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Abstract

Modal validation is an integral part of any modal analysis scheme. Recent advances in efficient variance
computation of modal parameter estimates from the output-only subspace-based identification algorithms
made the computation of variance feasible for the modal parameters, such as natural frequencies, damping
ratios and mode shapes. One of the other practical modal indicators is Modal Assurance Criterion (MAC),
for which uncertainty computation scheme is missing. This paper builds on the previous results using the
propagation of the measurement uncertainties to estimates of MAC. The sensitivity of the MAC with respect
to output covariances is derived using a first order perturbations and the uncertainties are propagated using
the Delta method. The influence of the underlying mode shape scaling on both the uncertainty of mode
shapes and MAC is investigated. The results are presented in context of operational modal analysis (OMA)
of a spring mass system.

1 Introduction

Noisy vibration measurements deployed for the modal identification call to appreciate the statistical uncer-
tainties due to the unknown nature of the input, limited sample size and sensor noise that inherently affect
the estimated parameters. A general framework to evaluate the variance of the modal parameters has been
proposed first for the covariance driven subspace identification in [7]. As such that strategy involves prop-
agation of the sample covariance through the sequence of system identification steps based on sensitivity
analysis where the analytical sensitivities are derived using a first order perturbation. This was revised with
an efficient implementation of the latter for the multi-order [4] and multi-setup [2] identification scenarios.
The propagation of the sample covariance for the output-only data driven algorithms has been established
through a link between the sensitivity of the covariance Hankel matrix to its data driven counterpart [6].
Consequently, this development has led the variance to become a practical modal information, amongst a
few others, for industrial applications of the subspace-based system identification.

Once identified from the eigenstructure of the state transition matrix, natural frequencies, damping ratios
and mode shapes are validated with simple metrics like variance or relative errors between the estimates
from different model orders in a stabilization diagram. When it comes to the mode shapes some additional
indicators are commonly used; one of them is MAC. MAC value is a real scalar bounded by zero and one,
which depicts a degree of colinearity between two mode shape vectors [5]. In practice, it is a useful tool to
assess the quality of conducted modal identification or cross correlate results between different modal tests,
however, like estimates of the modal parameters, MAC is affected by the measurement uncertainties.

MAC can be deployed for the comparison of two mode shapes estimated from a single model order, between



different model orders, between two global model orders, between different data sets and lastly between the
mode shape extracted from the finite element model and the mode shape estimated from the data collected
from the corresponding structure. A strategy to propagate the mode shape covariance estimated from an arbi-
trary subspace identification algorithm to MAC estimated between different mode shapes is the subject of the
present paper. Different mode shape normalization schemes are recalled in the next section. In Section 3 the
analytical sensitivity of MAC is derived and Section 4 contains the results of the uncertainty quantification
of the numerical simulations of a chain-like system both in the proposed and Monte Carlo frameworks.

2 Subspace system identification

Let model (1) represent a behavior of a d degree of freedom, viscously damped, linear time-invariant (LTI)
structural system,
Mii(t) + Du(t) + Ku(t) = v(t) )
y(t) = Cuti + Cypu(t) + Cqu(t)

where y(t) € R" is the output vector and () expresses a derivative with respect to time ¢. Matrices K, M, D

€ R¥4 denote stiffness, mass and damping matrices respectively. Matrices Cy, C,y, Cy € R™*? are selection

matrices for accelerations, velocities and displacements where r is the number of sensors. Vectors u(t), v(t)

€ R? denote the continuous-time displacements and external forces respectively. Sampled with & discrete

steps at rate 1/7, System (1) can be represented with a discrete-time stochastic state-space model

Th1 = Apzp + wg 2)
Yk = Crnap + v

where x;, € R"™ are the states; A, € R"*", (C,, € R"" are the state transition and observation matrices
estimated for a model order n and vectors wy, with vy denote the process and output noises respectively.
The eigenfrequencies f;, damping ratios (; and mode shapes (; of the underlying mechanical system (1) are
identified for ¢ = 1...n from the i-th eigenvalue \; and eigenvector ®; of A,, such that

|/\ci ‘
2

—R(Nei)
) Cl =
‘)‘ci|

£ = , i = Cr®; 3)

where the eigenvalue of the continuous system \; is computed with e*<™ = X;. The |(-)| denotes modulus
operator and () and (+) express real and imaginary parts of a complex variable. An example of a output-
only data-driven identification algorithm, namely Stochastic Subspace Identification with Unweighted Prin-
cipal Component, SSI-UPC, is given in the next paragraph.

