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Foreword

ISO (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 techni

cal

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 wo
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters
electrotechnical standardization.

rk.
of

The procddures used to develop this document and those intended for its further maintenance
described|in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed-for 1
different {ypes of ISO documents should be noted. This document was drafted in accordance jwith
editorial fules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention|is drawn to the possibility that some of the elements of this document may.bé the subject
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Detailg
any patenf rights identified during the development of the document will be in the.Introduction and
on the IS( list of patent declarations received (see www.iso.org/patents).

Any tradel name used in this document is information given for the conveniéence of users and does
constitutqg an endorsement.

For an ejplanation on the meaning of ISO specific terms and{éxpressions related to conform
assessment, as well as information about ISO’s adherence to the W-FO principles in the Technical Barri
to Trade ([TBT) see the following URL: Foreword - Supplementary information

The comnpittee responsible for this document is ISO/TC 22; Road vehicles, Subcommittee SC 10, Imp
test proceflures.
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Introduction

Computer-aided engineering (CAE) has become a vital tool for product development in the automobile
industry. Various computer programs and models are developed to simulate dynamic systems. To
maximize the use of these models, the validity and predictive capabilities of these models need to be
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),[1] the

octetyof Mechantea girreers{tASM afreraraso itteesonverifieatiomrandyalidation
Computational Solid Mechanics[2] and Computational Fluid Dynamics and Heat Transfer,[3lxlhe Defence
Mddelling and Simulation Office (DMSO) of the United States Department of Defence (DoD),#] the United
Stgtes Department of Energy (DOE),[5] and various other professional societies.[19] [20]

One of the critical tasks to achieve quantitative assessments of models is to developa validatjon metric
that has the desirable metric properties to quantify the discrepancy between functional or tirpe history
regponses from both physical test and simulation result of a dynamic system.[6] [16] [17] Developing
qupntitative model validation methods has attracted considerable researchers’ interest|in recent
years.[11] [12] [13] [15] [17] (18] [23] [24] [25] [27] However, the primary cenisideration in the selegtion of an
effective metric should be based on the application requirements. Irngéneral, the validation petric is a
qupntitative measurement of the degree of agreement between the)physical test and simulat;lgn result.

Thiis Technical Specification is the essential excerpt ofNSO/TR 16250:2013[10] which| provides
stgdndardized calculations of the correlation between twossignals of dynamic systems, and it if validated
agginst multiple vehicle safety case studies.

© IS0 2014 - All rights reserved v
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TECHNICAL SPECIFICATION ISO/TS 18571:2014(E)

Road vehicles — Objective rating metric for non-
ambiguous signals

1 Scope

This—Feehnieal-Spe atHor provides—validationmetries—and—ratineprocedures—to—he used to
calculate the level of correlation between two non-ambiguous signals obtained from a physiefl test and
a domputational model, and is aimed at vehicle safety applications. The objective comparisgn of time-
hidtory signals of model and test is validated against various loading cases under, different types of
physical loads such as forces, moments, and accelerations. However, other applicationsmight He possible
to@, but are not within the scope of this Technical Specification.

2 | Normative references

Thre are no normative references used in this document.

3 | Terms and definitions

For the purposes of this document, the following terms ahd definitions apply.

3.1
filtering
smoothing of signals by using standardized algorithms

3.2
gopdness or level of correlation
similarity of two signals

erval of evaluation
e domain that is used tp-calculate the correlation between two signals

rafing score
calculated valué’thiat represents a certain level of correlation (objective rating)

samplingrate
re¢ording frequency of a signal

3.6
time sample
pair values (e.g. time and amplitude) of a recorded signal

3.7
time-history signal
physical value recorded in a time domain; those signals are non-ambiguous

4 Symbols and abbreviated terms

CAE Computer-aided engineering

© ISO 2014 - All rights reserved 1
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CORA Correlation and analysis

DTW Dynamic time warping

EEARTH Enhanced error assessment of response time histories
SME Subject matter expert

ag Relative half width of the inner corridor

bo Relative half width of the cuter corridor

CC@® Analysed signal (CAE signal)

Cts, Cts(i) Truncated and shifted CAE curve

Cts+d Derivative CAE curve, Cts

Cts+w Warped CAE curve, Cts

DTW Dynamic time warping distance

DTWope (i.})) Cost of the optimal warping path

d Local cost matrix to perform the dynamic timewarping
d(i, j) Local cost function to perform the dynamie time warping
dtwli, j] Cumulative cost matrix

At Interval between two time samplés

)i Half width of the inner corrider

6i(t) Lower/upper bounds of\the inner corridor at time, t, (curve)
6o Half width of the outer corridor

60(t) Lower/upperounds of the outer corridor at time, ¢, (curve)
Em Magnitude score

Ep Phasée\score

Es Slope (topology) score

8;4 Maximum allowable magnitude error

g; Maximum allowable percentage of time shift

g; Maximum allowable slope error

Emag Magnitude error

Eslope Slope error

i Index number of time shifted and truncated CAE curve, Cts
ix Index number of k-th warping path of curve, Cts

