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Today, the validation of complex structural modei®-the assessment of their qual-
ity compared to an experimental reference - remains a magurei The true val-
idation problem should be addressed through the compabistmeen the model -
whether deterministic or not - used classically and the detepeality: such an issue
raises philosophical questions [1].

Here, we introduce a tentative answer through the Lack-@dwedge (LOK)
theory [2, 3], whose aim is to "model the unknown”. Of couree theory takes
into account all the sources of uncertainties, includinglelimg errors, through the
concept of basic LOKSs: a set of basic LOKSs is added to theicklsmodel to consti-
tute the true model. This leads to an envelope of the actspbreses; in particular,
we can derive for the whole structure the effective LOK of ampity of interesty,
resulting in an interval with stochastic bounds.

This paper focuses on the basic ideas of the Lack-Of-Knaydekeory and on
its first applications. Academic examples as well as indhistases are presented.

1 Introduction

Model validation is becoming a rather hot topic, even if sqgraeple tend to say that
a model can only be invalidated, but never validated. Muchldeen written on this
controversial issue (see [4, 5, 6, 7, 8]). On the positive dide word “validation” is

used very often by engineers in the sense of a procedureedefinough practical
rules and experiments, which ensures that the structurglzkdsigned will, once
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built, perform as expected. Where there is a lack of knowdedgfety coefficients are
introduced in order to guarantee conservative predictidhgs, model validation in
the context of “engineering reality” should be consideredad issue. The challenge
is to go beyond the philosophical level and elaborate praktools which can be
applied to true engineering problems.

Engineering _ | Conceptual
Reality ~ | Model
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~ |

RN - I Verification
Validation ~ ~
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Computerized
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Fig. 1. Model validation and verification

Verification is generally considered to be a related toplticiv can be viewed as
a subset of model validation using an intermediate, buigdsf defined, reference:
the conceptual model. Thus, verification is a rather weligabproblem and an easier
challenge (see Fig. 1).

In this paper, we first review the current state-of-the-@rtlJ0] and deal with a
model’s validation with respect to a particular set of expental data and with the
updating of the model which it leads to. Then, we investighéeactual validation
problem. We develop a tentative answer through the Lacks@iwledge (LOK)
theory, whose aim is to “model the unknown” in a conservatiag. This theory was
introduced in [2] and its first application was presentedin [

The LOK theory can be interpreted as an extension of whagdesngineers
do when they introduce safety factors. Of course, the th&akgs into account all
the sources of uncertainties, including modeling errémsugh the concept of basic
LOKs. So far, two kinds of basic LOKs have been introduceiffnstss and exci-
tation. For example, considering the structure as an adgeshiBubstructures, the
basic stiffness LOKs are defined on the substructure leaeh € OK is a pair of
scalar internal variables which define upper and lower bewfdhe real substruc-
ture’s stiffness. In mathematical terms, these bounds eateterministic, in which
case they can be viewed in a certain way as safety coefficimot® generally, they
can follow probabilistic laws.

Finally, a set of basic LOKs is added to the classical modaldwostitute the
true model. This leads to an envelope of the actual resppimsparticular, we can
derive for the whole structure the effective LOK of a quantit interesta, resulting
in an interval with stochastic bounds. Another major quests the reduction of
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the LOKs using additional experimental information; tharshg point could be an
overestimated initial LOK level coming from experience.

The paper focuses on the basic ideas of the Lack-Of-Knowldagzpry and on its
first applications. Academic examples as well as industeaks will be presented.

2 Validation with respect to a particular set of experimental data

A first, restrictive problem is model validation with respézto a well-chosen (but
particular) set of experimental data, and the resultingatipd of the model. Much
work has been done in this area since 1980 and, today, theisoare engineering
tools available; the subject which seems to have seen thépnagress is the up-
dating of dynamic structural models (mass, stiffness, dag)pn the low-frequency
range (see [9, 10]). Many of the methods proposed do not pttemprovide mean-
ingful error measures which could be used for validatiogirtbnly objective is up-
dating. A first set of methods is based on the search for mimimarm corrections.
A second set is closely related to control theory. There werhain difficulties.
First, the updating problem, like all inverse problems,aswell-posed and requires
regularization. The second difficulty concerns the lo@dian of the corrections: sen-
sitivity techniques or the like are required to identify tim@st erroneous structural
parameters. All these methods work well when a sufficielatigeé amount of exper-
imental data is available, which is not always the case. kedlso note that other
difficulties could come from the measurements; an imponpaattical issue is how
to eliminate erroneous measurements due to human erra.€frar indicators in
the framework of the Constitutive Relation Error (CRE) nuethwere developed in
[10, 11, 12] in an attempt to overcome these difficulties.h&t tore of this approach
is the question of the choice of the reference. In the CREagytr, the reference
contains the "reliable” part of the model, e.g. the equilibr equations. Only a sub-
set of the experimental data - the reliable data - is part@féference. Actually, two
errors are calculated: the modeling error, and an errorwtti@racterizes the quality
of the experimental data. The capability of this approadlustrated below.

