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Abstract: Multi-source information fusion ( MSIF) is imported
into structural damage diagnosis methods to improve the validity
of damage detection. After the introduction of the basic theory,
the function model, classifications and mathematical methods of
MSIF, a structural damage detection method based on MSIF is
presented, which is to fuse two or more damage character vectors
from different structural damage diagnosis methods on the
character-level. In an experiment of concrete plates, modal
information is measured and analyzed. The structural damage
detection method based on MSIF is taken to localize cracks of
concrete plates and it is proved to be effective. Results of damage
detection by the method based on MSIF are compared with those
from the modal strain energy method and the flexibility method.
Damage, which can hardly be detected by using the single
damage identification method, can be diagnosed by the damage
detection method based on the character-level MSIF technique.
Meanwhile multi-location damage can be identified by the
method based on MSIF. This method is sensitive to structural
damage and different mathematical methods for MSIF have
different preconditions and applicabilities for diversified
structures. How to choose mathematical methods for MSIF should
be discussed in detail in health monitoring systems of actual
structures.

Key words: multi-source information fusion; structural damage
detection; Bayes method; D-S evidence theory

tructural health monitoring ( SHM) has become a hot

field of studying civil engineering in the past twenty
years. Usually, structural health monitoring systems include a
few basic modules, such as sensors, data transmission, struc-
tural damage identification, condition assessment and so on.
Among them, the theory and implementation method of
structural damage identification plays a key role. Static and
vibration data can be directly applied or transferred by math-
ematical methods to detect structural damage. But because
the spatial scale is too large and loads vary with environ-
ments and working conditions, static data can hardly be di-
rectly utilized to identify structural damage for long-span
bridges and other complex civil engineering structures. On
the other hand, both mass and stiffness are structural inherent
parameters. When they change due to rusting, cracking, large
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displacement, fatigue etc., structural vibration characteris-
tics, such as frequency, mode, vibration energy, will shift in
a certain direction. Therefore, varieties of these dynamic pa-
rameters can be used as a token of structural states. On the
basis of this, the theory of structural damage identification
based on vibration was put forward''™, which is a global
method, contrary to local methods.

When structural health monitoring drew more and more
attention of researchers, the theory and technology of infor-
mation fusion based on multi-sensor systems came into be-
ing. Initially, there were experts and specialists in the mili-
tary that played an important role in this field. In the begin-
ning, data from many sensors were mixed and disposed to
track enemy planes, predict contrails and assess situations.
So this technique was named as multi-sensor data fusion
(MSDF) . From the 1980s, the MSDF technique was expor-
ted from the military into automatic control, information
processing and so on''. Afterwards, the concept of data fu-
sion expanded continuously. Researchers found that objects
which could be fused were not only data but also images,
audio frequencies, symbols, vectors and so on. So multi-
source( or multi-sensor) information fusion( MSIF) came into
being. MSIF is a new and developing technology based on
signal processing, pattern recognition, artificial intelligence,
control theory, statistics, decision theory, information theory
etc. , and it is the integration of many frontal fields ( such as
wavelet analysis, artificial neural networks, fuzzy logic and
so on) "™ It is obvious that data from many sensors in-
clude more information than from a single sensor. At the
same time, the structural health monitoring system consists
of many diversified sensors, which collect large numbers of
data, signals and information everyday. Therefore, it is rea-
sonable that MSIF be imported into structural health monito-
ring. In theory, the combination of MSIF and SHM can be
realized not only in the parts of monitoring data pretreatment
and damage detection but also in condition assessment. In
the following portions, MSIF applied to structural damage
diagnosis is analyzed in detail, and the ability of the structur-
al damage identification method based on MSIF is verified
via an experiment.

1 Multi-Source Information Fusion

The concept of data fusion was first proposed in America
in the 1970s"". This technique was put forward to trace
flight trails, identify enemies or friends and evaluate military
situation. With the rapid and remarkable development over
twenty years, the data fusion technique has been improved
and enhanced to be a multi-source information fusion. Due
to its complexity, there has been no uniform definition of
MSIF. In general, MSIF is a technique that uses computers
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to automatically analyze, integrate and utilize spatial-tempo-
ral multi-source information following certain rules; as a re-
sult of this, it can achieve a consistent explanation and de-
scription of the measured objects and thus competently fulfill

.. . . 5,7-8,11
the decision-making and evaluation tasks' I

1.1 Function model of MSIF

The functional model of MSIF is defined consisting of
four stages by JDL(Joint Direction of Laboratories, United
States of America)'®'.

1) The first stage: object assessment. At this stage, the
MSIF technique is used to perform data matching, data con-
junction, parameter estimation and object identification.

2) The second stage: situation assessment. After the first
stage, measures are taken to enter the second information
processing course, in which it is a major task that a situation
should be abstracted from incomplete data musters and eval-
uated by researchers.