2 © ISO 2014 - All rights reserved
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v Index number of warping path of CAE curve, Cts

j Index number of time shifted and truncated test curve, Tts

Jk Index number of k-th warping path of curve, Tts

jw Index number of warping path of test curve, Tts

k Index number

ks Exponent factorfor (‘alr‘n]:\fing the mqgm‘fndn score Eus

kp Exponent factor for calculating the phase score, Ep

ks Exponent factor for calculating the slope score, Es

kz Exponent factor for calculating the corridor score between ‘th€ inner and|outer
corridors
Time steps moved to evaluate the phase error
Total number of sample points (e.g. time steps)between the starting time, tstart,
and ending time, tepq

Nig All natural numbers without zero

n Number of data samples of time shifted and truncated curves (Ct and Tt

Ny, Number of data samples of theoptimal warping path

Ng Number of time shifts to get pg

PE Maximum cross corrélation of all p;,(m) and pg(m)

pLlm) Cross correlatieny(signal is moved to the left)

PrImM) Cross correlation (signal is moved to the right)

R Overall ISO rating

r RankK of the sliding scale of the ISO metric

SClower (1) Lower threshold of rank, r

SCypper (1) Upper threshold of rank, r

T, T(6) Reference signal (test signal)

Thdens Ahsolute maximum amplitude of the reference signal T

Tts, Tts(j) Truncated and shifted test curve

Tts+d Derivative test curve, Tts

Tts+w Warped test curve, Tts

t Time signal (axis of abscissa)

tend Ending time of the interval of evaluation

tstart Starting time of the interval of evaluation

© ISO 2014 - All rights reserved 3
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to
w
wym
wp
ws

wz

Time zero of an event (e.g. test, crash, impact etc.)
Warping path

Weighting factor of the magnitude score, Ey
Weighting factor of the phase score, Ep

Weighting factor of the slope score, Es

\/\/nighh'ng factorofthe corridor SCore; Z

Wk
Z

Z(t)

5 Geng¢ral data requirements

The metri
curves). F
defined b{

sample pg

6 ISO metric

The apprd
and robu

assessment for poor and for good correlations of two signals. The two most promising metrics

identified
on the imy
which has

Figure 1
deviation

analyses 3
consists o

The k-th warping path cell
Corridor score

Corridor score at time, ¢, (curve)

c described in this Technical Specification requires non-ambiguous curves (e.g. time-hist
irthermore, itis required that the reference curve, T(t), and thelevaluated curve, C(t), are b
btween starting time, tstqre, and ending time, tepg. Both curves shall have the same numbet
ints, N, with a constant time interval, At, within the evalgation interval.

ach of this Technical Specification is to combine different types of algorithms to get relia
5t assessments of the correlation of twoissignals. The calculated score must provide f

in Reference [10] and they are CORA corridor method and EEARTH. A combined metric bas
roved CORA corridor method and EEARTH is then proposed for an ISO Technical Specificat
been fully validated using respdnses from multiple vehicle passive safety applications.

Khows the structure of the.overall ISO metric. While the corridor method calculates {
between curves with the_help of automatically generated corridors, the EEARTH metH
pecific curve characteristics such as phase shift, magnitude, and shape. Hence, the ISO mef
f the two best available algorithms.

Overall ISO rating
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Figure 1 — ISO metric structure
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6.1 Calculation of the overall ISO rating

The combination of the four metric ratings (corridor, phase, magnitude, and slope) will provide a single
number, R, for the correlation of the analysed signals which represents the final overall objective rating.
The overall objective rating, R, is calculated by combining the separate sub-ratings of corridor (Z), phase
(Ep), magnitude (Ey), and slope (Es). Four individual weighting factors are defining the influence of each
metric on the overall rating [see Formulae (1) and (2)]. The corresponding weighting factors are shown
in Table 1.

Table 1 — Weighting factors of the ISO sub-ratings

Parameter Value Description

w4 0,4 Weighting factor of the corridor score
wr 0,2 Weighting factor of the phasescore

W 0,2 Weighting factor of the magnitude score
Wy 0,2 Weighting factor of the'slope score

6.2 Corridor score

The corridor metric calculates the deviation betweerddwo signals by means of corridor fitting. The two
sefls of corridors, the inner and the outer corridors;-are defined along the mean curve. If the|evaluated
cufve, C, is within the inner corridor bounds, aseore of “1” is given and if it is outside the outqr corridor
bolinds, the score is set to “0”. The assessment'declines from “1” to “0” between the bounds of|inner and
oufer corridors resulting in three differentrating zones as shown in Figure 2. The complianck with the
cofridors is calculated at each specific time, t, and the final corridor score, Z, of a signal is the pverage of
all|scores, Z(t), at specific times, t.

] reference

e score=0
e 0 <score<1

N/ VA _

o~

Figure 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.[14]
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 Technical Specification applies the most common approach of using
constant corridor widths for the whole duration of the dynamic response.[10] [26]

© IS0 2014 - All rights reserved 5
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6.2.1 Calculation

The parameters ag and by define the relative half widths of the inner and the outer corridors. Both
shall be between “0” and “1”, and ag must be less than bg. The absolute half widths of both corridors
are defined as the product of relative half width and the absolute maximum amplitude, Tyorm, of the
reference signal, T. Formula (3) shows the calculation of Tjorm and it is calculated within the interval of
evaluation.