2.1 SSI-UPC identification algorithm

The UPC algorithm is based on a projection of the ‘future’ data horizon J onto the ‘past’ data horizon
Y, which associates the column space of the resulting projection matrix 7 with the column space of the
extended observability matrix I" whereas its rows space corresponds to the row space of the forward Kalman
filter state sequence X . The projection can be written as

“
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where # € RPTD™N with N + p + ¢ denoting the total number of samples such that parameters p, g are
usually p = ¢ + 1. Matrices YT € R@HD N apd Y= ¢ R70*N are defined such that

Yq+1 Yotz 1 YN+q Yo' Ygr1 - yTNOH,l
Y+ — 1| Ygr2 Ygr3 T YN4grl Y= Loy oy YNq_2
Yptqt1 Yptgrz - YprqtN] i Yo oy yw

with r( labeling the reference channels. An efficient and numerically stable scheme to compute the Hankel
matrix H has been proposed in [9] and [3]. Instead of the direct computation of the projection as in (4), it
involves selecting an appropriate partition of the stacked and LQ decomposed )~ and Y matrices.

Matrix 4 enjoys the factorization property into H ~ I', X,, where I',, € RetDr>n and X, € RN are
defined as

Cn,
CrnAn 1 1

Tn=1| . |, Xa=[Gn AuGn ... AL G, 251" 5)
C,Ab

where G, = E(ackﬂyl€ ) expresses the cross covariance computed between the states at model order n and

the outputs, and the matrix Xy,- = E((Y~)~ )) is the variance of ). In practice, only the estimates of the
observability matrix I',, and the forward Kalman states X,, are computed. A well-known scheme to compute
I',, and X, is to balance the singular values of the estimate of the Hankel matrix, 7, which SVD writes

R T
n=lo w9 5] [ ©

where '), = U 1D, /2 and X, = Dl/ 2VlT. U, and V7 are the left and right singular vectors corresponding to

first n non-zero singular values D1 and U, with V5 are the left and right kernel of H where Dy — 0. The
estimate of the state transition matrix A,, for a single model order can be computed in a least-square sense
from the shift invariance property of fn such that An = F;#fn 1 and Cn is extracted directly from the first

block rows of I',,. An efficient multi-model order scheme for the computation of the system matrices was
developed in [3]. The modal parameter estimation follows (3).

2.2 Mode shape normalization

The mode shape ¢; computed from (3) is called the unnormalized mode shape since its scaling is arbitrary
. . T . .

and its components can be written as @; = [gpi,l Yi2 .- gpw] . To make it comparable between different

model orders, a normalization scheme is needed. Two well-known schemes are investigated, namely

1. One mode shape component is set to 1. This k-th component can e.g. be chosen as the component with
the maximum amplitude (k = arg max;{|y; j|}), or any other selected entry of ¢;. The normalized
mode shape can be written as

Pi = Pi/Pik- (7)
Note that the k-th component in this normalized mode shape has, by design, no uncertainty.

2. The mode shape is rotated such that the imaginary part of one component is 0 and the real part of
this component is positive. This k-th component can be chosen as in case 1. Then the mode shape is



rotated to the maximum angle of deflection. In addition, the norm of the mode shape is set to 1. Then,
the normalized mode shape can be written as

& = @i/ |Pil |- (8)

Note that the imaginary part of the k-th component in this normalized mode shape has, by design, no
uncertainty.

Note that the MAC value, see (13), is independent of the chosen mode shape normalization, therefore its
uncertainty should also be independent of the chosen normalization scheme. Both schemes are investigated
in this paper for the analysis of the mode shape uncertainty.