Figure 2 shows the structure being studied, a satellite stigplled SYLDADS,
for which a FE model is available. A preliminary step, calleztovery of the exper-
imental results” was first performed using the error chargng the quality of the
experimental data. Erroneous sensors were localized cthreected (if possible) or
removed. Next, the updating process, which is iterativgaheAt each iteration, the
most erroneous structural parameters were localized anelated until the modeling
error reached a threshold of a few percent. At the startirnigtpine modeling error
was 12.39 %, which is quite significant; the updating proeess carried out until
the modeling error became reasonable, i.e. 2 or 3 %. Aftarifetations, the error
was down to 2.27 %. Table 1 lists separately the "total” miodeérror(Ecre; ),
the modeling error of each mod& k), and the differences between the calcu-
lated and measured frequencies at each iteration. A mubér iecan be observed
after 4 iterations. One can also note that the calculated-@Ré&eling errors on the
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Fig. 3. The experimental data
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modes are nearly identical to the errors on the frequenetaish are the differences
Af between the calculated and measured values.

Table 1. Summary of the updating process. fnode swapped with Modes 4 and 5)

Iterations Initial 1 2 3 4
Eror(%) |Eopp| A7 |Ecre| A7 |Ecre| A7 |Ecre| Al | Ecre AT
Mode 1 345 | 851| 265 | -260| 024 | 028 205 |205] 1.67 |186
Mode 2 325 |-331| 246 |-249| 039 | 037| 219 |215| 154 [143
Mode 3 510 |-524| 406 |-414| 040 |-040| 149 |1.48| 149 |[148
Mode 4 1029 |-1085 9.78 |-1029| 9.03 | -9.48| 409 |-415 428 |-4.22
Mode 5 986 |[-1039| 936 | -983| 861 |-899| 366 |-375 3.76 |[-3.98
Mode 6 347 |[345t| 191 [190t| o010 [oa0t| 266 |263] o000 [0.00
Mode 7 2715 | 2360 127 | 127| 127 | 127| 336 [330| 271 |267
Mode 8 2777 | 2409 192 | 190 | 192 | 190| 400 [392| 336 [3.30
Mode 9 178 | -179| 009 |-009| 009 |-009| 002 [002] 010 [-0.10
Mode 10 124 |-124| 044 | 044| 044 | 044| o055 [055| 043 043
Mode 11 6.41 * 1.01 * 1.04 * 211 | * 165 | *
Mode 12 4.82 * 064 * 063 * 136 | * | o086 | *
(BGrpg)| 1239 732 3.69 262 2.27

Fig. 4. Map of the local modeling error

Remarks:A possible situation is that the modeling error does not etrese
enough to reach the target; this means that the model is trseo
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An additional development to include probabilistic modsisl noisy experimen-
tal data was presented in [13].

3 Model validation: thereal problem

The description of parameters such as material unceeaitgi necessarily at the
heart of any approach to the actual validation problem irctr@ext of engineering
reality. Probabilistic modeling has become increasinglgular [14]. There are also
other approaches which do not involve probability lawshsagin [15, 16, 17, 18].

Here, we propose an approach, called the Lack-Of-Knowle¢dgery (LOK),
which attempts to give a pragmatic answer to the problem afehealidation in the
context of engineering reality. This could be viewed as aeresion of the concept
of safety coefficients [2, 3].

3.1 Theconcept of basic LOKs

For the sake of simplicity, let us consider a family of quiagntical real structures
subjected to a given (but not very well-known) time-indegemt environment.

3.1.1 Basic LOKson the stiffness

The structure is modeled as an assembly of substrucfurgs € E) whose con-
nections can be viewed as special substructures. The porréimg scale is assumed
to be consistent with the outputs of interest being souglet.al¥o assume that an
elastic, deterministic FE model is sufficient to predictitégponse of the “structure”
in the usual sense.