3) The third stage: impact assessment. On the basis of the
above two stages, the future situation is assessed by evalua-
ting what the current situation represents.

4) The fourth stage: process assessment. In this more ad-
vanced approach, with some optimizing indices established,
the whole fusion process undergoes a real-time treatment of
monitoring and evaluation to realize self-adaptive
achievements and management of information and optimiza-
tion of resource distribution. Eventually, the entire system is
enhanced and improved.

1.2 Classifications of MSIF

Due to different levels of data abstraction, MSIF can be
described as three classifications: data-level fusion, charac-
ter-level fusion and decision-making-level fusion. Different
processing courses are taken to deal with different informa-
tion (such as data musters, character vectors and primary de-
cisions) at diverse levels.

1) Data-level fusion. At this level, all sensor data from a
measured object are combined directly and the features are
calculated. So, fusion of data at this level contains the most
information'"”' . But, there are some obvious limits to it, such
as too great an amount of data to be delivered and calculat-
ed. Therefore, data-level MSIF technique is always to be
used in image compounds, noise reduction of initial signals
and so on.

2) Character-level fusion. At this level, it is clear that
characters are first abstracted without fusion. Each data
source is pre-processed to extract representative features. For
example, signal data may be processed to obtain information
about an emitter’ s direction and emission characteristics,
while image data may be processed to obtain information
about the size and shape of an observed object ( which con-
tains or hosts the emitter)™ . Obviously, data to be dealt
with in this classification are much less than at the first lev-
el, but, on the other hand, the loss of useful data will result
in low performance of object identification in any case.

3) Decision-making-level fusion. It is the highest level of
MSIF. At this level, the processes of feature calculation and
pattern recognition are applied for single-source data ob-
tained from each sensor. The decision vectors are then fused

using decision-level fusion techniques'”'. This level of
MSIF needs only a low amount of communication and hard-
ly depends on the types of sensors. But in this process more
data and information may be lost.

1.3 Mathematical methods of MSIF

The MSIF technique can be realized by many mathemati-
cal methods: signal processing and estimation, artificial intel-
ligence, control theory, statistics, decision theory, informa-
tion theory, geometry methods and so on. In this paper, con-
clusion methods based on statistics are introduced in detail,
and the structural damage detection method put forward in
the next part is based on them.

1.3.1 Bayes conclusion method

In a stochastic experiment, there are n events, separately
named as A,, A,, ..., A,, which are mutually exclusive. Take
P(A,) as the probability of the event A, occurring. Suppose
that B is any event, and then

pa | B) = FEBIAIPA)
2 P(B|A)P(A)
i=12..mj=12..n (1)

This is the famous Bayesian formula''. When it is ap-

plied to MSIF, the method based on the Bayes conclusion
method can be described as follows:

Take O, O,, ..., O,, as m objects to be identified, and D,
D,, ..., D, as n sensors. Suppose that the transcendental
probability P( O,) is known, and therefore from n sensors
the precondition probability matrix can be obtained as fol-
lows:

P(D,|0) P(D, |0, P(D, |0,)
P(D,|0) P(D,|0,) P(D,|0,)
P(D,|0) P(D,|0) .. P(D,|0,)

Then, the probability of object O, to be detected is

po, | by = FLIODPOO)

m

> P(D | 0)P(O)

[1Pp,[0)PC0)

(2)

m

2 [T P 10)PC0)]

1.3.2 Dempster-Shafer evidence theory

Dempster and Shafer'"” brought forward evidence theory
in the 1970s, which is an expanded development of probabil-
ity theory. Owing to setting up the connection of proposi-
tions and musters, the uncertainty of propositions is trans-
ferred to musters. Suppose that A, A,, ..., A, are n events;
D,,D,, ..., D, are n sensors; and M;(A;) is the probability
of the j-th event from the i-th sensor. Then, the probability
of the event P is

MP) =c Y JIM(A) (3)

NA, =P 1<i<m
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where C =1 - Y [[MA) = Y [IMA4).
NA;=¢ I<ism NA#¢ I<ism

2  Multi-Source Information Fusion Applied to
Structural Damage Detection

As aforementioned, three-level MSIF methods can be used
in structural damage detection. In this paper, structural dam-
age identification methods based on character-level fusion
are important contents to be discussed. It is known that every
structural damage identification method has its own applica-
ble range. These methods can provide data sources for
MSIF. So, it is available that two or more damage identifica-
tion methods are fused to detect damage by MSIF.

Some structural damage detection methods, such as modal
strain energy, modal curvature, flexibility and ratio of fre-
quency variety square, have been verified by researchers. But
the feasibilities of these methods are actually case-depend-
ent. With the help of the MSIF technique, two or more dam-
age detection methods can be integrated. In section 3, in a
concrete plate experiment, the modal strain energy method
and the flexibility method are fused by the character-level
MSIF technique. These two damage identification methods

Load

Flement number y 1 2 3 4 5

can be looked upon as two sensors and damage detection in-
dices from these two methods can be regarded as character
vectors from two sensors. If these two damage character vec-
tors were imported into the Bayesian formula or the D-S evi-
dence theory formula as Eq. (2) or Eq. (3), the damage
probability of every element would be obtained and damage
would be localized.

