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Abstract

The present paper provides a description of the last release of a Knowledge Based System, AMADEUS 4.0, appropriately realized in order to support the operators in carrying out a set of procedures related to the postearthquake safety evaluation of buildings.


The System encodes a methodological proposal due to one of the Authors, and validated in occasion of the 1990 South-Eastern Sicily Earthquake. Such a methodology had formerly been translated in a series of written guidelines accompanying a questionnaire, appositely developed so as to perform the various phases leading to the assessment. While these latter conventional tools display a rigid and unfriendly platform to the inspectors’ task, particularly when considering the hard conditions that usually follow an earthquake, AMADEUS 4.0 captures and structures the knowledge of recognized experts in the field of seismic engineering, thus providing a flexible and transparent environment to the transfer of the encoded expertise to the operators.

1
Introduction

An emergency postearthquake damage assessment essentially consists in surveying the buildings in an area struck by a seismic event, in order to determine whether they still possess those characteristics and functionalities they have been designed for, or have experienced a substantial change in their original safety conditions.


Emergency damage inspections therefore constitute a preventive step to protect inhabitants against potential injuries, by recognizing the buildings weakened by the earthquake, and hence prone to further damages in case of aftershocks. The possibility to individuate habitable buildings and eventually suggest simple interventions of repairs then results in avoiding both waste of resources and unnecessary increase in the number of homeless people.


Unfortunately under emergency conditions the demand for experts or trained inspectors may exceed their immediate availability. As a matter of fact inexperienced technicians, unaware of specific guidelines and methodologies appositely developed for safety evaluation of earthquake damaged buildings, have often been assigned in the past such a difficult task.

1.1
Current approaches to the postearthquake usability assessment
Issues related to postevent surveying of buildings have only recently received the deserved attention. Methodologies have been developed in an attempt to rationalize the set of procedures leading to the habitability assessment. For example, references [1] and [2] address criteria for damage inspection and usability evaluation, as a result of the experience gained through the numerous earthquakes that have hit the Balcanian Area and Italy, respectively. More specifically, in [2] a questionnaire accompanied by a set of guidelines has been proposed, in order to suggest the appropriate steps to take during the inspection, and to support operators in making evaluations and decisions. General procedures and guidelines for safety building evaluation after a seismic event have also been set up by American and Japanese Institutions (see [3] and [4]).


Most of the existing usability assessment procedures rely heavily on the use of qualitative scales and subjective judgements expressed by the inspectors, being therefore potentially affected by lack of consistency in the rating of building conditions. On the other hand field manuals, generally consisting in a series of written guidelines accompanying a questionnaire, often reveal themselves as rigid and unfriendly tools to the operators, particularly when information are unavailable or affected by uncertainty of various source. Trying to find effective solutions to problems connected to the transfer of expert knowledge and reasoning strategies from experienced engineers to unskilled operators undoubtfully constitutes a complex task.

1.2
Proposed approach
The role of Artificial Intelligence as a powerful aid in solving complex problems, for which traditional procedural and algorithmic techniques have proven to be inadequate, has now largely been recognized. Expert Systems technology has allowed to encode empirical knowledge, and to develop advisory tools which support operators through the various processes of decision making.


AMADEUS 4.0 constitutes the last version of a prototype Knowledge Based System for assisting building inspectors during the emergency postearthquake damage assessment. Unlike a previous release, presented in [5], uncertainty arising when dealing with non numerical parameters and subjective judgements have explicitly been 

taken into account. More specifically, the use of the Fuzzy Set Theory has turned out to be fruitful and effective in the management of uncertain data and qualitative measures, in an attempt to cope with subjectivities and to reach a satisfactory level of uniformity in the evaluations provided by distinct operators.


The System has been developed using PROLOG. Some aspects of the methodology will followingly be illustrated and discussed; particular stress will then be put on issues related to the management of subjective uncertainty and qualitative information.

2
Methodological aspects
The methodology encoded in AMADEUS 4.0 aims to define the appropriate loads of reference, i.e. the loads for which the construction is considered to be safe as far as its use and occupancy immediately after an earthquake are concerned, and to ensure uniform criteria in the assessment of the safety level of the buildings.


The safety evaluation process has been modelled as a function of two principal factors, i.e. the structural risk and the complementary risk. The main dependency network is illustrated in Figure 1.




Figure 1.

Dependency network for postearthquake




     usability assessment.
Whenever the judgement on certain significant parameters involved in the usability evaluation (namely, geotechnical, structural and complementary risk) are particularly severe, as referring to extremely hazardous situations, it is possible to reach directly the decision of non habitability of the building. In the other cases, it is necessary to perform a combination between structural and complementary risk, leading to the final usability determination.