3 Delta method for variance estimation

Assume Y to be a random matrix computed on N samples for which, as N goes to infinity, Y converges

almost surely to 0 and the Central Limit Theorem, CLT, holds VN (Y — ) L N (0,cov(#)). This is
e.g. the case for the output auto-covariance estimates computed from the measurements. Let vec(-) denote
vectorization operator and vec(X') = vec(f(Y")) be once differentiable in # with a sensitivity matrix Jx y =

ovec(f(Y))/dvec (Y)‘ . The CLT formulated for X writes as
Y=6

VN (vec(X) — vec ( f(e))) N0, Tx yeov(0)TEy) )

and the first order perturbation of X can be written as vec (AX) = Jx yvec (AY'). The covariance of the
estimate X yields cov (VGC(X )) = Jx.ycov (Vec(f/)> JE . In this way the covariance related to the
output covariances in the Hankel matrix can be propagated to some function of it, in particular to the modal

~

parameters and the MAC values. For the convenience of the notation the estimate symbol (*) is dropped in
the next sections.

3.1 Variance of the mode shapes

The variance of the mode shapes is developed with respect to auto-covariance matrices of the measurements.
The scheme in (10) follows the SSI-UPC algorithm developed in [1] and [6], here, for a single model order
n. The first order perturbation of the mode shape Ap; follows

Api = Ti (An,Co) T (An,Cn) T I H TH,RVEC(AR) (10)

where J,,, (,,.c,) 18 the sensitivity of the mode shape components with respect to the state transition and
observation matrix computed at model order n, J4, c,)r 1s the sensitivity of the state transition and ob-
servation matrix at model order n towards the observability matrix at order n, Jr,, 3 is the sensitivity of
the observability matrix truncated at order n towards Hankel matrix and finally [J3 % is the sensitivity of
the Hankel matrix towards the auto-covariance matrices of the measurements. The auto-covariance matrices
vec(AR) = vec(AR )

vec(AR_)
block of the past and future measurements. To easen the notation, the following perturbations can be written
as

where R4 and R_ are respectively the mean of the auto-covariance of each

Ap; = Ty, rVec(AR)

where J,, R = j%( An,Cn)j( AnC). T Jr.., 7 Jx R 1s the chained sensitivity of the i-th mode shape towards
the auto-covariance matrices of the measurements.



3.1.1 Uncertainty of normalized mode shape: normalization 1

To compute the variance of the normalized mode shape, the effect of the normalization must be accounted
for. The first order perturbation of the first normalization scheme, which was developed in [7], writes as

Ap; = A ( !
Pi.k

1
) ©; + Ap;
Pik

1 1
= ——A(pi)pi + —Ap;
ik Pik

1 1
= <— wier + Ir> Ay,
Soi,k Wik

:‘-7%7%'

using the fact that the (scalar) ¢; j, = 65%‘ where ey, is the k-th unit vector. The respective covariance of the
real and imaginary mode shape part writes thus

5 T
%(so-)D [%w T R>] Pw. J .Rq
CO ~Z = T a Z PiPi Y Pi, ) 11
" < [%(soi) S(Tziodonr)] TS Tz 00 T0iR) (11)
where Y can be easily estimated as a sample covariance on blocks of the data as in [1] and [6].

3.1.2 Uncertainty of normalized mode shape: normalization 2

Regarding the second normalization scheme depicted in (8), the first order perturbation of ¢; writes as

5 1 - 1 s
Agi=A <~ > @i + =A%
|1 |24l
b <2 Lo
= — 53 AUIG7) + =7 Ag
2||@ill3 ' l@il]
Sbi ~H A ~ 1 ~
= ——=R(@;A) + AP
@l =77 @l
1 Dy -
= = (— 302 2%(Wﬁj¢i,¢ij¢i,R) + j@i:@ij@iyR) VeC(AR),
@il AL
=TJ3;,R

and thus for the covariance of the real and imaginary mode shape parts
%(@-)D [%(@- m] Pm. mr
= “ b v . 12
v < [%(951‘) 3(Tpm)| TR ST R) 9
3.2 Uncertainty of MAC

The computation of MAC between two complex valued mode shapes vectors ¢ and v estimated at model
order n follows [5] and writes

2
MAC = PTYl ety 13)
eyt plopty
Two general cases for the MAC computation are distinguished namely, first when ¢ and ) are estimates of

a different mode shape, hereby denoted as cross-MAC, and second when ¢ = ) are the same mode shape
estimate, denoted as auto-MAC. Note that auto-MAC yields