The starting point of the LOK theory consists in associatiniity each substruc-
ture £ a pair of scalar internal state variables, m;), called the “basic LOKS”,
such that:

~mg (0)Ke < Kg(0) - Kp < mf;(0)K (1)

whereKg is the calculated stiffness matrix afitg(6) the stiffness matrix of an
actual structure belonging to the family being studiedhis formal expression, the
inequalities must be considered to hold for the eigenvalliesbasic LOKgm;; and
my ) could take set values, but they usually follow given probighlaws. Let us note
that a more simple description would be to replace the iatérvmy (0); my; (0)] by
a fuzzy interval depending on only one stochastic variable.

3.1.2 Basic LOKson theapplied forces

The definition of the basic LOKs on the applied forces (andrengenerally, on the
description of the environment) is similar to that of theiba$Ks on the structural
stiffness. Let us consider a force distributiBrwhich can be written as:
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E:ZEE (2)

EcE

whereF ' is the restriction to Substructufe of £ at the boundary of? or over the
E-domain. Furthermore, let us consider that:

EE = )\EZE (3)

with eg(Z ) = 1. eg is the E-energy obtained using the finite element model re-
stricted toE. g is the amplitude and ;, the direction of the load restrictiof .

In this case, the associated basic LOK is a triplet for éachE, which is generally
stochastic, but could have set values. This LOK is defined by:

—my (0)Ae < Ap(0) —Ag <mJ (0)Azr VE€E (4)

[e(Zp(0) — Zp))? <mz,lee(Zp))? VEEE 5)

Here, the model of the environment being used is considerbd tleterministic.
(0) followed by (A (0), Z(0)) eck is the actual applied force distribution, while
=Y (AgZ) is the calculated applied force distribution.

RemarksMore complex LOK descriptions can be introduced. For examgh
anisotropic description could be used for highly anisatgpbstructures.

I
F

3.1.3 Effective LOK on an output of interest
Let us first introduce the solutianof the equation:

Kz =f (6)

whereK is the stiffness matrix and is the generalized force. Let be the set of
all the basic LOKs associated with the stiffness terms aedafiplied forces. It is
clear that one can associate with each valugwdhe stiffness and the force which
verify Equations (1), (4) and (5). The corresponding se2$@ andF,,,, which are
parameterized byn.

This approach yields a new modeling approach for the fanfilgadual struc-
tures being studied, in which one defines only the envelopkebctual responses.
Precisely, the envelope of the actual responses is assdeiéth Equation (6), where

K(0) € Koy — F(0) € Froy (7)

For an output of interest(0) (whose FE value i&), one can calculate the effec-
tive LOK such that
~Aa”(0) < a(d) —a < AaT(0) (8)

The output of interest is a functional ofk and f:
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a =LK, f) 9)
wherelL is a given operator. The FE value is:

a=L(K,/f) (10)
Consequently, one has:

Aat(0)=  swp [L(K,f)—a] (11a)
K(0) €K (0) B
E(e)e}—'m(é)

Aa”(0)=— inf [LK, f)—« 11b
0 (O)= =, it LK f)-a (11b)
E(G)E]'—NL(Q)

If the basic LOKs are small enough, the calculation is eagyguiearization.
Let us consider:
a=b"z=KD)Tf (12)

One has: .
Aa=(K'D)"Af - T

K~ AK)K™'b (13)
and:

Aa*(6) = Y [mf(6) 5n(T — 25)) + mp(6) 5T + 25)

Eck
+mf, Ozl T, +mz. (0)Ep(z,, ) * Ae] (14a)
—Aam(0) = Y [-mb(0)5es(@+ 2)) — 5 (O)575(@ — 21)
Eck
—m3, (0)ai, [, — mz,(0)[Er(z,,)] " Ae] (14b)
with
z, =K™'b (15)

3.1.4 Example: effective LOKs

Let us consider a hollow plate clamped on one side. A forcibligion ¥ = \Z
(with, in this caseZ = y) is applied along the opposite side as shown in Figure 5.
We are interested in the propagation of the LOK model desdriizlow.

Detail of the LOK model

Let us consider two LOKé&n, , mj) on the amplitude of the force distribution (only
one substructure being used for the applied force), and m&sl_(mg,mJEf) on the
stiffness of each element (for the sake of simplicity, wesider that the basic LOKs
(mEg, ,mjgi) on the stiffness are the same for all elements.) We conglidedirec-
tion of the force distribution to be well-known, whereas t@Ks on the amplitude
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Fig. 5. Discretized model of the structure being studied

(m . m}) does not follow probability law (thus, the description bétLOK is sim-
ilar to the description of an interval.) The LOKs on the stifs coefficients of the
elements of the plate follow a Gaussian probability law.