A safety posting procedure finally requires that appropriate coloured placards be fixed near the entrances to the inspected buildings.

The proposed posting choices are the following:

Red
Danger of collapse. The building is unsafe for occupancy or entry, except by authorities.

Orange
Safety still questionable. The site must be subjected to further evaluation by a geotechnical engineer or geologist.

Yellow
Repairs are needed in order to eliminate the observed dangerous conditions. The building can therefore be declared safe provided that the appropriate measures are adopted.

Green
The building appears to be safe, as the original load capacity has not significantly decreased. No restriction is posed on use and occupancy.

The sequence of the key steps individuated by the proposed methodology is schematized in Figure 2, which represents a synthetic flowchart for AMADEUS 4.0.

2.1
Structural risk
The definition of the structural risk, which plays a central role in the usability evaluation, constitutes an attempt to rationalize the emergency damage assessment, and to gain some insight into the behaviour of buildings in the unusual environment generated by the immediate postearthquake conditions.


The structural risk assessment consists in determining the existent or incipient hazard induced in the load resistant elements of the building. It depends on the geotechnical risk, on the parameters connected with the definition of the seismic scenario, on the damages suffered by the structural system, on the seismic vulnerability of the building itself.


The geotechnical risk is related to the soil consistency and stability, to the presence and nature of soil damages, to the characteristics of the foundations. The description of the seismic scenario leads to define the level and significance of the seismic test undergone by the building. It depends on the magnitude and intensity of the earthquake, the position of the construction with respect to the seismogenic area, the seismic history of the site, and the aftershocks forecast. The structural damage is considered variable through discrete levels of severity, ranging from no observed damage to the total collapse of the structure. The System provides the user a detailed description of the typical cracks and failures, also indicating their possible position and extension, according to material and kind of construction (reinforced concrete, masonry, steel, mixed structures). Finally the seismic vulnerability assessment, that is to say the evaluation of the building proneness to seismic damage, also involves considering typological and constructive aspects.


It should be noted that the usability decision is not exclusively based on the damages effectively suffered by the building but also, in case of sufficient availability of information, on the expected sequence of aftershocks as seismic reference loads to be resisted by the building itself. Furthermore, buildings located in areas where slope failures, large differential foundation settlements or other ground movements have occurred, are considered unsafe in spite of the fact they may not have suffered significant structural damage.




Figure 2.

AMADEUS 4.0: general flowchart.
2.2
Complementary risk
The complementary risk is typically referred to hazards associated with sources other than the previously mentioned ones. It depends on the nature and level of the nonstructural and external risk.


The nonstructural risk is related to the possible fall of more or less large portions of nonstructural elements and on the potential dangers which might be caused by damages to installations. On the other hand, the external risk may arise from damages and consequent unsafe conditions outside the building in question, and is connected with hazards induced on contiguous constructions and passageways.


As well as in the case of geotechnical and structural risk, the possibility to mitigate complementary risk by means of appropriate measures and the feasibility of repair intervention may have considerable influence on the final usability assessment.

3 Artificial Intelligence techniques in the management of uncertainty
A distinctive feature of AMADEUS 4.0 is the application of the Fuzzy Set Theory and Approximate Reasoning to the management of uncertainty. Literature on Fuzzy Set Theory developments and Approximate Reasoning applications is vast. A comprehensive introduction to the subject can be found in [6], while in [7] a collection of fundamental papers is presented.


Resorting to such a theoretical framework has been motivated by the fact that it provides a mathematical support to dealing with subjective uncertainties, not random in nature, which can be evaluated only by experience and professional judgement. As previously pointed out, complexity often arises in engineering problems, and most decisions are made with a shortage of numerical evidence and depend on informed opinion. Building evaluations are often expressed by means of  verbal statements (e.g., “the structure is moderately damaged” or “soil cracks are of significant entity”), with an intrinsic vagueness or fuzziness which eludes ordinary set or probabilistic representations.


Use of Fuzzy Set Theory in the development of AMADEUS 4.0, as it models the semantic flexibility inherent to linguistic terms and qualitative evaluations, has allowed to represent notions and concepts by means of linguistic variables, and consequently  to perform a semantic elaboration of information. Use of natural language in the realization of the interface has also given the opportunity to take the inspector’s degree of confidence in the collected data into account, and to represent the vagueness associated with qualitative information.


