grade Good Excellent Excellent
Overallyating R 0,921 4 0,9825 0,983 4
Cofridor score Z 0,887 8 1,000 0 0,999 4
Phase score Ep 0,936 9 0,974 7 0,949 5
Magnitude score Ey 0,976 5 0,981 4 0,994 8
Slope score Eg 0,918 2 0,956 3 09741
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Figure A.4.5 — Warped time shifted curves
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Table A.4.2 — ISO rating results
CAE1 ((y) CAE2 ((;) CAE3 ((3)
Grade Fair Good Good
Overall rating.R 0,651 8 0,863 2 0,836 8
Corridorsgore Z 0,470 2 0,806 9 0,791 6
Phaséscore Ep 0,808 5 0,936 2 0,858 2
Magnitude score Ey 0,679 6 0,942 2 0,955 3
Stopestore£g 09,8303 09,8236 0,787 5
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Figure A.5.1 — Original curves
Table A.5.1 — ISO rating results
CAE1((C;) CAE2 (Cy) CAE3 ((3)
Grade Poor Fair Good
Overallrating R 0,536 4 0,655 6 0,929 7
Corridor score Z 0,450 1 0,526 7 0,911 2
PHhase score Ft’ n,F\QQ o] n,':QQ 0 n’Q')') [
Magnitude score Ey 0,617 7 09111 0,957 2
Slope score Eg 0,473 9 0,720 6 0,946 5
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Figure A.5.6 — Original curves
Table A.5.2 — ISO rating results
CAE1 ((;) CAE2 () CAE3 ((3)
Grade Poor Poor Fair
Overall ratifig-R 0,276 1 0,576 6 0,646 3
Corridor~score Z 0,375 3 0,427 7 0,521 4
Phase'score Ep 0,523 8 0,381 0 0,881 0
Magnitude score Ey 0,0000 0,8390 0,658 2
Slope score Eg 0,106 0 0,807 9 0,649 8
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Figure A.5.10 — Warped time shifted curves
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Figure A.5.11 — Original curves
Table A.5.3 — ISO rating results
CAE1(C;) CAE2 ((3) CAE3 ((3)
Grade Fair Poor Good
Overall rating=R 0,713 3 0,465 8 0,864 2
Corridot score Z 0,654 8 0,491 0 0,903 2
Phasescore Ep 0,976 9 0,8731 0,959 6
Magnitude score Ey 0,738 4 0,362 8 0,928 2
Slope score Eg 0,541 4 0,1109 0,626 9
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Figure A.5:13 — Time shifted curves
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Figure A.5.15 — Warped time shifted curves
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