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Chapter 3

Correlation & Orthogonality
— What Do the Numbers Mean?
— Use, Misuse and Confusion

Peter Avitabile

Abstract Experimental modal testing is performed for a variety of reasons — one of which is to validate or compare to a
finite element model. Metrics such as the Modal Assurance Criteria and Mass Orthogonality are vector based techniques
used to compare an analytically developed mode shape with an experimentally obtained mode shape. These vector based
numerical values are then evaluated to some criteria that may be mandated by contract or imposed by some specification or
maybe be a company internally agreed upon number. Beyond vector correlation metrics, the shapes can also be compared
on a degree of freedom to degree of freedom (point to point) comparison to further interrogate the level of correlation —
but often these further checks are not normally performed or mandated as part of the process. Unfortunately, these degree
of freedom checks are very important to really understand the vector correlation results and without any assessment, the
true correlation is really not clearly understood. This paper will discuss many of these aspects that are very important to the
actual correlation achieved. Basic theoretical equations are presented and examples of many important issues are presented.
In addition, general commentary is provided because there is a general misunderstanding and misconceptions as to what all
the numbers really mean.

Keywords Orthogonality - Model validation - MAC - POC

Introduction

Experimental modal tests are performed for many purposes. Understanding the system frequencies and shapes is of paramount
importance in designing better structures to allow for improved performance. But many times, a modal test may be conducted

to help verify or update a finite element model. When this is the case, many correlation tools may be deployed to check both

mode shapes as well as individual degree of freedom (DOF) correlation. At times, these correlation tools are deployed for the

engineer to better understand their models and adjust or improve the model to better reflect the reality of the actual hardware.

And at other times, these tools may be mandated by contract or agency responsible for the acceptance of particular hardware

or components used as part of a larger assembly.

When correlation is mandated by contract, then an arbitrary value may be set. If the target is met then the structure is
considered “validated” — if the target is not met, then the structure is considered to be “not validated”. But the specific number
is somewhat arbitrary at times and then also, somewhat questionable”. The general theory is presented, and in some cases
expanded, to clearly understand exactly how the numbers are computed and the actual contribution to the overall calculation
to achieve a particular value; this helps in the ability to better understand the values and what they really mean in comparison
to the stated “value to meet”.

This paper only addresses real normal modes and the understanding of the vector correlation metrics for real normal
modes. The inclusion of complex modes only further complicates these issues. Once some of the misunderstandings and
general misconceptions are clarified, the next step is to address this with complex modes as part of the mix. But this paper
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just takes the first step to clarify these points because there seems to be “old wives’ tales” that have masked some of the
reality of what really should be of concern when performing any type of correlation or orthogonality study.

Theory is summarized first followed by examples to illustrate many misconceptions. Some general observations are made
followed by conclusions.

Theory Review

The very basic equations related to MAC, POC, CORTHOG and DCAF are summarized in this section; more detailed theory
is contained in the references identified.

Modal Assurance Criteria (MAC)

The MAC [1] is really nothing more than a simple dot product that helps to identify how correlated two vectors are to each
other (or not correlated to each other depending on how one looks at it). The MAC can be written as

[ (e)] (e (e)]
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One formulation is used for real normal vectors (when comparing to analytical models) and the other is used for data
that is comprised of complex vectors with both magnitude and phase. As the MAC approaches 1, there is a high indication
that the two vectors are very correlated. As the MAC approaches 0, there is a high indication that the two vectors are very
uncorrelated.

There are many reasons why the MAC may fall less than 1; some typical reasons usually cited are:

* The modal vectors extracted are different from each other
* There may be noise that contaminates the vectors being compared
* The vectors may be affected by nonlinearities in the measured data

* There is an insufficient number of measured points to characterize the shape

For all the cases presented in this paper, the modes shapes are considered real normal modes or proportional modes. A
sample MAC matrix is seen in Figure 1 to show a correlation as typically observed comparing an experimental set of modal
vectors to an analytical (FEA) set of modal vectors.

Notice that the diagonal has very strong values for the first seven modes indicating a high correlation between each of
the mode shape pairs whereas the off-diagonal terms are much smaller approaching zero. Note that the MAC result is often
presented in a matrix type display but the calculation is really just individual vector dot products with the results of each dot
product arranged in a matrix format.

The biggest strength of the MAC is that the mass matrix is not required. However, that is also the biggest drawback
to the MAC because the mass matrix is not used. Mass scaling is critically important to clearly and deeply understand
the correlation between an analytical and experimental model. MAC is widely used and an extremely important tool for
correlation assessment but does lack the important mass scaling.

Coordinate Modal Assurance Criteria (CoMAC)

The Coordinate Modal Assurance Criteria (CoMAC) [2] is nothing more than the vector comparison but without mass
scaling and formulated in a similar fashion as the MAC for correlated mode pairs. Without mass scaling, the COMAC (like
the MAC) is not as robust a correlation tool. Interpretation is similar to MAC. The CoOMAC is given as

[, - e2))
s (u?) o ()

The interpretation follows in a similar fashion to the MAC.