WwHy)? pHyty
MAC = = =
ST — Iy

1, (14)



and has no uncertainty. To quantify the uncertainty of cross-MAC, the aim is to obtain the first order per-
turbation of (13) with respect to the real and the imaginary parts of the mode shape vectors, which writes as

AR(ep)

_ [oMAC  oMAC aMmac  oMAc] | AS(e)
amaC = |FHES BES FHS RS AR() (15

=IMAC, 9 A%(d})

where the covariance of the MAC can be expressed in terms of the covariance of the mode shapes and the
analytical sensitivity Jmac,e,¢- To derive Jmac,p.» 1€t us write the first order perturbation of (13) as

A(pHypyptle)  pHyypfy H . H
AMAC = — A . 16
eH e (H prpt4))? (PRew) (16)

Since both the ¢ and 1) are column vectors the product ¢4} is a complex scalar. Expressing the first term
from (16) it holds

Al o) = A )y o + T AW o + TP AT ) + TPy Ap). (17)

The terms A(o™)yppf o and 7 p™ A(yp) are conjugates of each other, and so are ¢ A(¢)y o and
©HpA(1p™)p. Thus, it follows

ATyt o) = 2R A() ) + 2R (e Py A(p)) (18)
= 2R oo™ AY) + 2R(p Py Ag). (19)

Finally, for every complex vectors y and x the real part of the inner product writes R(yz) = R((R(y) +
ISy (R(z) +iS(2))) = R(y)TR(x) + I(y)TS(z), hence it holds

R o Ayp) = [R(pp )T S(ppf )] [ig%] (20)
and
R0t ) = ROV Su"e)] (355 e

The second term of (16) is derived with a scheme analogous to the one depicted in (17)-(21). After sorting
the respective terms, the partial derivatives of the MAC with respect to the real and imaginary parts of the
mode shapes are

IMAC _ 2R(pp o)t pHypopty,

T
M(p)  pHopty (HppH o)) Re) (22)

OMAC  23(ypflp)T  pHyypH oty T
= — 2% 23
o¥(p) Pty (pHpypHep)? S =
and
OMAC _ 2R(pp"y)" SOHW#H@SOHSOQ%W)T (24)

OR(Y) oty (pH prpHyp)?

OMAC 2 ()T ot ot T
_ _ & ) 5

OS(y) ety (pH ppHy)? ) =

Combining (22)-(25) to the analytical sensitivity Jmac, . after (15), the covariance of the MAC writes

cov (MAC) = jMAC,ga,wEw,wjl\:/fAC,%w‘



4 Application

The presented scheme for the uncertainty computation is tested on a numerical simulation of a 6 degree of
freedom (DOF) spring mass system in a Monte Carlo (MC) setup with 1000 simulations. The following
application directly refers to the one in [6] that validated the variance estimation of natural frequencies and
damping ratios in such a framework. In addition to the uncertainty quantification of MAC, this paper val-
idates variance estimation for the mode shape computation. The chain-like system is excited with a white
noise signal in all DOFs with sampling frequency of 50Hz for 2000 seconds and the responses are measured
at 1, 2 and 5 DOF. Gaussian white noise with 5% of the standard deviation of the output is added to the
response at each channel. The influence of the two underlying mode shape normalization cases, depicted in
(7) and (8), on the variance computation is investigated.

Both the output-only data driven subspace-based system identification with the unweighted principal com-
ponent (SSI-UPC) and the variance computation in the corresponding framework are set up with a single
system order of 12, time lags of 15 and 200 blocks for the covariance computation of the data Hankel matrix.
Six modes are tracked in each simulation. In both mode shape normalization cases the second component of
the mode shape vector was selected for the normalization. The exact and calculated means of the real parts
of the identified mode shapes with the respective Coefficients of Variation (CV) are depicted in Table 1 and
Table 2.

DOF/Case 1 2 3 4 5 6
Exact 0.6834 0.8414 13228 -1.7442 -1.0222 -0.7374
DOF; MeanMC 0.6826 0.8413 13226 -1.7428 -1.0220 -0.7380
CV[%] 1.241 0.240 0.368 1.927 0.523 1.270
Exact 1 1 1 1 1 1
DOF; MeanMC 1 1 1 1 1 1
CV[%] 0 0 0 0 0 0
Exact 2.0962 -0.6158 0.2154 -2.5708 0.9707  -0.7207

DOFs Mean MC 2.0957 -0.6157 0.2153 -2.5685 0.9710  -0.7204
CV[%] 0.615 0.123 0.809 1.368 0.867 2.336

Table 1: Comparison of the exact and mean values with corresponding CV from Monte Carlo simulation of
estimated mode shapes. Normalization scheme 1.