Thorm = max{ | min(T)

maX(T)|} (3)

)

The absolpte half width of the inner corridor (absolute distance from the reference signal to the oulter
bounds of|the inner corridor) is defined by Formula (4). The calculation of the absolute half width ef the
outer corijidors [see Formula (5)] is similar to that of the inner corridors.

61' Za( 'Tnorm OSGO <1 (4')
Ozb 'Tnorm OSbOSI and ao<b0 [5)

Based on these definitions, the lower and upper bounds of the inner corridoxare defined by Formula |(6)
and the lower and upper bounds of the outer corridor are defined by Formula (7).

8;(t)FT(t)+5; (6)
3o ()1 T(¢) £, (7)

Formula (B) shows the calculation of the corridor score for the correlation between the reference signal,
T, and thelanalysed signal, C, at each evaluation time;{Z1f the absolute difference between the signalg, T
and C, is less than the half width of the inner corridor (8;), then the score is set to “1”. The scorg is
calculated by Formula (8) when the absolute~difference between both signals is in betwegen

5; §| T(t)—C(t)| <§,. If the absolute differenCe between both signals is greater than the half width of
the outer ¢orridor (6y), then the score is set'te “0”. The parameter, kz, assesses the location of the analyged

signal within the outer corridor, and.it\applies the appropriate penalty on the rating score. A linedr (
k7 =1), quadratic (k; =2), cubicaly(k; =3) or any other regression relationship can be defirjed

accordingly.

1 k if |T(¢)-C(t) <8
Z(t)H [50 _|;10(i)5_16(t)|J Z kz €N (8)
0 it |T(t)-C(¢t)|>5,

The finallcorridor score, Z, is calculated by averaging all single time step score Z(t) as shownlin
Formula (9). The parameter, N, represents the total number of sample points (e.g. time steps) between
starting and ending times of the interval of evaluation.

Lend
z(¢)

t=t
7 = start 9
— N (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.[10]

6 © ISO 2014 - All rights reserved
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Based on a sensitivity study of CORA[14] and as described in Reference [10], fixed width corridors are
employed and the most appropriate metric parameters are identified as shown in Table 2.

Table 2 — Parameters of the corridor metric

Parameter Value Description

ap 0,05 Relative half width of the inner corridor

bo 0,50 Relative half width of the outer corridor

kz 2 Transition between ratings of “1” and “0” (progression)

6.2.2 Step by step procedure

Fifst of all, the signals shall be pre-processed as described in Clause 8. After preparingthe sign
anplysis and defining the interval of evaluation, the maximum absolute amplitudes/F,,rm, of the
signal, T, shall be determined within this interval. It is used to calculate the inner and outer
The actual corridor assessment shall be executed within this defined interval. The total scd
between “0” and “1”. A score of “1” does not mean that both signals are identical. Solely their ¢

is nathematically perfect within the defined tolerances.

To[summarize, the following step-by-step procedures shall be followed to calculate corridor 5

a) | Pre-process both signals according to Clause 8.

b) | Calculate Tyorm within the interval of evaluation by using the reference signal.

c) | Calculate the inner and the outer corridors.

d)| Calculate the corridor score, Z(t), at every spécific time ¢t within the interval of evaluatior].

e) | Calculate the total corridor score, Z, based on Z(t) and the number, N, of time samples.

6.3 Phase, magnitude, and slope scores

als for the
reference
corridors.
re ranges
prrelation

core.

Phhse, magnitude, and slope (or se-called topology) error assessments between the time history curves,
T dnd C, are used as objective £ating metrics[24] [28] in addition to the corridor metric describ
The enhanced error assessment of response time histories (EEARTH) metric combines th

ed earlier.
ese three

5 of phase,

igns among

difference
amic time
ry) errors.
bssing the

provide a

quantltatlve assessment alone. Therefore a numerical optimization method is employed to identify
the appropriate parameters so that the resulted phase, magnitude, and slope sub-ratings can match
with SME’s ratings closely.[Z] [21] Figure 3 shows the workflow of the procedures and the details of the
algorithms are described in the following subsections.
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https://standardsiso.com/api/?name=5682bc0376d3a35a78a842208909fab4

ISO/TS 18571:2014(E)

Test curve ] [ CAE curve ]—

A

A

Calculate truncated test
curve

Calculate shifted and
truncated CAE curve

h 4

Shift CAE curve <+

A

Calculate cross

A

Run|dynamic time
warping (DTW)

A

A

A

Calculate derivatives

Calculate derivatives

correration

Maximdpm
CFOSS
correlation

'

Calcylate magnitude
error

Calculate slope error

Calculate phase error,

A

A

\

Calcylate magnitude
score

Calculate slope score

AV
Calculaté’phase score
O

6.3.1 Phase score

Figure 3 — Workflow of the calculation'0f phase, magnitude, and slope scores

The phasg¢ score, Ep, is used to measure the phase lag between the two time histories, T and C. The

maximum allowable percentage of time shift is s; and it is pre-defined. In this step, the initial curve, C,

is shifted |eft then right one step at/a time to the original test data, curve (T), and the cross correlatjon
between the truncated test cukve (T), and shifted and truncated curve, C, are calculated until reachijng

the maximum allowable time shift limits 5:) '(tend —tsmrt) .