CoMAC(k) = 2
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Fig. 1 An Example MAC Matrix — oblique view (left) and side view (right)

Test Response Assurance Criteria (TRAC)

At times, two different time responses may need to be compared. The MAC formulation can also be used for the comparison
and is called the Test Response Assurance Criteria (TRAC) (3) and is given as

(e} fana)]
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The interpretation is the same but one additional item is that the plot can be formed like a regression analysis where a line
fit and regression coefficient is shown. This provides significant additional graphical interpretation to the process as shown
in Figure 2. Note that the regression coefficient is the calculation value from the TRAC (or MAC).
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Fig. 2 Illustration of TRAC (with MAC) (left) and TRAC shown as a Regression Analysis (right)
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Pseudo Orthogonality Criteria (POC)

The Mass Orthogonality can be stated as
ORT = [U]"[M][U] = [1] @)

Now this leads to the Pseudo Orthogonality Criteria (POC) [4] stated as

POC = [E[" [M][U] = [1 5)

This is stated to be “pseudo” or “false” because the definition of the orthogonality can only be with respect to the
analytical mass with the analytical vectors.

A typical Pseudo Orthogonality is shown in Fig 3. Note that the Mass Orthogonality (Not shown) would clearly be the

identity matrix as expected from the formulation in (4) whereas the POC is a similar result where the diagonals are close
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Fig.3 Typical Comparison of MAC and POC for Two FEA Models (one with 4 times mesh density)
Top Left MAC oblique view — Lower Left MAC side view
Top Right POC oblique view — Lower Right POC side view
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to 1.0 for a well correlated model with off-diagonal terms which are very low approaching zero. Figure 3 shows the POC
with the MAC for the same models compared. Notice that the MAC values on the diagonal are slightly smaller than the POC
values due to the inclusion of mass in the POC calculation; a side view is also shown to more clearly see these differences.
And the off-diagonal terms for the POC value are larger than the corresponding MAC values, again due to the inclusion of
mass in the POC calculation.

Now all individual terms of the resulting POC do come from a matrix calculation for each of the individual values. But
there are many individual terms that are computed and added together to determine each term of the matrix.

Breakdown Orthogonality Calculation

So the Mass Orthogonality can be written out (for a lumped mass matrix) as

ORT;; = ( + + +..) L(fori=J) )
i = (u1; My1Ug; + Ugj Magla; + Ug; M33Usg; + ...) = T
j 1i M11Ug;j 2i Mo2U2; 3i IN33U3;j 0( fori )
And the POC can also be written in a similar fashion as
POC;; = ( + + Loyt (fori=g) %)
ij — (€1;M11U4 €2;1M 22U €3;1M33U3 4 o) = . .
7 1 1115 2 22W2j5 3 33UW3;5 0 ( for i 7& j)

When written this way, there is more clarity that there are many terms that form the entire resulting POC matrix. This
leads the way to the Coordinate Orthogonality Check (CORTHOG) [5-7].

Reduction of Finite Element Mass/Stiffness Matrix and Expansion of Modal Vectors

There are many techniques available to do this. Guyan [8] and Improved Reduced System (IRS) [9] are possible choices.
However, the System Equivalent Reduction and Expansion Process (SEREP) [10] has been shown to be the most accurate
approach and is used here.

The reduced mass and stiffness transformation matrix (which is also used for expansion) can be formed from the full
space eigenvectors obtained from an eigensolution using the finite element model. The transformation matrix [T] is used to
project the full mass and stiffness matrices to a smaller size. The reduced matrices can be formulated as

[M,) = [T]" [M,) [T) ®)
[Ka] = [T]" [K,] [T )

The SEREP transformation is formed as
[Ty] = [Un] [Ua)’ (10)

Coordinate Orthogonality Check (CORTHOG)

The Coordinate Orthogonality Check (CORTHOG) [5-7] is simply the comparison of what should have been obtained
analytically for each dof in an orthogonality check to what was actually obtained for each dof in a POC from test.

The most important thing to note is that each of the DOF are compared but the calculation includes the mass as a very
important scaling component to the entire calculation. This mass scaling proves to be an important consideration that enables
the proper scaling for each DOF.

Now if SEREP is used for the formulation of the reduced mass or the expanded vectors, then the orthogonality and
pseudo-orthogonality become much simpler expressions. If the SEREP technique is utilized, then the standard mass orthog-
onality can be written as

ORT = [UH]T [Mn] [Un] = [Ua}T [Ma] [Ua} = [Ua]g [Ua} (11)

and the Pseudo Orthogonality Check can be written as

POC = [Un]" [Mu] [En] = [Ua]" [Ma] [Ea] = [Ua]® [Ea] (12)
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Now when considering one particular “ij” term, the orthogonality and pseudo-orthogonality can be easily written (using
just the last term without the mass terms) as

1( fori=}j)

ORTy = ufyuj + gy + wiguigy -+ + WUy = o0 (13)
1( fori=j)
POCU- = uiglelj + ungegj + uig3€3j + o4 u?aeaj = O( fori # J) (14)

In this form, a simple comparison, term by term, shows the DOF correlation. The CORTHOG manipulation is the
comparison of each of the terms from the relationships in Eq. 13 and Eq. 14 for corresponding degrees of freedom.
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Equation (13) and (14) above show the individual contribution for each DOF. The comparison of these (as a simple
difference or other scaled forms) clearly shows the contribution that each DOF makes to the individual terms of the ORT or
POC matrix and the comparison clearly show the differences between the FEA model and the Test results.