DOEF/Case 1 2 3 4 5 6

Exact 0.2823 0.5824  0.7911 0.5344  0.5914  0.5134
DOF; MeanMC 0.2819 0.5824  0.7910 0.5344 0.5915 0.5134
CV[%] 1.040 0.159 0.120 0.977 0.389 1.429

Exact 04131 0.6922 0.5980 -0.3066 -0.5786 -0.6963
DOF; MeanMC 04131 0.6922 0.5980 -0.3064 -0.5786 -0.6962
CV[%] 0.2819 0.5824  0.7910 0.5344  0.5915  0.5134

Exact 0.8659 -0.4262 0.1288 0.7877  -0.5616 0.5018
DOF5 MeanMC 0.8659 -0.4262 0.1288 0.7870  -0.5614 0.5013
CV[%] 0.144 0.116 0.661 0.797 0.605 1.995

Table 2: Comparison of exact and mean values with corresponding CV from Monte Carlo simulation of
estimated mode shapes. Normalization scheme 2.

Both Table 1 and Table 2 reveal that calculated MC means are close to the exact values of the mode shapes,
with the highest CV of 2.336% for mode 6. A comparison between the standard deviations of the mode
shape components computed from the MC simulation, opc, and the mean standard deviations from the
perturbation theory (PT), opr is depicted in Table 3 and Table 4.



DOF/Case Standard deviation of R(¢) [- 1072] Standard deviation of 3(¢) [- 1072]
1 2 3 4 5 6 1 2 3 4 5 6

DOE, COFT 0.85 021 047 340 054 095 084 024 051 347 054 092
' omc 084 020 046 352 053 097 080 023 051 350 054 091

opr  0.00 0.00 000 000 000 0.00 0.00 0.00 000 000 000 0.00
omc 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 000 000 000 0.00

opr 138 008 017 877 087 169 144 0.13 020 885 088 175
omc 127 007 017 897 088 167 132 0.12 019 901 086 1.79

DOF»

DOFs

Table 3: Standard deviations of real and imaginary part of the mode shapes from perturbation approach and
Monte Carlo simulations. Normalization scheme 1.

DOF/Case Standard deviation of R(¢) [- 1072] Standard deviation of () [- 1072]

1 2 3 4 5 6 1 2 3 4 5 6
orr 030 009 010 053 023 074 035 017 031 1.06 031 0.64

DOE, omc 030 009 010 055 023 073 033 0.17 030 1.06 032 0.65

DOE, COFT 022 0.06 0.14 081 022 029 000 0.00 0.00 0.00 0.00 0.00
2 omc 021 006 014 082 022 029 000 000 000 000 000 0.00

DOF.  OFT 0.14 0.05 0.08 065 034 101 030 009 0.10 053 023 0.74
5

omc 0.13 005 008 066 034 099 030 0.09 010 053 023 074

Table 4: Standard deviations of real and imaginary part of the mode shapes from perturbation approach and
Monte Carlo simulations. Normalization scheme 2.

Both Table 3 and Table 4 illustrate that the differences between the standard deviations obtained from the
MC simulations and the mean standard deviations computed using perturbation theory (PT) are negligible.
Higher standard deviations, on average, of all DOFs in Table 3 correspond to higher mean values of the mode
shape components in Table 1. That results in a small differences between the CV of estimated DOFs which
is illustrated, for the two normalization schemes, in Table 1 and Table 2 respectively.