© ISO 2014 - All rights reserved
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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, pr(m), is calculated by Formula (10).

n-1

Z[(C(tsmrt +(me+1)-At)=C (£)) (T (tstare +i.At)_T(t))]
PL (m) - n—1I=0 n-1 (10)
] —, 12 ] =, \72
\/Z |:C(tstart +(m + I)-At)—C (t):| '\/Z[T(tstart +1 'At)_T(t)]
i=0 i=0
When the initial curve C is moved to the right by m time steps, the number of overlapping,ppints after
tir%e shift, m-At,is reduced to n (n=N—-m) and the corresponding cross correlation valud, pr(m), is
calculated by Formula (11).
n-1 _ _
Z[(C(tmm +1-86)=C (£))(T (Egtare +(m+i).At)_T(t))]
PR (m) - n—ll=0 n-1 (11)
. = 2 . _ 2
\/Z[C(fsmn +i-At)-C(t)] '\/Z[T(tsmn +(m+1)-At)—T(t)]
i=0 i=0

The maximum cross correlation, pg, is the maximum of all py(m)~and pr(m). The number c:fthe time
shifting steps that yields the maximum cross correlation, pg/s defined as the phase error, ne. The
cofresponding shifted and truncated CAE curve, C, is recorded as Cts and the correspondingftruncated
tedt curve, T, is recorded as Tts.

Th phase score, Ep, is calculated by Formula (12). The best phase score is “1”, which means there is no
negd to shift the CAE curve to reach the maximum(cross correlation between the initial test and CAE
cufves. If the time shift, ng, is equal to or greatér than the maximum allowable time shift|threshold

8; -N, then the phase score is “0”. In betweei,%he phase score is calculated by a regression mnethod. It
is ¢ither linear (kp =1), quadratic (kp =2{;or cubical (kp =3).

1 if n. =0
N k
SP‘N—ng i
Ep=q| /——% kpe{1,2,3} (12)
SP'N
0 if n,>ep-N

The pre-defined parameters shown in Table 3 are identical to the definition in Reference [10]

Table 3 — Fixed parameters of the phase score

Parameter Value Description
kp 1 Exponent factor for calculating the phase score
& ! 02 Maximum allowable percentage of time shift

6.3.2 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).

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 Cts and Tts. This matrix, d, is called the local cost matrix. The

© ISO 2014 - All rights reserved 9
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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 (13).

2

d(i,j)=(c*(1)-T%(j)) (13)

Once the local 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, w, [see Formula (14)] is a sequence of k matrix
cells, wg, [see Formula (15)].

W:<W1,W2,...,Wk> u_r'(_(ZM—l) L4’)

wie =[fijic] iy21 and j,<n (45)

The local fost matrix must 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 thewupper right cell.
— contipuity

Given| wj_4 :[ik—l'jk—l] and wy :[ik,jk], then i) —i;_; <1 and j, —jir_q <1. This ensures that
the cdlls of the warping path are adjacent.

— monofonicity

Given| wy_4 =[ik_1,jk_1] and w, =[ik,jk], then ip\-i)_1 20 and j, —j,_1 20, with at least qne
strictlinequality. This enforces w to progress overtime.
The DTW/|distance is recursively computed using-a dynamic programming approach that fills the c¢lls

of a cumulative cost matrix, dtw[i, j], and recurtence relation [see Formula (16)]. Then the DTW distance
is evaluated as shown in Formula (17).

d(i, ) i=1,j=1
1. d(i,7)+dtwl(i, j—-1] i=1
dowii]= d(i, j)+dew[i-1, ] j=1 (16)
d(i,j)+min{dtw[i -1, j-1],dtw[i-1,j],dew][i,j~1]) otherwise
DTW $dtw|[n,n] (47)

The warpjng pathwhich has a minimal cost associated with alignment is called the optimal warpjng
path. It is fouridby following the definition that every possible warping path between Cts and Tts shofild
be tested which could be computationally challenging due to the exponential growth of the number of
optimal pathsas the lengths of C&>and % grow linearly.

Any warping path w defines an alignment between Cts and Tts and, consequently, a cost to align the two
2

histories. DTW,,,,; (Cts ,Tts) is the minimum of such costs, i.e. the cost of the optimal warping path [see

Formula (18)].

DTW,, (€*,7°) =min| X d(ix,i) (18)
W [k ji ew

Let iw and jw represent the index of warping path of CAE and test data. A warping path index w is

formed as shown in Formula (19). It starts with i =n and j" =n, then it records the optimal warping

10 © ISO 2014 - All rights reserved


https://standardsiso.com/api/?name=5682bc0376d3a35a78a842208909fab4

ISO/TS 18571

:2014(E)

path of test and CAE by recording each time step from [n,n] to [1,1] . The algorithms can be expressed

as shown in Formula (20).