A simple 3 dof example will identify the concept very easily. One misconception is that the closer the off-diagonal terms
are to zero, the less correlated the vectors are to each other. The problem is from the equation above, the sum of a large
number of terms are required to obtain any one off-diagonal term. The numbers themselves can be large or small, but the
sum of all of them will equal zero if the modes are orthogonal to each other. While this is true for analytical statement
of orthogonality, this may not necessarily be true when combining analytical and experimental data sets. Two vectors are
compared — one is the ORT and the other is the POC. Now in Figure 4, the individual terms for each calculation sum up to
be zero but notice that the comparison on a term by term basis shows there are differences. So while the off-diagonal term
may have a summed value of zero, this does not necessarily imply that the two vectors are indeed orthogonal to each other
and there may be discrepancies looking on a term by term basis.

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 -4 3 -2 1 0 1 2 3
dof 1 dof 1
dof 2 dof 2
dof 3 dof 3
ERumu emu

emu
dof 1 umu m Experimental
dof 2 | SMUEEEE == Analytical
emu
dof 3 umu

Fig. 4 CORTHOG for Simple 3 DOF System



Correlation & Orthogonality — What Do the Numbers Mean? — Use, Misuse and Confusion 31

Data Consistency Assessment Function (DCAF)

The Data Consistency Assessment Function (DCAF) [11, 12] is a tool that enables the identification of items in a data base
that may not seem to be correlated with the rest of the data set. Basically, the DCAF systematically removes individual data
points from a data set and uses synthesis to recreate the removed point which is then compared to the original data to see how
well the removed data point compares. Obvious poor data points can be easily identified and bad data points can be removed
from the data set. Figure 5 schematically shows the process for assessment of mode shapes for instance. (In essence, the
DCAF is nothing more than removal of outliers as typically done in fitting of data.)
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Fig. 5 Process of DCAF for mode shape assessment
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Examples

In order to illustrate some of the differences and peculiarities of all the tools, several examples are included. In all cases, real
normal modes are used to keep the numerics simple to show the strengths, benefits and quirks of the different tools.

Modal Assurance Criteria — Example of a Good MAC

The first example is one for a structure where the general MAC calculation produces results as would be expected. A MAC
was performed for a finite element model for a simple Base Upright (BU) structure and the experimental modal test results
obtained from a good modal test. Figure 6 shows the MAC matrix for an example where there are no major issues that arise
and the MAC matrix provides good insight into the correlation between the test and FEA.

FEA Experimental |[Frequency |MAC
FEA Mode| Experimental | Frequencies | Frequencies % Value
Number |Mode Number (Hz) (Hz) Difference | (%)
1 1 26.03 26.17 -0.54 99.8
2 2 70.70 67.34 4.75 98.5
3 3 77.69 75.89 232 993
4 4 108.80 104.48 397 97.1
5 5 158.01 161.55 -2.24 98.9
6 6 269.88 270.00 -0.04 98.9
7 7 304.40 299 .93 147 96.5 N
8 8 350.45 354.60 -1.18 98.5 )
9 9 419.36 419.22 0.03 943
10 10 457.13 482.15 -547 92.7
11 12 541.29 547.84 -1.21 96.6
12 11 563.47 538.20 4.48 86.3
13 13 777.29 771.76 0.71 90.3
14 14 779.61 791.18 -1.48 97.7 \
15 15 862.76 871.90 -1.06 843 8 el

Fig. 6 Comparison of FEA and Modal Test for the Base-Upright Structure

Modal Assurance Criteria — When Just a Portion of the Structure Lacks Correlation

So a question was raised as to how good a finite element model was that was used for predictions for Bragg scattering
studies. A modal test was performed to compare to a very preliminary finite element model of a rib-stiffened urethane plate
structure; the way the structure was designed and fabricated, the clamping arrangement (and modeling of that) was unclear
and not straight-forward. The structure is shown in Figure 7 along with the mode shape of concern.

For one of the lower order modes, a MAC of 94% was identified from the correlation. Without really looking at the mode
shapes in detail, a MAC value this high would generally indicate a good shape correlation. But looking at the mode shape
more deeply and closely viewing the overlaid mode shapes, there appeared to be about 75% of the structure that was very
correlated between the FEA and test results. But there was about 10% of the structure that really didn’t show any correlation
to the naked eye. And the portion that was most different was situated in the region where the clamping arrangement was of
concern. So this is a good case where having a very high MAC value does not really guarantee that the entire mode shape is
well correlated. (Of course, a mass orthogonality would be more telling but that was not done or required as part of the user
initiated validation of the model.)

Modal Assurance Criteria — When Not All of the Structure is Measured

So a number of years ago, some work was done on jet engine turbine blades. As part of the certification of remanufactured jet
engine turbine blades, 25 OEM blades and 25 re-engineered blades are subjected to correlation studies for the first 25 modes
of the blades. This is typically up to 20 KHz to 30 KHz ranges. The criteria is that the MAC must be above 90% for all modes
of all blades in order for the certification of the new blades to be accepted. Well, there was significant effort to accomplish
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Fig.7 Large Plate Structure with Mode Shape Comparison

this and along the way a number of questions arose as to how to handle variability in the blades and how address what
the geometric correlation should be (considering that every blade is really slightly different) and how to actually perform
the correlation. The FAA folks were adamant that a MAC of 90% was critical to assure that the blades were the “same”
(whatever that means).

