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A Hybrid Knowledge Model for Structural
Monitoring and Diagnosis
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Abstract

A hybrid knowledge model which amalgamates an object-oriented modeling approach and logic pro-
gramming implementation is presented for structural health monitoring and diagnosis of instrumented
structures. Domain knowledge in structural monitoring and diagnosis is formalized and represented in a
logic-based object-oriented modeling environment. The model and environment have been implemented
and illustrated in the context of a laboratory case study of damage detection in a successively damaged
steel structure,

Keywords : structural monitoring, knowledge model, object-oriented model , logic language

1. Introduction tures™?,
Such structures contain a network of
There is a need to devise appropriate sensors which sense important measurands re-
computational abstractions and support lated to current condition of the structure and
environments for health monitoring and con- relay signals to a computer for processing, in-
dition assessment of instrumented struc- terpretation and recommendations. In order to
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develop comprehensive computational environ-
ments for these purposes, a mode! of the infor-
mation describing the system is required. This
model must support a meaningful and comput-
able representation of the components and
their complex inter-relationships that are
characteristic of engineering systems, such as
physical configurations, sensors, signal, and di-
agnostic knowledge.

Since the modeling directly affects the ana-
lytical capability, flexibility and efficiency of
the reasoning mechanism, the development of
a suitable model is the key issue in the devel-
opment of a computational environment for
structural monitoring and diagnosis'”
ject-oriented approach is an active focus of in-
formation modeling efforts for engineering
domains. This modeling paradigm has been
demonstrated to be well suited to represent
structural systems based on hierarchical de-
scription and abstraction. The inheritance and
encapsulation  mechanism also  enhance
program structure and maintainability. How-
ever, object-oriented environments lack a de-
ductive retrieval capability and pattern
matching that are basic to most knowledge-
based applications. On the other hand, logic
programming languages like Prolog possess de-
ductive retrieval capability through back-
tracking and pattern matching via unification,
A diagnostic operation often involves deduct-
ive reasoning to infer the best or plausible
explanations for given symptoms. Therefore,
the need for a kind of hybrid paradigm, e.g.,
combining logic and object-orientation, is
indicated to develop a model for a structural
monitoring and diagnosis system.

A hybrid model combining object-oriented
and logic approaches for the structural moni-

toring and diagnosis domain is presented in
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. The ob-

this paper. Domain knowledge in structural
monitoring and diagnosis 1s formalized and
represented in a logic-based object-oriented
modeling environment. The model and en-
vironment have been implemented and
illustrated in the context of a laboratory case
study of damage detection in a successively
damaged steel truss structure.

2. Domain Analysis: Structural Health Monitor-
ing

Health monitoring operation for a structural
system 1s considered to consist of three dis-
tinct tasks: identifying damage, locating the
damage, and assessing of condition (severity
and seriousness of damage). The variety of ex-
ternal excitations, including load effects and
environmental influences such as temperature
changes and corrosive environments, results in
damage of the structure over time. This dam-
age, which reflects the current condition of
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the structure, is sensed and considered herein
to be transmitted reliably to a data acquisition
system, where sensed voltage fluctuation data
are converted to specific performance
parameters such as acceleration, strain, acous-
tic emission, displacement, or temperature, In
order to identify and locate the damage such
data must be processed and further
interpreted for use in reasoning about the cur-
rent condition of the structure,

This operation, as depicted in Figure 1,
requires a comprehensive computational en-
vironment which utilizes diverse types of data
and knowledge. In order to develop such a
comprehensive computational environment for
these purposes, a model of the information
describing the system is required. This model
must support a meaningful and computable
representation of the components and their
complex inter-relationships that would be
characteristic of smart structural systems,
such as physical information, sensors, signals,
and diagnostic knowledge. Particularly, re-
garding the required characteristics for health
monitoring, that model should :

—contain both physical and behavioral infor-
mation about the structural system and its
principal components,

—contain sensor and signal information,

—support on-line signal processing to handle
the avalanche of signals produced by a
multi-channe] instrumented civil structure,

—support health monitoring operation at vari-
ous abstraction levels,

3. Model Development Considerations
Model development activity starts with in-

vestigation of the domain problem and the
actual goals to be achieved by specific engin-

[
oXx
I

eering tasks, and ends in a validated model.

Some considerations involved in developing

the domain model are as follows:

—Context of domain : health monitoring oper-
ation requires various types of knowledge.
—Type of model : for diagnosis purposes the
model should be either a correct or fault
model. A correct model represents normal
behavior, while a fault model reflects abnor-

mal behavior,

— Abstraction : health
navigation at various abstraction levels of
the model.