Our quantity of interest is the mean straip), in the finite element where it is

maximum, i.e. Elemeri0 (see Figure 6). Therefore, = ol

SEEREASEEEEN

20

y

L

Fig. 6. Detailed view of the elements of the structure being studied

Since the values of the LOKs are assumed to be small enoughsevthe lin-
earized LOK propagation as described in Equation (11a)s;T'me can study the
influence of each of the two dispersions separately: theegadfi the LOKs and the
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99%-probability bounds of the quantity of interest obtainedmthe LOK model
are shown in Tables 2 and 3. Table 2 presents the results &fQkepropagation
when LOKSs on the amplitude of the force distribution alone @nsidered; Table 3
presents the results of the whole LOK propagation (inclgdi®Ks on the amplitude
and LOKs on the stiffness of each element).

Table 2. Results for an LOK model limited to a uniform force distrilaut dispersion

Range fn.,—m;]|Range Fmy ,—m} ]| Range [Aoy) 4 Aco0 7 ]
[-0,10;0,10] * [-1,2.10°1,2.10°] = £9% of 75y

Table 3. Results for the complete LOK model

— — —— 20— 70
[—mElS,—m"EZIS] [—mE,,—mE] Range [Aayy mod ,Aayy ;Od]

[-0,10;0,10] | [-0,01;0,01] [[[-2,3.10%1,9.10°] = [-16%,14%)] 5oy

A very low LOK level on the stiffness of the elements of thetpl@aroundt1%)
leads to nearly the same dispersion of the bounds of the LOHetas a greater
LOK level on the amplitude of the force distributio#t {0%). This can be explained
by the fact that in the case of an isostatic structure a chante stiffness of the
structure does not alter the strain response of the steustgnificantly.

3.1.5 Reduction of theLOK's

The central question is: how can one reduce the basic LOKg @&lditional exper-
imental information? The starting state could be an ingiagrestimated LOK level
obtained experimentally or frompriori knowledge.

The main principle is that the measured envelope shoulddledad in (but not
identical to) the envelope given by the reduced LOK modeis Ehould be verified
for any likely situation in “engineering reality”.

Let o denote the output of interest, which can be calculated antpaoed to
measured values: is defined by the operatdr (see Equation (9)). From the initial
model, one gets:

Aa:r‘_n,od (9) andAa’r_n,od (9)

while from experiments, one gets:

Aot

exp

(9) andAc_,,,(0)

exp

We have:
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Aa:rp(e) < Aa:r_md(g) (16&)
Aag,,(0) < A, 4,(0) (16b)

Furthermore, let us assume that for the test being studigelpends essentially
on Substructurés*. Then, the reduction process is limited to the reductiorhef t
basic LOKs related td*. One has:

Atmod =LK, f) —@ = Aag- + Y Aag (17)
Eeclg«

Letm*(#) denote the reduced basic LOKs. One should have

Aa:w(G) < Aa;’;d(ﬂ) (18a)
Aoy, (0) < A, 74(0) (18b)

, which means that the measured envelope should be incladbd envelope given
by the reduced LOK model. The main question is: how close ¢tb ether are these
two envelopes? The answer depends on the LOKzbithrough the test: this LOK
is characterized by a coefficient of representativepgsse [0; 1] which can be esti-
mated by experience or through calculation if the reasonthilack of knowledge
are knowna priori. Compared to Equation (18), the inequalities introducedtfe
reduction process are reversed:

Aok, (0) = Aay oy (0) (19a)
Aag,,(0) > Aaj 5o (0) (19b)

The right-hand sides are defined as follows:

Aaj i (0) = pp- A (B) + min 3 [Aap(6)]  (209)
m(6
F(6)eF (o) EECe-
A VO 0) = pp- Aag. (0) — K(Ogrel?cx Z [Aag(0)) (20b)
F(6)F (o) E€Ce-

(20c)

3.1.6 Example: reduction of the basic LOKs

Let us examine the application of our method to an actualstréal structure: the
Sylda5 satellite support developed by EADS Group, capabbamying two satel-
lites simultaneously (Figure 2).
3.2 Description of the structure

3.2.1 Experimental data

Free-vibration measurements with 260 sensors were camiedy IABG on behalf
of DASA/DORNIER under contract with CNES.
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3.2.2 Datafor thetheoretical model

The model proposed by EADS represents both the support @#sdla cylindrical
payload which simulates the presence of a satellite restirtbe support. This model
consists of 38 substructures made of various materialkjdimg orthotropic sand-
wich materials, aluminum and steel. Since initial meas@m®s had shown that it
was absolutely essential to take into account the defoomaii the ground under
the support, this was modeled very simply using 3 torsiopahgs, one transla-
tional spring and a rigid-body constraint for all the nodesh& junction between
the ground and the support. The final model consisted of 3784Fs and 9,728
elements.