Results presented so far were computed for a single sample size /N, which, naturally, is the case when
using such framework for uncertainty quantification in real-life applications. That, however, should hold
for any sufficient data length. Analyzing results computed on different sample lengths provide arguments
for deploying such framework and allow to draw some conclusions about the distribution properties of the
estimated mode shapes. For that purpose introduce some variables that depend on standard deviations of
R(¢) and I(¢) computed from the MC simulations such as

TR(bri)e — \/ VAT (R(ri)), O (i) — \/ VAT (S(ri)), (26)
3 3 6
Em(d))MC = Z Z U%(qbr,i)Mc’ E%(QS)MC = Z Z U%(¢r,i)Mc’

r=1i=1 r=1i=1

a%(‘i’)mc = E§R(¢)MC \/N’ a%(‘b)mc = Eg(@ \/N

The r = 1...3 denotes the number of measured DOF, : = 1...6 denotes the number of identified modes
and the j = 1... MC, where MC = 1000 and j denotes the j-th Monte Carlo simulation. Now, recall
that proposed perturbation approach computes variance of the real and imaginary parts of the mode shape
component, oy, ), and TS(dri)pr for a single realization j, hence 1000 simulations enable to compute



the variance of TR (i) prp and TS () prp which, for the variables formulated in (26), writes

6 MC 6 MC
E%((ZS)PT - C ZZZ ‘f’r 1)PT] Eg(‘iﬁ PT C ZZZG(\ ¢M PT_] (27)
r=1i=1 j=1 r=1i=1 j=1
RO)pr = ZZ\/ V(906,001 ) 2 02 (6)pr = ZZ\/ v (936,001
r=1 i=1 r=1 i=1

AR(G)pr = TR pr Vs A3(0)pn = T5(6)pp V-

Analysis of the variables in (26) and (27) computed on the data sets with different sample lengths is depicted
on Figure 1.

a b c d
0.3 —— 0.04 ——— 0.18 — 50
TR() e 0-5;‘: —_— M AR(¢) e
025 Taome| 1| | ] s oRorr ag(g)
_\s MC g(@PT ‘ JS(O)PT 40t S(@)me |
SERW)PT 0.03 1 014 | T pr QAR(¢)pr
0.2 (28] 1 b
(¢)pr 0.025 (
0.12
0.02 “
‘ 0.1 F|
0.015 1 \
| 0.08
0.01 1
0.005 1 0067
ob——— 0 004 ———— o
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
Samples x10° Samples x10° Samples «10° Samples x10°

Figure 1: Sum of standard deviations of the mode shape components from Monte Carlo simulation and
mean perturbation theory depending on number of samples (a). Standard deviation of the sum of standard
deviations of the mode shape components from Monte Carlo simulation and mean perturbation theory (b).
CV of the standard deviation of mode shape components from perturbation theory depending on number of
samples (c). Sum of standard deviations of the mode shape components from Monte Carlo simulation and
mean perturbation theory scaled with a square root of corresponding data length (d). Normalization 1.

Since mode shapes estimates are converging to their true value the T (g). - .. T3(¢)y,00 OR(P)pr A0 TS(9)
are converging to zero, which is illustrated in the ’a’ part of Figure 1. The 'b’ part shows that the errors in the
perturbation approach converge to zero. The CVs U*%(WPT /E%(@W and O'*g((b)PT /Eg(¢)PT converge to a
constant value of 5.5% and 7.5% respectively, see "¢’ part of Figure 1, which illustrates that the relative error
summed from all the mode shape components for selected model order 7 is very small. That also arguments
for using the proposed framework while having just one measurement set. The ’d’ part of Figure 1 illustrates
that the pairs oy (y),,.. and Tx(g),, ., With Tg(g),,. and Ty, converge with rate of order VN to a similar
constant, which also justifies estimating the variance of the mode shape components with the perturbation
approach.

The MAC values computed between the mode shapes estimated at model order 6 from one arbitrary data
set are depicted on Figure 2.



Normalization 1

MAC value

no mode 1

no mode

Normalization 2

MAC value

no mode 1 no mode

Figure 2: MAC values computed for one simulation. Normalization scheme 1 (left) and normalization

scheme 2 (right).

As shown in (14) the diagonal of the MAC matrix plotted in Figure 2 is equal to one. The histograms of
selected MAC values obtained from MC simulations with the corresponding standard deviations computed
using the perturbation approach are depicted on Figure 3 and Figure 4 respectively.

Normalization 1

100

counts

50

0
6 7 8 0.67 0674
MAC 1-2 »102 MAC 3-2
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MAC 6-5

counts

Normalization 2

0 0
6 7 8 0.67 0674 0.16 018 02 0.22
MAC 1-2 » 10 MAC 3-2 MAC 6-5

Figure 3: Selected histograms of MAC from Monte Carlo simulations.
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Normalization 2
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0 0
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std MAC 1-2,104 std MAC 3-2,103 std MAC 6-5

Figure 4: Selected histograms of standard deviations of MAC computed with perturbation approach.