He
cu

T

_pr it 1

" i -1 1 (19)
[i-1,1] j=1
[1,j-1] i=1

[iw_l,jw_l}: T=T7] atw[z—i,]]zmm(atw[z—1,]—1],atw[1—1,]],atw[1,]—1) (20)
[i,j-1]  dew[i,j-1]=min(dew[i-1,j-1] dtw[i -1, j],dtw[igi>1])
[i-1,j-1] dew[i-1,j-1]=min(dew[i-1,j-1],dew[i-1,],dewfi, j-1])

ves as shown in Formula (21).

T
YY1 .1 T

ivoiv-1 .1

2
w= weR™“ and.(n), >n

nce, the index matrix of warping path, w, can be expressed by the index of CAE (Ct) and test (Tts)

(21)

T};En the truncated and warped test curve Tts*w and the shifted;’truncated, and warped QAE curve,
Ctspw, are formed as shown in Formulae (22) and (23).

|:Tts+w(iw),Tts+W(iW_1),...,Tts+w(1):|:|:Tts(n),Tts(n_l),...,Tts(l):| TtS+WEERnW (22)

[Cf”w (i), com (i =1)....c00 (1)} =[5 (n),C% (n-1),...CE (1) € em™ (23)
The magnitude error, emqg, is calculated by Formula (24).

“CtS+W _TtS+W ‘
— 1
Smag N Tts+w (24)
1
Formula (25) is used to ¢alctlate the magnitude score (Ey), where ¢, is the maximum |allowable
mdgnitude error and ki )defines the order of the regression. The best magnitude score is ['1”, which
megans there is no différence in the amplitudes after phase shift and dynamic time warpjng. If the
mdgnitude error, &mqy, is equal to or greater than the maximum allowable magnitude error threshold (
s; ), then the<magnitude score is “0”. In between, the magnitude score is calculated by regression
mgthod.
1 if &9 =0
* \kM
Ey =] 219 ky {1,2,3) (25)
&M
0 if Smag > EMm

The pre-defined parameters shown in Table 4 are identical to the definition in Reference [10].
© ISO 2014 - All rights reserved 11
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Table 4 — Fixed parameters of the magnitude score

Parameter Value Description

km 1 Exponent factor for calculating the magnitude score
*

Em 0,5 Maximum allowable magnitude error

6.3.3 Slope score

minimizedl, the slope is calculated from the time shifted histories, Tts and Cts.

The time

not a mul
average s
slope cury
Both curv

€ slope T

Formula (|

and kg def]
between t

slope errq
method.

ES:

HCtS+d _Tt5+d

1

TtS+d

1

1
* kS
€s _gslope

*
€s

0

if

if 8510[)6 >

€slope =

27) is used to calculate the slope score (Es), where s; 1s the maximum allowable slope erfor

r (g; ), then the slope score is “0”. In between, the slope score is calculated by regress

0
ks e{1,2,3}

*
€s

The pre-defined parameters'shown in Table 5 are identical to the definition in Reference [10].

Table 5 — Fixed parameters of the slope score

shifted histories, Tt and Cts, are first divided into multiple intervals with a fixed length of
10 data pgints (1 ms sampling rate of 10 kHz). If the total number of data points of the Whole signal
iple of 10, then the last interval shall be calculated with the remaining data.points. Next,
ope is calculated in each interval to generate the slope curves (Cts*d and T#s+d). Therefore,

res are used to calculate the slope error directly without performing dynamic time warpipg.
es are then used to calculate the slope error, £s0pe, by Formula (26)-

is
he
he

(26)

ines the order of the regression. The best slope scofe is “1”, which means there is no differemce
he two slope curves. If the slope error, &sjope, is equal to or greater than the maximum allowable

on

(27)

Parametdr Value Description

ks 1 Exponent factor for calculating the slope score
*

Eg 2.0 Masdmum-allowable-slope-error

6.3.4 Step by step procedure

The following step by step process shall be followed to calculate the phase, magnitude, and slope scores.

a)
b)
‘)
d)

12

Calculate the phase score, Ep.

Pre-process both signals according to Clause 8 (T and C).

Calculate the phase error in terms of time steps, ng, by maximizing cross correlation.

Calculate the shifted and truncated time history curves, Tt and Cts.

© ISO 2014 - All rights reserved
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f)
g)
h)

j)

Th
be

g0

ISO/TS 18571:2014(E)

Perform dynamic time warping on the shifted and truncated time history curves to generate the

shifted, truncated, and warped time history curves, Tts+w and Cts*w,

Calculate the magnitude error, £mqg, between Tts+w and Cts+w.

Calculate the magnitude score, Ey.

Generate the shifted and truncated derivative time history curves, Tts+d and Cts+d,

Calculate the slope error, £gope, between Tts+d and Cts+d,

Catcutate thestopescore £<-
Meaning of the overall ISO rating

fween the two signals. This single-rating number can be transferred to a grade that repr
bdness of the correlation by using a sliding scale (see Table 6).