In an effort to help everyone understand MAC and level of correlation, a simple cantilevered plate FEA model was
developed with a fixed BC. An equivalent FEA model was generated with a free-free BC to simulate test data. Because test
typically cannot measure as many points, only the upper two-thirds of the model was used to simulate test data; this was
mainly done because a laser holography system was being used to capture mode shapes and due to line of sight issues the
entire blade could not be captured in the field of view of the optical system.
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Now clearly comparing free-free modes to cantilever modes should result in an obvious conclusion that the modes
are not very similar at all. However, the correlation showed something quite different. And this was intentionally done to
highlight the fact that the MAC correlation might produce questionable results. Now the correlation results shown in Figure 8
shows that 20 of 24 modes correlated with a MAC of above 80% AND more than 10 modes correlated with MAC values
above 90% with 7 modes above 95%. So using the MAC can provide questionable results when comparing modes from two
very different configurations — one free-free and the other built in at one end.
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Fig. 8 Correlated Mode Pairs — Built-in Plate vs Free-Free Plate

Modal Assurance Criteria — Numbers can give a false impression (excerpt from Modal Space
Articles)

But often times, people state that MAC values lower than 90% are acceptable with values as low as 80% being accepted;
many state that real structures are much different than academic structures evaluated in an educational environment. Well,
this researcher is very sensitive to the validity of this common statement heard mainly due to the fact that the mass matrix is
not included in the evaluation.

Two examples are presented to show some MAC values that result from modes that are clearly not similar at all. The
first case is to compare the rocking rigid body mode of a free free beam with the first cantilever mode of that beam. Figure 9
shows that there is about 60% similarity indicated by MAC.

These two vectors have nothing to do with each other but MAC shows 60% correlation. How could that possibly happen.
Well looking at the lower right inset in Figure 9, notice that the values of the cantilever mode shape from the base to midspan
of the beam are very small and their contribution in the MAC calculation are very small. And looking at the mode shape
from the midspan to the tip of the beam, the values are much larger and with the naked eye you can see that the rocking rigid
body mode looks quite similar. And that is what the MAC is indicating. But we know these two modes are not similar at all.
Of course, there is no reason to compare these modes, but this was done to illustrate what a 60% MAC value indicates. So,
the numbers can be very misleading.

Now let’s proceed on with two cantilever beams — one with a uniform mass distribution and one with an additional
lumped mass at the center of the beam (20% of the weight of beam). Now look at the MAC between Mode 1 and Mode
2 with the uniform mass distribution, the MAC will show little correlation as expected. But when the MAC is performed
on the beam with the additional lumped mass, the MAC between Mode 1 and Mode 2 is almost 80%. Now this is very
disturbing! But looking at the uniform beam modes in the upper right portion of Figure 2 and comparing them to the modes
in the lower right portion in Figure 10, the same type of issue as discussed in the earlier case can be easily seen. The mode
shape values close to the built in end have very little contribution to the MAC. And the values of the shape towards the end
of the beam for Mode 1 and Mode 2 look very similar. And that is what MAC is indicating again. But these two modes are
orthogonal to each other but the MAC completely breaks down here. However, the mass orthogonality clearly identifies the
vector status because the proper mass distribution was included in the orthogonality check. The MAC has no way to account
for the uneven mass distribution for this case.
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Fig. 9 Mode Shapes for Free-Free Beam (left) and Fig. 10 Cantilever Beam Mode 1 and Mode 2 with
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Modal Assurance Criteria — When Geometry Doesn’t Exactly Match

So back to the FAA turbine blade certification project. The earlier example showed a cantilever beam/plate structure com-
pared to its free-free counterpart. Obviously, this was expected to show little correlation but the analysis showed something
quite different. In this example [13], a simple cantilevered plate structure used for academic studies (related to fixture cali-
bration work) is used to show correlation between an analytical model and a modal test data set. To illustrate the effects of
geometry differences that were faced in regards to certifying 25 re-engineered blades, comparing the mode shapes amongst
all the blades, the test model was dithered a small amount (one element width of the FEA) to illustrate how sensitive the
MAC value can be. This is critically important when identifying node point pairs as part of the correlation process. Small
geometry differences can affect the node correlation process when each of the test turbine blades are NOT the exact same
dimensions. From an earlier study over 10 years ago, this simple graphic illustrated the problem faced when the geometry
changes from blade to blade as shown in Figure 11. There is concern on exactly how to identify the node pair points for the
correlation process. Four different cases were shown that, in general, had the same trends but the values for the correlated
modes showed differences.

= THIS END FIXED =

enment 2

I EEEEE: IR

= THIS END FIXED ==
Alignment 4 Alignment 5 Alignment 6

Fig. 11 Comparison of MAC Degradation Resulting from Node Pair Adjustments

In order to put numbers to the study a simple cantilevered plate, bolted to a larger more massive block, was used to
simulate a cantilever boundary condition (which was similar to the manner in which the turbine blades are fixed and tested).
The model was generated and an experimental modal test was performed. An initial correlation was performed with what
seemed to be the proper node pair correlation based on the test performed. But a second correlation was performed where
the test model was shifted one element up in the vertical direction. Node point pairs were identified and correlation was
performed. The results are shown in Figure 12.
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Fig. 12 Effect on MAC Values due to Shifting of Node Pairs By One Finite Element

So here out of the 10 correlated mode shape pairs, for 6 mode shape pairs, the MAC value changed by less than 2%. But
3 mode shape pairs changed by 2% to 4%. But most importantly 1 mode shape pair changed by over 7%. So, this seriously
puts in question how good is a MAC threshold of 90% as a criteria for acceptance. Now this example simply illustrated
with just a shifting of the model and test data by one element width in a very controlled environment how dramatic the
results can be. But now consider the problem when many prototype re-manufactured blades are compared to each other. The
manufacturing tolerances alone bring into view the fact that the node point paring can be arbitrarily “adjusted” to provide
better correlation — or if care is not taken, blades that have so called good correlation may be questioned.