3 Experimental Study

When static experiments of two concrete plates are per-
formed, a dynamic measurement is carried out. And then,
response information is imported in software for modal
analysis, their and dynamic characteristics will be obtained.
Set plate 2 as an example and the experiment course is de-
scribed as follows:

The dimensions of plate 2 are 2. 0 m x0. 64 m x0. 06 m.
Steel braces are placed as supports. Measurement spots are
emplaced on the middle of the short dimension along the
long dimension. Element numbers and measurement spot
numbers are shown in Fig. 1.

Node number 1 2

0.1 0.45 0.9

0.45 0.1

Fig.1 Experiment of a RC plate (unit: m)

In the experiment, two levers are taken to bring loads on
the plate. When pre-pressure is finished, modal data are col-
lected and this state is noted as the initial case. And then, 20
kg is delivered on the plate as one level load until the first
crack comes into being. Here, modal information is gathered
again and this state is noted as damage case one. Subsequent-
ly, 10 kg is taken as one level load until many cracks appear.
This state is named as damage case two and modal data are
collected again. Thus, testing cases are delivered in Tab. 1.

Tab.1 Cases of the RC plates experiment

Plate Damage case one Damage case two

1 Single crack between nodes 9 and 10 Multiple cracks

One crack between nodes 4 and 5 .
2 Multiple cracks
Another crack between nodes 8 and 9

Taking damage case one as an example, the flexibility
method and the modal strain energy method are imported in-
to MSIF as aforementioned in section 2. The Bayes method
and the D-S evidence theory are applied to improve the va-
lidity of damage detection. So, results from the experiment
are delivered in Fig.2 and Fig. 3. From them, it is obvious
that:

1) The damage case one of plate 1 can be effectively de-
tected by neither the flexibility method nor the modal strain
energy method. On the contrary, by the method based on

MSIF the damage case one of plate 1 can be identified cor-
rectly.

2) For the damage case one of plate 2, which is a multi-
location damage case, damage can hardly be localized by the
method of either flexibility or modal strain energy. After the
MSIF technique is imported into damage identification, the
crack between nodes 4 and 5 can be diagnosed effectively
and efficiently. At the same time, the crack between nodes 8
and 9 can be easily identified, but maybe the misjudgment
for an element around might appear.

Two or more structural damage identification methods
fused by the Bayes method or the D-S evidence theory have
a better damage diagnosis ability than one single damage
identification method. Applying the MSIF technique into
structural damage identification is useful for improving the
validity of damage detection.

At the same time, identification results by the Bayes
method are similar to those of the D-S evidence theory. That
is because the D-S evidence theory is an expanded develop-
ment of probability theory. So it is appropriate that the
Bayes method be considered as a special case for the D-S
evidence theory. In this experiment, when the transcendental
probability P(A;) is decided, two MSIF methods will obtain
similar results.
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Fig.2 Damage identification results of the damage case one for plate 1. (a) Flexibility method; (b) Modal strain energy method;

(c) Bayes method; (d) D-S evidence theory
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Fig.3 Damage identification results of the damage case one for plate 2. (a) Flexibility method; (b) Modal strain energy method;

(c) Bayes method; (d) D-S evidence theory

4 Conclusions

Multi-source information fusion has played an important
part in the military for twenty years and has been imported
into civil fields. It is obvious that multi-source information
fusion can be applied to structural health monitoring and
damage diagnosis. In this paper, the structural damage iden-
tification method based on MSIF is put forward, which is to

fuse two or more structural damage identification methods
on the basis of the character-level information fusion. Subse-
quently, with a concrete plate experiment, the ability of dam-
age identification of this structural damage detection method
is discussed in detail. So, some important and practical con-
clusions are drawn as follows:

1) It is feasible that multi-source information fusion be
employed in structural damage diagnosis. After information
fusion, the ability and reliability of damage identification
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methods have been improved to a considerable extent.

2) For large-scale civil engineering, especially long-span
bridges, detecting structural damage accurately is almost im-
possible only by one single damage identification method.
The MSIF technique can be used to fuse two or more dam-
age identification methods on the character-level or other
level. Through an experiment of concrete plates, it is clear
that this method has a better ability to identify damage than
one single method. Because the D-S evidence theory in-
cludes the Bayes method to a certain extent, damage diagno-
sis results based on the D-S evidence theory are similar to
those of the Bayes method. But, there are some differences
between the two mathematical methods. So, how to choose
mathematical methods for MSIF should be discussed in de-
tail in health monitoring systems of actual structures.
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