Table 6 — Sliding scale of the overall ISO rating

E objective rating score, R, ranges from “0” to “1”. The higher the score the better the cprrelation

bsents the

Rdnk, r Grade Rating, R Description
1 Excellent R>094 Almost perfeetcharacteristics of the reference sjgnal is
captured
Reasonably good characteristics of the referencd signal
2 Good 0,80<R<094 is captured, but there are noticeable differences petween
both:signals
Basic characteristics of the reference signal is captured
3 Fair 0,58<R<0,80 but there are significant differences between th¢ two
signals
4 Poor R<0,58 Almost no correlation between the two signals
The lower and upper bounds of tlie,different scales are calculated by using Formulae (28)and (29).
Every grade is bounded by [SCigwer (r), SCupper (r)] except the fourth grade “poor” because there is no
loyer threshold SCy,,,, (r =4} defined.
1 .
SC r)=1-—rts3=r reis1,2,3 28
Iower( ) 25 50 { } ( )
SCupper (1) E2 = (r=1) - (r-1)  re{1,2,3,4) (29)
upper /T 25 50 S

Ho

8

weversthe thresholds of R in each grade are only valid if all the parameters (e.g. weighting factors,
regresSion schemes, sampling rates, etc.) described in the previous sections are not altered.

Pre-processing of the data

During the evaluation and validation of the ISO metric, it was concluded that basic conditions for the
compared signals such as, starting and ending times of the signals, sampling rate, and filtering class
must be kept the same in order to obtain correct results. This must be done by the user.

8.

1 Synchronization of the signals

Initially, the signals must be synchronized by physical meanings (¢g) and by its timing. At each time step
of the test signal, a value of the CAE signal is required.

© IS0 2014 - All rights reserved
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8.2 Sampling rate

The ISO metric was validated with signals of 10 kHz sampling rate. The magnitude and slope scores are
sensitive to the signal’s sampling rate.

8.3 Filtering

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 4 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

rating of {
High-freq

8.4 Int¢

The asses
crash sign
rating cal
to be asse
sub-intery

he signal B 1s 6 Y% higher than that of signal A due to the application of a higher filter clg
1lency oscillations could lead to misleading results.

reference
signal A (filter class 1)
signal B (filter class 2)

NS W™

L@

brval of evaluation

Figure 4 — Signals with different filter classes[2]

3

o)
' &Ievant interval

complete signal

reference
signal A

SS.

sment of the correlation should befocused on the relevant parts of the given signals. Typically,
als include pre- and post-crash phases that are not of interest and should be excluded from
fulation. Therefore, an interval of evaluation shall be defined where the part of the signals
ssed. The interval starts at\tstqr: and ends at tepg. An assessment of using ratings of differ
rals of the same pair of sigials is not allowed.

he
hre
bnt

Figure 5 — Different intervals of evaluation[9]

Figure 5 depicts an example of this problem. The rating increases by 35 % when extending the interval

of evaluation from the relevant part to the whole time domain.

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

14
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9 Limitations

This Technical Specification describes a method to apply an objective metric to calculate the goodness of
the correlation between two signals. As described previously, the application of such a metric requires
some basic conditions. Below is a list of a few known limitations that must be considered when applying

this metric.

9.1 Type of signals

The application of this metric is limited to non-ambiguous signals obtained in all kinds of tests of the

passive safety of vehicles and the corresponding numerical simulations (CAE). The most compj
signals in this field are time-history curves.

Metric validation

The metric is validated with time-history signals obtained from different datatchannel typg
forices, moments, accelerations, velocities and displacements. It is also validated with tin
signals of various correlation qualities.

Meaning of the results

As|described in this Technical Specification, the presented sliding scale (see Clause 7) is onl
th¢ comparison of two signals. Any modification to the parateters such as weighting factors
rafes, etc. requires a revision of the grade’s thresholds..Furthermore, the defined scale sh3
applied to the overall objective rating, R, and not to its metrics.

Multiple responses

Thiis ISO metric is defined to calculate the levelof the goodness of correlation between two sig
If thore than one pair of signals (e.g. whole set of signals from various channels of a test) are ¢
the defined thresholds of the sliding scale dre no longer valid.

jonly used

s such as,
he-history

y valid for
sampling
1l only be

rnals only.
bnsidered,

© IS0 2014 - All rights reserved
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Annex A
(informative)

Case studies

This Annex provides some examples of the application of this Technical Specification. It is identical to

ISO/TR 1¢Z50:Z013, Annex CILUI but shows mtermediate result curves too. All responses are obtamjed
from varigus tests related to passive safety of vehicles. The focus is on filtered and anonymized dummy
responseq. In each case three CAE signals are compared with a test signal. As the quality ofthe CAE
signals differs, different levels of correlation are covered by these case studies.
A.1 Acgelerations
A.1.1 Ag¢celeration 1
la, mis* ¢
100 +
0 +—= } | ¥ | >
0,01 0,02 0,03 0,04 t, s
-100 S
’\ //
-200 T+ b
-300 +
-400 +
-500 +
-=Jest —CAE1 —CAE2 CAE3
CAE1 (C1) CAE2 (C2) CAE3 (C3)
Grade Good Good Good
Overall ratingsR 0,910 0,877 0,906
Corridor sgote, Z 0,956 0,898 0,922
Phase score, Ep 0,936 0,904 0,968
Magnitude score, Ey 0,952 0,964 0,972
Slope score, Es 0,751 0,721 0,745
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a, m/s* ¢

100

-100

-200 T
P
A
o)
NS
I~
)
-500 + \%
——OQuter_Corridor_Upper -- —C@er_Corridor_Lower
——Inner_Corridor_Upper Qanner_Corridor_Lower
<