The MAC is a tool that is used often but these examples show just how much care and caution needs to be given in order
to obtain useful results. For this blade correlation work, a different approach is needed which is not as sensitive to these
geometric differences that can strongly affect the MAC results. Work on polynomial based correlation techniques provide
an alternative for this type of correlation. Work done in this area has shown significant improvement in the correlation
determination but “heritage” hinders the acceptance of newer approaches and concepts.

Orthogonality — Pseudo Orthogonality

Now orthogonality checks are a relatively simple calculation. However, the mismatch between the number of finite element
DOF and number of measurement points is where the difficulty arises. There are essentially three options possible:



Correlation & Orthogonality — What Do the Numbers Mean? — Use, Misuse and Confusion 37
1. Reduce the finite element mass matrix down to the set of test DOF

2. Expand the mode shapes to the finite element set of DOF

3. A combination of reduction and expansion to a common set of DOF

A simple portal frame structure is used to present some test cases [14—16]. The model is shown in Figure 13 with some
simulated measured data used for the evaluations presented here; one model uses a lumped mass formulation whereas the
second model uses a consistent mass matrix. While the frequencies and mode shapes are very similar, this simple difference
helps to see some very important aspects of correlation. Further discussion can be seen in the original reference papers
covering these examples.

MODEL A - frame MODEL B - frame [
with all components without lower cross A
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4

* *
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b >
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Fig. 13 Portal Frame with Measured FRFs

In the first case, all DOF available from test are used to correlate to the finite element model. The results are shown in
Figure 14 on the left and without the interior cross piece on the right. Recall that these two models are essentially the same
and only have differences due to the formulation of the mass matrix. The analytical vectors used here have purity in that
there is no experimental variations seen.
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Fig. 14 Portal Frame with Two Orthogonality Checks Using Simulated Experimental Data

Several important items need to be noted here regarding the MAC and orthogonality checks shown [14-16].

* MAC provides useful results providing that sufficient dofs are used to spatially identify the modal vectors. Comparing
the left plot the MAC shows very good correlation for the main modes of the system. However, on the right, the MAC
shows significant correlation to the other modes. This is due to the fact that the cross piece, which has significant
modal contribution, is not included in the measurement. The MAC is prone to this when the complete modal vector is
not identified.
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As far as the different reduction techniques, there is a general improvement of the vector correlation identified using
the IRS technique rather than Guyan. This is expected because the Guyan reduction is only based on the reduction of
the stiffness matrix and the mass effects are not included. The IRS technique adjusts the reduced matrices to account
for the embedded inertia related to the DOF that are not retained in the process.

There is a general improvement of the vector correlation identified using the SEREP and Hybrid techniques rather
than the IRS and Guyan techniques. There does not appear to be any benefit of the Hybrid technique rather than the
SEREP technique; this discussion is beyond the scope of this paper (see references for additional info)

One very important item to note is that the diagonal terms of this orthogonality check can actually be greater than 1.0.
This is not true for an analytical mass orthogonality due to the inherent formulation. However, there is no guarantee as
to how the experimental vectors are scaled; in addition, the analytical properties such as density and Young’s modulus
can introduce a scale that is clearly observed in this calculation. Some software “forces” the scale to be no greater than
1.0. This is not suggested because this can mask obvious material property differences that may exist in the model;
rescaling the vectors tends to mask some of the critically important info.

In the second case, actual experimental data is used in Figure 15. Essentially the same remarks above are applicable here.
The case above allows for very clear comments to be extracted from the case evaluated that is not affected by experimental
variation that may occur in actual measurement scenarios. In this case experimental variations do exist but the same general
trends are observed; but these are not a result of experimental variations and are due to expected differences.
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Fig. 15 Portal Frame with Two Orthogonality Checks Using Actual Experimental Data

This particular paper [14—16] goes on to make several different evaluations in regards to the selection of DOF to include
in the orthogonality checks and several items were noted (see additional content in the original papers).

Selection of DOFs used for correlation studies be well thought out; the DOFs must be significant in all of the modal
vectors

This point is particularly important if the experimental modal vectors are used in an expansion process such as SEREP;
inclusion of bad data points will have a direct effect on the accuracy of the expanded modal vector.

Use of all measured dof may actually degrade the orthogonality check, resulting in poor vector correlation

DOF which are points of high response for some modes may be poor for other modes, especially for structures with
directional modes

Using a carefully selected set of dof for each mode may result in a more accurate indication of correlation

Due to the directional nature of the modes, confidence in the accuracy of ALL of the measured ‘a’ dof for ALL of the
six modes is not high

MAC is good correlation indicator for large shape components

Expect the largest shape dofs are the most accurate

Use of all dof for all modes for orthogonality checks in reduced space may not necessarily provide a good indication
of vector correlation
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* Difficulty in selecting an appropriate set of ‘a’ dof that are good for all modes evaluated
» Using a more select set of dofs may produce a better pseudo orthogonality check

* Correlation studies are most likely to produce the best results if the modes are expanded in sets using an optimum set
of ‘a’ dofs for each set of modes

These results then pointed to the fact that a more elaborate assessment of DOF correlation needs to be performed.
However, tools such as CoMAC do not include mass scaling. The CORTHOG was specifically developed to assist in a more
robust evaluation of DOF contribution to the correlation process. A few examples in the next section highlight this.