—Representation scheme : selecting appropri-

monitoring  requires

ate knowledge representation scheme i1s 1m-
portant because the problem solving strat-
egy heavily depends on the representation
chosen,

4. Representation Schemes
In order to satisfy the various requirements

different
techniques should be used for different types

for knowledge representation,
of knowledge. Selecting an appropriate rep-
resentation can have the impact of either ren-
dering the system successful or a failure. The
knowledge representation scheme can
effectively limit what the system can per-
ceive, know, or understand™,

The typical knowledge representation
schemes are classified into : procedural'®, net-
work-based'”,  frame-based”, and object-
oriented™” Details for these representation
schemes are introduced in articles by, These
representation schemes are evaluated on the
basis of considerations such as the following ™'
= Expressiveness : the representation scheme

needs to make all of the important
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distinctions among the relevant concepts,
—Structural representation : the represen-

tation scheme needs to be compact and clear

but still sufficiently robust to support all the
required functions,

—Computational efficiency : the represen-
tation scheme needs to facilitate efficient
computation of various inferences required
for the task.

—Representation uniformity : Different types
of knowledge can be uniformly represented,
and therefore can be logically consistent, in
the same representation scheme,

—Modifiability : Represented knowledge needs
to be easily modifiable.

The object-oriented scheme is a preferred
scheme for modeling necessary knowledge.
However, the object-oriented scheme has
some shortcomings when it is applied alone to
a complex engineering problem such as health
monitoring, In order to address this short-
coming, using a hybrid knowledge represen-
tation which is combining the object-oriented
paradigm with the logic paradigm is proposed
and applied.

5. Hybrid Knowledge Representation

It is recognized that a health monitoring
system requires various kinds of knowledge
and reasoning, e.g., hierarchical object de-
scription, inheritance, rule-based diagnostic
knowledge, data-driven signal monitoring and
goal-driven assessment'®. Since one uniform
approach is too rigid or inflexible to support
sufficiently comprehensive representational
and reasoning needs, some kind of hybrid para-
digm is naturally required.

Object-oriented representation /program-
ming is particularly suitable for problems in
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which underlying knowledge can be catego-
rized hierarchically, However, this approach
suffers from the following limitations when it
is applied alone to a complex engineering prob-
lem such as health monitoring.
—no deductive retrieval and pattern matching
that are basic to diagnostic reasoning.
—limited ability to refine, add or delete, the
attributes or methods during run-time,
—lack of nondeterminism,
On the other hand, a logic programming

13 has built-in facilities for

language like Prolog
compensating the drawbacks of object-
oriented paradigm, while also having its own
deficiencies : Its declarative style performs
poorly for tasks that are implicitly procedural
in nature, such as data-driven inference which
is appropriate for monitoring tasks. In this
work, the identified knowledge is formalized
and represented in the context of the

object-oriented modeling scheme'™’, and

implemented in Prolog'?,

6. Representation of Domain Knowledge

Based on the notion of class in the
object-oriented concept, three types of object
groups which will be represented as classes are
selected. In health monitoring operation,
structural components(for both physical and
behavioral information), signals, and knowl-
edge for assessment play key roles. Spatial
and other physical information about a struc-
tural system is represented in the
ComponentClass. Any physical components are
represented and aggregated into an assembly
by virtue of this class information.
MeasurementClass is a super class of any
specific measurand class(e.g., acceleration or

strain) which monitors and processes the
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sensor signal obtained from sensory devices.
Assessment and diagnostic knowledge is
represented in the DiagnosisClass. An instance
of this class represents a domain-specific diag-
nostic algorithm. Behavioral information are
collected in the name of specific structural
components. In order to represent the specific
function and behavior of physical components,
BehaviorClass is introduced. These are shown in
Figure 2.

Fundamental building blocks in the formal
language to represent the various knowledge
are the definition of the class, instance, re-
lationship, attributes, and methods. A class is
described in terms of five properties :
ClassName, SuperClassName, relationship,
{Attributes}, and [Methods] as shown in Fig-
ure 3 . It is necessary to provide explanation
for conventions and guidelines /restrictions for
attributes and

methods in this representation”,

naming classes, objects,
There are
also certain restrictions and guidelines for
selecting and using names of the fundamental

building blocks as follows.

base_class

/ ~
Co lasy  Me lass Diag lass Beh lass
bridgeClass strainClass hmn_state beam_2d
svsiemClass fatigue_analysis beam_column
bivClass lass _analysis column_2d
memberClass pl:;_e _girder
pariClass stiffener
sensorClass cover_plate

connectionClass

Fig. 2 Types of classes

class ComponenrClass 15 _a base class % class. superclass name and reiationship
nstance_vanables % antributes
(pubiics]: "
length(Length):
perspective_view(Leveis):
matenall MatenaiName):
material_grade( Value):
s % methods
[publics):
get_property:
draw_component:
damage id:
damage_location:
damage_assessment;

report
end_class.