The histograms illustrate the validity of Gaussian approximation of MAC stated by CLT in (9). In addi-



tion, the MAC values and the standard deviations of MAC for both normalization schemes are numerically
identical, hence render its computation invariant towards the normalization of the mode shape. The standard
deviations of the MAC obtained from the MC simulations and the mean standard deviations computed using
the PT are presented in Table 5.

Standard deviation of MAC [- 1072]

Mode/Case  Normalization scheme 1 Normalization scheme 2
1 2 3 4 5 6 1 2 3 4 5 6
| o - 0.05 030 1.09 042 049 - 0.05 030 1.09 042 049
oMc - 0.04 028 1.11 042 049 - 0.04 028 1.11 042 049
, ot 0.05 - 0.14 0.14 0.10 059 0.05 - 0.14 0.14 0.10 0.59
oMC 0.04 - 0.14 0.14 0.10 058 0.04 - 0.14 0.14 0.10 0.58
3 OFT 030 0.14 - 024 0.03 005 030 0.14 - 0.24 0.03 0.05
oMC 028 0.14 - 023 0.03 005 028 014 - 0.23 0.03 0.05
4 O 1.09 0.14 024 - 0.13 1.06 1.09 0.14 024 - 0.13 1.06
oMC 1.11 0.14 023 - 0.13 1.08 1.11 0.14 023 - 0.13 1.08
s OeT 042 0.10 003 0.13 - 1.10 042 0.10 0.03 0.13 - 1.10
oMc 042 0.10 0.03 0.13 - 1.09 042 0.10 0.03 0.13 - 1.09
6 O 049 059 005 1.06 1.10 - 049 059 005 1.06 1.10 -
oMC 049 058 005 1.08 1.09 - 049 058 005 1.08 1.09 -

Table 5: Standard deviations of MAC values for both normalization schemes for perturbation approach and
Monte Carlo simulations.

It can be observed that the differences between the standard deviations of MAC computed from MC simula-
tions and the mean ones obtained from the perturbation approach are small.

The influence of data length on the standard deviations of MAC computed from MC simulations and the
mean standard deviations obtained from the PT is illustrated in Figure 5.
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Figure 5: Sum of standard deviations of MAC from Monte Carlo simulation and mean perturbation theory
depending on number of samples (a). Standard deviation of the sum of standard deviations of MAC from
Monte Carlo simulation and mean perturbation theory (b). CV of the standard deviation of MAC from pertur-
bation theory (c). Sum of standard deviations of MAC from Monte Carlo simulation and mean perturbation
theory scaled with a square root of corresponding data length (d). Normalization 1.

The parameters used in this analysis follow a similar notation as in the case of mode shape uncertainties,
see (26) and (27). The ’a’ part of Figure 5 illustrates that the omac,, and omacp, are converging to
zero. In addition, note that there is no visible difference between the results from MC simulations and



the mean ones obtained from PT. Second, the errors in the variance estimates of MAC computed with the
perturbation approach, 0*macp, also converge to zero, which is presented in the 'b’ part of Figure 5. The
CV of the standard deviations of MAC, 0*macpr/OMacyr, computed using perturbation approach converge
to a constant value of 5.2%, see ¢’ part of Figure 5, which, like in the case of mode shape uncertainties, is
small and arguments for using proposed framework while having just one measurement set. Lastly, the ’d’
part of Figure 5 illustrates that both the omacy,, and Omacp converges with rate /N to a similar constant.

5 Conclusions

This paper presented an approach to quantify the statistical uncertainty of MAC computed between differ-
ent mode shape vectors. Proposed method was verified against Monte Carlo simulations of a simple chain
system where the resulting differences between two frameworks were negligible, as expected. Uncertainty
quantification was found invariant towards the underlying schemes for mode shape normalization, as ex-
pected. Theoretical asymptotic properties of MAC were validated with simulations with increasing sample
size. The future work will consists of real-life application of both the uncertainty quantification of mode
shapes and MAC, through its implementation in the future release of the ARTEMIS MODAL PRO [8] soft-
ware.
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