DOF Correlation — CoMAC and CORTHOG

There are several misconceptions regarding the correlation of DOF for modal vectors. The next several examples [17-19]
aim to clarify some of these.

A simple 4 dof cantilever beam is used to quickly and easily gain an appreciation of contribution of DOF towards the
Pseudo Orthogonality Check in Figure 16. The analytical vectors were perturbed with a slight amount of noise. The vectors
themselves appear to look the same and the MAC values are almost identical. But the POC clearly shows one off-diagonal
term (the 2-1 term with 0.056) that is very large. The CORTHOG reveals that DOF 3 has significant discrepancy. In fact,
if the noise is removed from all DOF, except DOF 3, the off-diagonal term only changes from 0.056 to 0.054. This clearly
shows how one DOF can have a dramatic effect on the off-diagonal terms. Note that this DOF is associated with the node of
the second mode. This can be a more difficult DOF to measure and will not be identified with the MAC or COMAC. Because
the CORTHOG is mass weighted, the contribution of this very small mode shape value can be very important to the POC
computed.

A second example involves a structure with very directional modes. The experimental modal test involved almost 100
measurement DOF (using 33 triaxial accelerometers. Looking at the mode shapes, there are clearly very directional modes
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related to the structure. Using triaxial accelerometers is common practice but obviously there are certain modes where one
of the directions measured will not have significant response and will have small shape values more easily contaminated
by noise. And each of the different directional modes will have different directions where this problem will occur. That
is why an earlier the statement was made “due to the directional nature of the modes, confidence in the accuracy of ALL
of the measured ‘a’ dof for ALL of the modes is not high”. This is a common problem testing many engineering frame
type structure — these directional modes will fall into this category all the time. The structure is shown in Figure 17 with
sample FRFs and extracted mode shapes which are overlaid on the finite element model. Clearly the mode shapes appear to
compare well.

FINITE ELEMENT MODEL

SUMMATION AND MODE INDICATOR FUNCTIONS TYPICAL CURVERIT
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Fig. 17 GTE Frame with Directional Modes
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Two modes are further studied using the CORTHOG. One is a comparison of two directional modes (4*" experimental
mode with 1% analytical mode). Here the off diagonal term showed a high value of 0.205. Certainly there are enough DOF
to describe the mode shape. But the problem is that there are five locations on each leg that have essentially zero response
but due to noise and mass scaling, their contribution to that off-diagonal term is significant. In fact, over 50% of the error
in that off-diagonal term is related to these poorly measured DOF — that is less than 10% of the entire set of measurements
which causes that poor off-diagonal term. And looking at the mode shapes, those particular DOF are expected to not be
measured well at all. Including them in the POC calculation puts a heavy mark on that off-diagonal term. The CORTHOG
clearly shows this as seen in Figure 18.

These results reveal that the DOF along both angle bracket legs have the most discrepancy and account for over 50%
of the error in the total summation of absolute simple differences. These particular DOFs, which comprise over 50% of the
total error, represent less than 10% of the total number of measured DOF. In reviewing mode 1 and mode 4, these two modes
are somewhat directional in nature. Mode 1 is a twisting mode of the structure and mode 4 is a shearing mode. The main
contribution to the off-diagonal term is due to these DOFs that are not measured well because of the directional nature of the
modes. (The error is likely due to cross axis sensitivity of the transducers used.)
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The other comparison is in regards to the second bending mode of the system shown in Figure 19. The diagonal term
shows difference. At first, consideration was given to the fact that the DOF geometric coordinates may not have been
correct and the node correlation was to a different point in the model. But further investigation revealed that the mass
in the pillar blocks were incorrectly input into the finite element model. The CORTHOG clearly showed this discrep-
ancy; note that the COMAC failed to identify this serious difference because mass scaling is not included in the CoOMAC
formulation.
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The CORTHOG plots clearly show the large discrepancy between the two degrees of freedom associated with the bearing
blocks. This discrepancy may have occurred for several reasons such as the actual mass of the bearing blocks not being well
represented, or the joint between the bearing block and the structure is not integral as modeled, or the geometric point for
the analytical and experimental models are not truly at the same geometric point in space. While the difference between
the mode shapes may not appear significantly different and cannot be identified using the CoOMAC, ECoMAC or Modulus
Difference, the CORTHOG shows that these two DOFs are significant contributors to the POC. This is due to the fact that
these two DOFs have a significant amount of mass associated with them. While it is likely that the discrepancy is due to an
analytical modeling error and not an experimental error, there is a definite indication that these two degrees of freedom are
not correlated very well when compared to other degrees of freedom in the modal vector. Due to lack of mass scaling, both
MAC and COMAC are unable to clearly identify this discrepancy.

Data Consistency Assessment Function (DCAF)

Tools are necessary to help interrogate the data collected. The measurement process is riddled with possible places where
errors can crop into the measurement. Unfortunately, the measurement process is not perfect. So there needs to be a critical
assessment of the experimental data acquired in order to assure its usefulness. Two specific tools used in the collection and
reduction of data are discussed next but unfortunately they do not really interrogate the data in a significant meaningful
fashion.