Fig. 3 Class representation -Cinoibebr Class

—class name : class names selected in this rep-
resentation imply names of structural
components, or functions of specific knowl-
edge. Since these names are unique and im-
ply a certain knowledge in this represen-
tation, naming conventions must be crafted
carefully,

—object name : an object is an instance of
specific class. Since each class imply unique
state and behavior (i.e., attributes and
methods), it is important to map proper
class to an object during object creation.

—attribute name : name for attribute value is
based on general names of structural
components widely used and specific names
of parameters which are necessary for moni-
toring operations. Relationship names are
strictly used for inheritance or other
associations between classes. Therefore,
attribute values for relationships are limited
to names of classes or objects,

—method name : a method is an operation of a
class in which one class invokes actions in
another. Therefore, methods are limited to
the scope and purpose of the domain specific
knowledge representation. In this work,
since the main operation is focused on health
monitoring, method names are mainly selec-
ted based on this category.

Based on this formal representation syntax,
a class ComponentClass is introduced here
and other classes are described elsewhere'®
in detail. An information architecture for a
structural system is considered to consist of
a number of named component objects
which contain information about themselves
such as geometry, topology, and some gen-
eral information such as material type and
maintenance history. These components are
collected into various physical categories in
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order to support reasoning at different levels
of representation,

ComponentClass 1s represented with its par-
ticular set of attributes and methods as
follows.

class ComponentClass is _a base _class

{length :: Value} :
{perspective _view :: Value} :
{material :: Value} :
imaterial _grade :: Value} :
thas _connection :: Value}
[get _property] :
[draw _component ] :
[damage _id] :
[damage _location] :
[damage _assessment ] :
[report ]

end _class

In addition to the explicit attributes defined
within the class and the inherited attributes
from base _class, a number of the asserted
attributes are used while performing
methods. For example, while executing
[draw _component ], incidences and nodes
information, linked component names, and
coordinates of nodes are used and asserted
as attributes of the underlying component.
As key methods of ComponentClass, [dam-
age_id], [damage _location], and [dam-
age _assessment ] are for performing health
monitoring operations.

The contents of a method [damage _id] are

as follows.

{damage _id] ::-

{obtain _ corresponding _sensors),

{obtain _ corresponding _ measurement _ob-
ject),
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{send _message __to_ measurement _ob-
ject,
(store _returned _results),

When in a component object which is under
investigation [damage_id] is invoked to
identify any damage, it sends a message to a
corresponding measurement object to monitor
incoming signals. Results of signal monitoring
returned from the measurement object are
then asserted as an attribute as follows :

{identified _damage (Component _name,
DamagedOrNot )}

Where Component _name is the name of the
object under investigation, and DamagedOrNot
is a symbolic value indicating either
“damaged” or “no_damage”, This asserted
value is used subsequently in operations such
as [damage _location] and [damage _assess-
ment].

7. Hybrid Implementation

A logic-based object-oriented computational
environment to support the system depicted in
Figure 1 is designed and implemented using
Quintus Prolog. This environment includes
class library, class interpreter, message oper-
ator, and object modeler'™ .

Fundamental building blocks in the formal
language to represent the various knowledge
are the definition of the class, instance, re-
lationship, attributes, and methods. As shown
in Figure 4, any classes are defined using the
class name, superclass name, relationship,
attributes, and methods. Between “class™ and
“end _class.”, class name and relationship
with superclass are defined first, and then
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variables and methods on this class level are
defined. All class
interpreted into internal Prolog facts and rules

representations  are

when the class library is loaded into the in-

terpreter'!®,

conni
~~""~mem-mem connecnon

¥ sensor iocation
op: accelorometers
botiom: strain gages

N
memi0 !
bridgeClass
[ test_bridge
svsremClass .
. has_a
| structural_system | -
i has_a .
assembivClass “Superstuctire \.‘\
| has_a N
. i - \\ svstemClass
memberClass [ ;L‘_— 1 Sensor_system |
— T
et [iee

™ —_mem20

——xy e StransensorClass
n corresponding to i ——Si_— accsensorClass
o0t - - s20

| | main_section ; [ coverpl

partClass i
| Corresponding_to
! connected by connected_by
lass . accelerationClass
——
connl accdata
mem-mem connZ —_— strainClass
T mem-part Stoata
BehaviorClass
. beam_2d truss_2d 1s_&
cover_piate
splice_conn [ weld_coverpiate_conn .