Payload

Connection

SYLDA 5

~—— Ground

Fig. 7. The Sylda5 model

3.3 Determination of thebasic LOKs

The model was first calibrated with the first 12 experimentadies using the method
described in Section 3.1.5. The problem was then to deterthimremaining LOKs.
In order to do that, the structure was divided into 4 main geoof substructures, as
described in Figure 7:

Groupgl associated with the cylindrical payload;

Group g2 containing the composite connection between the cylinder the
Sylda5 support;

Groupg3 corresponding to the Sylda5 support itself;

Groupg4 associated with the ground model.

The reduction process was initiated by setting the init(aKLIeveIs(mgO, mJEfo)

(and their corresponding lawa)priori as shown in Table 4. The experimental infor-
mation consisted in the eigenmodes and eigenfrequenciasuresl on the actual
structure, which were considered to be the extreme val@smbuld have been ob-
tained if several similar structures had been tested.
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Table 4. Initial LOK model

13

Groupd Law Range |Relative statistical moments
being soughtm;’, mL%)| (u: mean fo: std. dev.)
E=¢g1 normal | (-0.25,0.25)| (= 0.00/0 = 0.097)
E=¢2 | uniform | (-0.25,0.25)| (= 0.00/0c = 0.097)
E=¢3 normal | (-0.25,0.25)| (u = 0.00/0 = 0.097)
E=g4 | uniform |(-0.75,0.75) (x = 0.00/0c = 0.289)

Table 5 shows the order in which the reduction was carriedtbatdata which
were used and the results (wjily = 1) of the process.

Table 5. Reduced basic LOKs

Group Experimental Reduced basic LOKs
data Law [[-mg;my]| Statistical moments
93 [(Aw; 5,(0.99), Awj -, (0.99))[ normal| [-0.016; 0] [« = —0.008 / & = 0.003
g1 |(Aw?£,(0.99), Aw?Z (0.99))| normal| [0;0.144] | p=0.072/0 = 0.028
g4 |(Awg 5,(0.99), Awg ., (0.99))|uniform| [0;0.435] | p=0.218/0 = 0.126
92 |(Aw;(0.99), Aw?_ (0.99))|uniform| [—0.060; 0] | = —0.030 / o = 0.012

These results demonstrated the good quality of the cadibnaiodel of the sup-
port (¢3) and of the model of the connector (both within a few %), bubped out the
oversimplifications in the ground model, resulting in a &atgK, which suggested
the use of the specific process described in [3].

The whole reduction process was started again from scrasthg a reduced
basis consisting of the first eight modes of the structurethadame experimental
data as before. The corresponding results are given in Tablée value of the
coefficient of representativeness taken hergsis= 1 for all substructurev.

Table 6. Reduced basic LOKs taking into account large values of th& f@ the ground
(Groupg4)

Group Experimental Reduced basic LOKs
data Law [[-mj;m}]| Statistical moments
93 [(Aw; 5,(0.99), Awj ., (0.99))[ normal| [-0.016; 0] [« = —0.008 / & = 0.003
gl |(Aw:f,(0.99), Awf . (0.99))| normal| [0;0.144] | p = 0.072/0 = 0.028
g4 |(Awg £(0.99), Awg 2 (0.99))|uniform| [0;0.521] | p=0.261/0 = 0.150
92 |(Aw;t(0.99), Aw?_ (0.99))|uniform| [—0.060; 0] | = —0.030 / o = 0.012

Except for the LOK associated with the ground, the basic LOK&he groups
were unchanged. In order to evaluate the quality of the tesdithe reduction pro-
cess, one can calculate the effective LOK for Mode 1 (whick m@t used) and com-
pare this with the corresponding experimental values frailid 7. One can observe
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that the constraints for Mode 1 are properly verified, whibbves that the results
obtained with the other modes are consistent.

Table 7. Comparison of 99%-values for Mode 1

il|@; — Aw? 4l@7 — Awfe;p o o+ Awfjxp w; + Awll
1| 1.0110° 1.0210° [1.0210%| 1.0510° 1.06 10°
4 Conclusion

A new modeling approach taking into account all types of utadeties or error
sources has been developed. This technique enables onaltatevthe "envelope”
of the response of the family of actual structures beingidened and subjected to an
uncertain environment. This LOK theory is also an answerdd@hvalidation with
respect to engineering reality. Additional developmeritsfacus on specific tools
implementing this approach, especially when the basic L@i&srelatively large.
The extension to other sources of error besides stiffned&atitation errors is also
in progress. Such a modeling scheme is suitable for robsggale
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