During the measurement process, the coherence is always evaluated. But that coherence may be deceptive because
the coherence can be 1.0 and yet the measurement may be faulty. Issues such as phase distortion or phase lag between
channels may cause a measurement to be faulty even though the coherence is 1.0; that is because all of the output was
due to the measured input. A calibration error will never show up in the coherence function so the measurement may
be wrong yet the coherence is 1.0. An accelerometer may be mounted in the wrong direction and the coherence could
be 1.0 but the measurement is not associated with the proper point and dirrection. So each of these examples are a few
of the common examples where the coherence may give a false sense of security as to the adequacy of the
measurement.

Once data is collected and the data reduced with the modal parameter estimation tools, the next step is normally to
synthesize the data from the model extracted and compared to the measured data. This provides feedback as to how well the
data fits to the model. While this step is very important to the overall process, the problem is that each measurement is only
compared individually; there is no association with all of the measurements included in the process. So while a measurement
may have a very good synthesized comparison, there is no guarantee that the measurement is appropriate when compared
to all the other measurement points describing the model. In a multi-reference test with many accelerometers, simple issues
related to calibration, mounting direction, etc. fall into the same dilemma as the coherence.

Other tools are available to assist in further interrogation of the data such as Amplitude Weighted Assessment Function
(AWAF) and Enhanced Amplitude Weighted Assessment Function (EAWAF) [20]. These tools help to more clearly show
where errors may exist in the entire database describing the mode shapes for the structure. In a recent modal test on a fully
dressed truck, there were two separate tests performed with different shaker configurations. Due to sensitivity of the data,
a mock up structure [21] was developed to illustrate the situation at hand. One test using 4 vertical only shakers and the
other test deployed skewed shakers which allowed for better excitation of all the modes of the structure. The EAWAF clearly
showed where errors as part of the modal parameter estimation process were clearly evident. The modes extracted from the
skewed shaker configuration were much better than the modes extracted with the vertical only shaker configuration. Two
resulting EAWAF plots are shown to highlight the results obtained in Figure 20.

But one additional newer tool developed is the Data Consistency Assessment Function (DCAF) which interrogates all
the modal data as a complete set to identify outliers in the data set. DCAF has been used on modal vectors, FRFs, operating
data, optical data and general time data sets as well as strain data from optical systems. Basically, the DCAF systematically
removes individual data points from a data set and uses synthesis to recreate the removed point which is then compared to
the original data to see how well it compares. Obviously poor data points can be easily identified and bad data points can be
removed from the data set. This is much different than other correlation tools which only assess individual measurements
and never assess the relationship with the rest of the data set.

One recent application used an optical set of time response data which has thousands of data points. Subsets of data
were evaluated and there were several “truth” measurement where the correlation was less than 90%. Using the DCAF,
five points were clearly identified and removed from the data set thereby increasing the correlation significantly; addi-
tional passes on the data set removed additional outliers. Figure 21 shows the DCAF results from the first pass as an
example.
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Observations and Misconceptions

So much has been presented in this paper to start to show some of the problems with the tools that are used for correlation.
Using a simple number as a threshold may be necessary for contractual work but the actual correlation may be quite different.

So the user must be very careful in the interpretation of the numbers. Suffice it to say that picking a threshold for accept or
reject can be very difficult to say the least.
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So this paper has presented several important concepts. But beyond that there are several areas where additional discus-
sion is necessary to highlight additional problems extending from what has been presented

* Is all the measured data correct
» Test & Analytical Engineer awareness

* Complex modes — are they real? (no pun intended)

Is all the measured data correct?

Often times, data is collected with a contractual requirement or a mandate identified from above. Data, at times, may be
collected without the real understanding of why the data is needed, how it is going to be used or what needs to be extracted
from the study. When this is the case, the data may get acquired but the specific reason might cause the test engineer to
acquire data in a different manner.

Most importantly, the consistency of the data to itself is rarely, if ever, checked. As mentioned in the paper, issues of
coherence or synthesis of data as a validation tool is very important but this only checks the data with regards to itself. The
coherence only shows that the particular measurement was collected in a way that the output is linearly related to the input
signal. This just attests to the conditions of noise on the data or if a nonlinear measurement may be of concern. While this
helps to validate the particular measurement, there is no consistency identified for that one data point in relation to all the
other data points that are part of the entire data set. And while using synthesis following curvefitting is always a good step
to take, this does not indicate if the data point is consistently related to all the other data points in the data set — this just
validates this one individual point.

There are many issues related to measurements with a list too long to include here but a few glaring issues related to
leakage, windows, time variance, DAQ dynamic effects, accelerometer cross axis sensitivity, inconsistent excitation (hammer
hits for instance) are all very important issues that can have a significant effect on model correlation.

But at the end of the day, the analyst needs to use the data for the study necessary. Important details about the data may
cause the test to be conducted differently or for the analysts to use the data in a more judicious manner.

And as stated in this paper before, “Are all the measured DOF for all modes measured with the same accuracy”. Hope-
fully, from all the items discussed thus far, clearly the measured DOF are not measured with the same accuracy for all modes.
Yet when an analyst uses the raw data (in its entirety) for a correlation study, this is absolutely assuming that all the measured
data is equally accurate when in fact this is never the case. But almost all correlation software packages treat all the data
in unison and the correlation tools are deployed with no understanding that some data points are very good and some data
points are absolutely terrible.

Without a very judicious assessment of all the DOF for each modal vector, then all the data is considered equally valid.
When correlation studies are performed in this manner then the results will be considered very questionable.

Test & Analytical Engineer awareness?