Fig. 4 Bridge model and object data model test_ bridge

A method 1s a clause in the logic program-
ming sense : it consists of a head and an op-
tional body, expressed in normal Prolog syntax
as : head : - <body). Here head is the name of
the method and body is a series of goals to be
satisfied. For example, the hypothesis gener-
cause in the

ation rule for damage

damage _assessment method of a Com-

ponentClass is as follows,

hypotheses _ generate(ObjName) :-
validate _rule(Hypotheses,ObjName). %loop

validate _rule(fatigue —analysis, Obj) : -
%rule for fatigue
component __type _check(Obj),
damage __check(Obj),
damage _aspect(Obj),
has _ connection{Obj).

validate _rule(corrosion, Obj) : -

%rule for corrosion

An object performs when a method is
invoked via “message passing”. A message
passing has two arguments, the receiver and
message, and can be written(16) as : send(Re-
ceiver, Message), where Message is used
either for carrying an instance variable or in-
voking a certain method.

8. Case Study

A health monitoring scenario, particularly
involving damage identification, location and
assessment with diagnosis, is investigated
using the vibration signals from a series of real
and simulated experiments performed on an
instrumented scale model bridge. Two kinds of
vibration signals, acceleration and strain, are
obtained under a number of damage scenarios
created by imposing saw cuts on the model
bridge. Using the obtained series of signals
within the information architecture, monitor-
ing operations to locate and assess damage are
performed in the developed system. Three dis-
crete tasks involved in this case study are: 1)
a series of real and simulated experimental
tests to obtain signals, ii) training and testing
of the neural networks employed for signal
processing to identify and locate damage and

quantify its severity'’”, and iii) monitoring
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operations in the developed computational en-
vironment.

A health monitoring system, implemented in
Prolog and linking with external software, can
be defined by combining hardware components
with the developed computational environ-
ment. The elements of this system include
sensors, data acquisition and conditioning sys-
tem, signal processors(client processors), and
main processor. A number of software
modules, e. g. , class library, class interpreter,
and operator are compiled based on Quintus
Prolog Library and linked with the external
software into an executable program compris-
ing the computational environment,

The health monitoring operation is specified
into three stages, 1. e. , object data modeling
(creating), signal processing(damage identifi-
cation and location), and damage assessment,
Each event can be performed in either differ-
ent processes or in a single process. Every
task 1in the computational environment is
performed in a graphic-based interface window
which 1s provided by HOOPS software. Task
descriptions in each stage are described in de-
tail elsewhere™.

A message is sent {from a structural
component object which was created in the
system based on the developed computational
environment to a measurement object in client
processor 1 to do monitoring of acceleration
signals from the corresponding sensors to
identify damage. The measurement object(ac-
celeration) retrieves applicable network infor-
mation such as number of input nodes, signal
type(time-domain or frequency domain), signal
format (row or column vector), and sampling
rate, so that the incoming signal is tuned to fit
the trained networks. Then the incoming
signals are tested by invoking the applicable
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neural networks. Test results for the incorning
signal set are interpreted into symbolic format,
e. g. , damaged, normal, unidentified, and sent
back to the component object. The component
object invokes the measurement object(strain)
in client processor 2, if the message from the
client processor 1 indicates damage, to pin-
point possible damage location. Based on the
results the component object then invokes di-
agnostic reasoning to infer likely damage
cause and assess the severity and seriousness
of the damage. The real bridge model and
bridge data model created in the system are
shown in Figure 4, and an example message
passing is illustrated in Figure 5,

damage_id
|Component Object !
‘rd!rage_l.d:- . 1"’~-;‘ n -,
| ootawn_corresparding sensors, 2=~ (_sensor_info )

get_sensors~._ * .
| get_measurement_obp, °

4 ﬁ

! g ;
damagedOmot ) —LLJ—*
} } Sensor Obj;
s / —_—
: | 4 et_signal ! signal
1 Measurement Object _/y gnats

o_monitor

‘ signal_moratornng:- e
| open impx_stream, - /o ——
| swral_fetchung, e ’/—ﬂ
! signal naang, Wv\w«m- y
N testang, AN 4
i inerpretinc. k\ all_network
L e |
‘ ~all_ P
~ , /T
S~ test_results ) 4 Iw, = N
— AR I oaggguoes” :
=+ object T j“’".% i
_: data or attribute values e UL

i 1: foreign function

\
. neural net.”
-+ : message or data flow S

: response

Fig. 5 Message passing during health monitoring
3. Conclusion

A hybrid data model which amalgamates an
object-oriented modeling approach and logic
programming implementation i1s presented for
health monitoring and condition assessment of

instrumented structures. Based on the results
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the case study, the proposed hybrid model and

resulting computational environment are con-

sidered to be a viable foundation of an event-

ual smart structural health monitoring system,

The object-oriented approach is suited to rep-

resent various types of knowledge which are

necessary in health monitoring operation. De-

velopment of a hybrid implementation para-

digm reveals a number of advantages which

would not be obtained from any single para-

digm.
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