-300 +

-400

a, m/s? §

100 +

0,04 t,s

éﬂ —Test_Phase_Shifted —CAE1_Phase_Shifted

&?‘ —CAE2_Phase_Shifted ——CAE3_Phase_Shifted
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a, mis® §
15 +

10 +

: - ™
0,04 t, s Q'\
N
A
NS
<«
®)
RS
~—Test_Slope —CAE1_Slope —CAE2_Slope << O—C/f\E?a_SIope
B, m/s* Q
100 +
0 >
t, s

-100 +

-200 +

-300 +

&)
-400 +
06\
-500 1+ Q‘
éo—Test_Warped —CAE1_Warped —CAE2_Warped —CAE3_Warped

R
)
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A.1.2 Acceleration 2

a, m/s*
50 +
0 X ! } } } >
\\/&01 0,02 0,03 0,04 ts
50 | \.\ -
-100 +
-150 +
-200 +
—Test —CAE"1 —CAE2 CAE3
CAE1 (C9) CAE2 (Cp) CAE3 (Ch)
Grpde Poor Fair Good
Overall rating, R 0,439 0,683 0,841
Corridor score, Z 0,406 0,642 0,845
Phlase score, Ep 0,000 0,577 0,739
M4gnitude score, Ey 0,679 0,825 0,965
Slgpe score, Es 0,704 0,729 0,811
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a, m/s* §
50 +
0 : ~
0,04 t,s
-50 A
A
2k
-100 -+ <(S\'\’
NS

-150 + &%

-200 -+ \%
——Quter_Corridor_Upper -- —Outer_Coé}or_Lower
—Inner_Corridor_Upper -- -Inngorridor_Lower

a, m/s? \Q
‘ s\&
<
50 1 \\9
0 } -
0,04 t,s
-50 A

-100 +

-150 +

-200 *Ov

é —Test_Phase_Shifted —CAE1_Phase_Shifted
é&v ——CAE2_Phase_Shifted ~—CAE3_Phase_Shifted
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a, mis*
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0,03

N
A

-05 +

0,04

1,0 1

=15 1

2,0 4

-2,5 -

X

—Test_Slope —CAE2 @e

—CAE1_Slope

a, m/s*

50 +

©

™%
(i;§\
N+
A
&
‘E)h\
<
O

~—CAE3_Slope

-50 +

-100 +

)

%8

—Test_Warped —CAE1_Warped —CAE2_Warped

~—CAE3_Warped
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A.1.3 Acceleration 3

a, m/s* ¢

Il } | o)

0,015 0,020 0,025 0,030

-75 -
—Test —CAE1 —CAE2 CAE3
CAE1 (C1) €AE2 (Cp) CAE3 (C3)
Grade Fair Good Good
Overall rating, R 0,788 0,850 0,813
Corridor sfore, Z 0,725 0,816 0,749
Phase scote, Ep 0,910 0,910 0,910
Magnitudg score, Ey 0,898 0,931 0,909
Slope scorf, Es 0,682 0,780 0,747
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a, m/s*

50 +

25 1
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_25 +

-50 T

75 4
——OQuter_Corridor_Upper

——Inner_Corridor_Upper

a, m/s* 1

50 +

25 7

r_Corridor_Lower
QQ_ Inner_Corridor_Lower
L
N

25

&?§ — Test_Phase_Shifted

—CAE2_Phase_Shifted

0,015 0,020

0,025

—CAE1_Phase_Shifted
~—CAE3_Phase_Shifted

ts
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a, ms® g

-2 A

-3

~——Test_Slope

—CAE1_Slope

a, mis* ¢

25 1

@)
O
-75 + v
é —Test_Warped —CAE1_Warped —CAE2_Warped
v

S

—CAE3_Warped

24
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A.1.4 Acceleration 4

a, m/s*
300 4
200 + A
{f e
100 + | ,\b‘
| \ / q/Q
1 L L 1 1 IA\. 1
' - - 7 ' ' \ S
-0,02 O,W 004 006 008 010 012 Q§’3 ts
%'\
100
)
200 + ;\\OJ
@)
—Test —CAE1 —CAE{< —CAE3
)
CAE1 (C1) < CAE2 (C2) CAE3 (Ch)
Grpde Fair A‘\\y Fair Fair
Oylerall rating, R 0,777 0,642 0,786
Cojrridor score, Z @793 0,647 0,784
\(I
Phlase score, Ep A\M0,971 0,909 0,989
Magnitude score, Ey N xO 0,871 0,793 0,849
Sidpe score, Es RS 0,455 0,213 0,526
@)
%O
2
R
S
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2
a, m/is*

300

200 +
100
A
>
1 \\ A ‘\‘ ~ N .
I P, } t — t } } A
-0,02 'lr D,E}Z,/' ;0,04 0,06 0,08 0,10 0,12 0,14 (g\
] \‘ : Nooo- ;—“"\‘ \%
) 1 I} -7 b

-100 +F - \‘ 't A} &%

-200 + \%
——Quter_Corridor_Upper - = -Quter_Corridor_Lower
—Inner_Corridor_Upper ---Inner ridor_Lower

a, mis® 5\\§\
%
$
300 + $
)
4\
200 + xO
O
N
100 +
-0,02 0, 0,04 0,06 0,08 0,10 0,12 0,14 ts
400 + G
¢
é —Test_Phase_Shifted —CAE1_Phase_Shifted
%’&?\ —CAE2_Phase_Shifted ~—CAE3_Phase_Shifted
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-0,02

] ' |
(o] (o2 BN
| | |

10 +

2 4

~——Test_Slope

a, m/s?