Often times, there is a disconnect between the test folks and the analytical folks. In most organizations they are in separate
groups that may not even be in the same physical location. Both are very unaware of the problems faced by the other. Neither
has done any detailed work in the other’s area. There is often a complete lack of understanding of the problems faced by
each other in the development of their model or test data. When this is the case, the tools are used in a very formal fashion
but lacking the understanding of the limitations and without any respect for the detailed use of the tools. When this is the
case, a correlation is preformed with numbers generated but without any real understanding of what the results mean.

Often times, the analytical engineer is passed data from the test engineer and then blindly starts to use that data without
any real assessment of the validity of the data. On a recent project over a decade ago, test data was provided with an analytical
model with the specific intent to develop a highly reduced order model to be updated with the measured experimental data
and to predict accurate response with that measured data. The assumption was that the models and test data base were
suitable to undertake the project. After many hours spent with various models, an acceptable model could not be developed.
After extensive scrutiny of the test data, the measured data showed significant inconsistencies with itself. Of course, this was
the root cause of all the difficulty with the project. Once the data was properly adjusted to maintain consistency, the analysis
went forward without a hitch.

There was another case at the turn of the century when some test analysis correlation work was done on some helicopter
missile firing systems. A consulting company was hired and spent several weeks evaluating the correlation between several
sets of data and models developed. The level of correlation was poor and there was no insight as to what might be viable
ways to achieve better correlation. All the typical software correlation tools were deployed but the software is just a tool
and the insight must come from the engineer deploying the tools. A few months later different studies were performed but
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with a more hands-on approach to understanding the models developed and the test data acquired. Some very basic fun-
damental steps were taken to achieve far superior results within several days. In the earlier study, data was passed from
test engineer to analyst but the data was never assessed before using it with the model. Correlation proved to be a diffi-
cult process until some of the basic aspects of the underlying test data were clearly understood and incorporated into the
analysis.

The most critical item here is that the test and analytical engineers need to work in unison and very clearly identify all
the particulars that can have a very distinct effect on the results of the correlation process. While this is obvious, at times
there is a slight disconnect between the parties involved which can be detrimental to the project results.

Complex Modes — are they real?

Now in all the material presented here, real normal modes were assumed. This was necessary so that simple examples
could be used to portray some of the difficulties with the tools. Complex modes just make all the numbers more difficult and
more complicated but the same exact issues exist with complex modes.

But on the point of complex modes, there are several issues that must be addressed. First and foremost, are the measured
modes really complex? Or are there other issues that may lead the engineer to believe the modes are complex, when in
fact they may not be complex. Unfortunately, just because the software shows a complex mode does not really confirm the
modes are complex — the software just indicates that with the measurements provided, the indication is that there is some
complexity to modes based on the measured FRFs used to extract data.

In one recent large modal test on a fully dressed truck structure, complex modes were revealed. And with such a large
structure, just about everyone was convinced that complex modes would exist. But that was mainly because everyone con-
vinced themselves that complex modes would exist — but with no strong evidence that complex modes really did exist. The
original test utilized a four vertical shaker configuration but the overall measurements were not of spectacular quality with
MCOH that was not as good as needed. But everyone was strongly stating that complex modes for this type of structure
were clearly expected. After much debate and much discussion, the shakers were arranged in a skewed orientation in the
hopes to better excite all the modes of the structure. Overall, the FRFs were greatly improved and the MCOH was also
greatly improved. Upon extracting modal parameters, the majority of modes that were classified as complex became far less
complex and started to look more like real normal modes. So the way in which the structure is excited may have a direct
effect on the measurements and ultimately the modes that are extracted.

This author has seen many, many, many instances where people insisted that complex modes existed. But with further
scrutiny of the measurements, measurement technique, instrumentation used and techniques deployed, many of these so
called “complex modes” are really just an artifact of the lack of consistent and proper measurement techniques. In the ma-
jority of the situation observed, there has almost always been some detail of measurement acquisition, manner of collection
of data, and numerous other causes that have manifested themselves as complex behavior that is not related to the structure
but more related to the lack of pristine measurements acquired.

Now certainly complex modes can exist from a mathematical standpoint and allowing for complex modes in the develop-
ment of a modal model is always good practice. But before those so called “complex modes™ are used in any further analysis
(such as correlation) the experimental data needs to be scrutinized.

Attached here is a short list of some of the common issues observed (in close to half a century of modal testing) that have
a strong influence on the extraction of “so-called” complex modes

» Leakage associated with measurement acquisition

* Inappropriate use of windows to minimize leakage

» Time invariance has been seen especially when tests are conducted over several days
* Suspension system (air bags) with bleeding air system

* Bungie cords stretching over time with an inconsistent stiffness

* Cords and cables not secured and allowed to freely vibrate

 Using different accelerometers where the phase roll-off varies from accel to accel

* Channel drift and phase distortion

* Accelerometer cross axis sensitivity

* Inconsistent hammer hits in impact testing

These are just a list of some of the more common problems that come to mind.
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Conclusions

This paper attempts to address the use of correlation tools for model validation. The differences between vector correlation
tools and DOF correlation tools was presented. The difference between mass scaled and non-mass scaled tools was also
presented to illustrate the importance of mass scaling.

Many times there is a lack of understanding of what the tools can and cannot provide. Some of this stems from “old
wives’ tales” that do not have any credibility but have been blindly accepted for decades as truth.

A series of examples were presented to highlight some of the common misconceptions related to the tools.
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