300

200

100
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N

—CAE1_Slope —CAEZ_%pQ ~——CAE3_Slope

-0,02

—Test_Warped

—CAE1_Warped

~——CAE2_Warped ~—CAE3_Warped

© IS0 2014 - All rights reserved

27


https://standardsiso.com/api/?name=5682bc0376d3a35a78a842208909fab4

ISO/TS 18571:2014(E)

A.2 Angles

A.2.1 Angle1l

a,rad T

0,6 +

04

0,2 +

0,0 | . / : | -

10 0, 14 0,16 0,18 t, s

02 +

0,4 -

-0,6 -

—Test —CAE"1 —CAE2 CAE3
CAE1 (Cy) CAE2 (Cp) CAE3 (C3)

Grade Fair Fair Fair
Overall rating, R 0,70% 0,628 0,700
Corridor sfore, Z 0530 0,541 0,538
Phase scote, Ep 0.732 0.928 0.753
Magnitudg score, Ey 0,895 0,466 0,851
Slope scor, Es 0,821 0,665 0,822
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a,rad g
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™

(\-‘I

——OQuter_Corridor_Upper

——Inner_Corridor_Upper

a, rad

o}
NS

NS
- r_Corridor_Lower

QQ<(- Inner_Corridor_Lower
S

: -
0,16 0,1{‘]/ ts
A

§ —Test_Phase_Shifted

&?‘ —CAE2_Phase_Shifted

—CAE1_Phase_Shifted
~——CAE3_Phase_Shifted
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30

a, rad

0,003

0,002

0,001

1
T

0,000

0,001

0,002

0,003 +

0,004 —

a,rad

06 +

04+

—Test_Slope

—CAE1_Slope

0,14

——CAE2_Slope << QCAE3_SIope

O
\\}\Q

0,16 0,18 t s

N

-0,6 ~

D

v
S

&
N\
&
v

—Test_Warped

—CAE1_Warped

—CAE2_Warped

—CAE3_Warped
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A.2.2 Angle 2
o, rad

04

031

0,2 +

0,1 ~

0,0

_0'1 B o(LQ '

AN

021 ng

03 - %'\

> S

05 1 N

S
—Test —CAET —CAg2 — CAE3
Va)
CAE1 (C.© CAE2 (C2) CAE3 (Ch)
Grpde Fair hs\\) Poor Fair
Oylerall rating, R 0,592 0,363 0,580
Corridor score, Z 40403 0,287 0,374
PHase score, Ep 10,734 0916 0,748
Magnitude score, Ey \L\'\) 0,763 0,105 0,648
sidpe score, Es O 0,658 0,219 0,759
&S
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a,rad T

04

01 +

0,0

01 4+ L.

-0,3 +

04 1

-05 - \%

——Outer_Corridor_Upper ---Outer_Ci or_Lower

—Inner_Corridor_Upper - -Inné%orridor_Lower

a,rad g G\\§\
04 -+ %

03+ D

02+ B

"1 N

—Test_Phase_Shifted — CAE1_Phase_Shifted
&v —CAE2_Phase_Shifted ~——CAE3_Phase_Shifted
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a,rad
0,003 +
0,002 +

0,001 +

I

0,000 4

a,rad T
04 +
03 +

02 +

-0,001 +

-0,002 +

-0,003 +

-0,004 —

—Test_Slope

—CAE1_Slope
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-

0,15

N

—CAEQI e

O,IZD (19\ g

/\r\’.
D)
NS

S
O\&

——CAE3_Slope

—Test_Warped

—CAE1_Warped

—CAE2_Warped

~—CAE3_Warped
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A.3 Displacements

A.3.1 Displacement 1

sm g

0,06 +

0,05 +

0,04 +

0,03 +

0,02 +

0,01 +

0,00 } } } - -

0,01 0,02 0,03 0,04 005 t, s

-0,01 +

-0,02 +

-0,03 +

—Test —CAE1 —CAE2 CAE3
CAE1 (Cy) CAE2 (Cp) CAE3 (C3)

Grade Good Excellent Excellent
Overall rating, R 0,915 0,978 0,979
Corridor sfore, Z 0,889 1,000 0,999
Phase scote, Ep 0,911 0,962 0,937
Magnitudg score, Ey 0,978 0,981 0,995
Slope scor, Es 0,910 0,948 0,965
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0,02 +

0,01 +

0,00
-0,01 +

-0,02 +

-0,03 -
——Quter_Corridor_Upper
——Inner_Corridor_Upper

s,m

0,06

0,05

0,04

0,03

0,02

0,01

0,00

O
---Puter_Corridor_Lower

0<(-Inner_Corridor_Lower
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