More specifically, aggregation operators and fuzzy relations, together with a compositional rule of inference (see [6] and [7]) have been utilized in the construction of the decision processes leading to the evaluation of the geotechnical risk. Furthermore, a well-established vertex method introduced in [8] has conveniently been employed in the assessment of the vulnerability and structural risk, both obtained as a result of weighted averages of fuzzy numbers corresponding to the judgements on the respective relevant evaluation elements.


On the other hand, production rules based on Plausible Reasoning have been specified in the development of other portions of the System. Differing from Fuzzy Reasoning, Plausible Reasoning is based on symbolic elaboration of information. It connects the identity of symbols in the premises and in the conclusions, and hence simply consists in deducing conclusions from acceptably evident facts.


To exemplify the representation of uncertain data, a description of the use of some of the reasoning methodologies mentioned above in the assessment of the geotechnical risk will be given through the following sections. According to [6], a widely known fuzzy set notation will be thoroughly adopted.

3.1
Management and representation of qualitative information
As previously mentioned, the geotechnical risk results from the assessment of three evaluation elements, i.e. (1) soil characteristics, (2) soil damage and incipient dangerous conditions, (3) kind of foundations. Figure 3 shows the kind of information required in order to assess the geotechnical risk.


Differing from the conventional procedures which require to fulfil a series of questions choosing only one from a set of predefined alternatives according to rigid guidelines, the System allows operators to select up to two plausible answers. Such a multiple choice is representative of the following possible situations, that is (1) incomplete evidence or availability of the information, eventually due to the unfavourable survey conditions and resulting in uncertainty between two alternatives, when selecting soil attributes and foundations structures, and (2) co-occurrence of sufficiently evident phenomena, as far as soil damage assessment is concerned.


Correspondingly, users can provide each datum with a judgement expressing, in the first case, the certainty (or reliability) of the information and, in the second case, the measure of the extension (or significance) of the observed soil damage. The System hence gives the possibility to deal with uncertainty and to handle incomplete definitions of certain parameters. Utilization of ill-defined data is therefore accomplished, preventing operators from rejecting or forcing them to assume certain determined values, with the consequent loss of part of information.


Qualitative estimations are represented as linguistic values of the variables information reliability and damage significance, respectively, ranging through distinct term sets of the kind (low, medium, high(, and defined as fuzzy subsets of a universe of five grades (from 1, corresponding to absolute unreliability of datum or absence of a given phenomenon, to 5, complete reliability or maximum significance).




Figure 3.

Evaluation elements for geotechnical risk assessment.

Formally, for the j-th (j = 1, 2) choice of the i-th (i = 1, ..., ne) evaluation element (ne ( (1, 2, 3() the linguistic judgement is represented as the fuzzy set
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3.2
Use of Fuzzy Reasoning in knowledge formalization
Several combinations of instances for the evaluation elements are then possible, each associated to a certain value of the geotechnical risk. For example, in case two choices are made for each of the evaluation elements, eight different combinations of three linguistic values must be taken into account. Nevertheless, under particular circumstances a conclusion may also be reached in case of absence of information about soil or/and foundations.


The decisional process is therefore composed of a multiplicity of paths, followed in parallel through subsequent levels of analysis, selecting and combining the partial conclusion so as to obtain a final result.


A global reliability/significance value Vc is then assigned to each of the nc combinations, as a result of performing a weighted average of the fuzzy sets corresponding to the estimations of the various evaluation elements, i.e.

V


where c = 1, 2, ... nc, and 

 is the relative weight of the expressed judgement, being
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the degree of membership of k in Vc.


The expert knowledge that relates the five levels of reliability/significance of each combination of evaluation elements to five levels lR of increasing risk has been structured in form of fuzzy relations Kc, stored in the System knowledge base. Comparison of the actual value Vc, derived from the input data, and the System knowledge Kc, is accomplished by the max-min composition, yelding the risk 

 associated with the c-th combination in the form
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 in the fuzzy relation Kc or, in other words, the degree of associations between elements k and 

. Note that the max-min composition can be interpretated as the fuzzy conditional statement “If Vc then 

 by Kc”.


Each 

 is then assigned a linguistic value Rc through a linguistic approximation procedure, according to the minimum distance measured between 

 itself and appropriate reference values, ranging from very low to very high. As a first approximation, a diffusely accepted semantic rule [7] has been followed in order to compute the meaning of the linguistic reference values. For instance, the criteria followed to define the terms very high and medium high from high and medium, respectively, are illustrated in Figure 4.
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Figure 4.

Computing the meaning of linguistic





 reference values.
3.3
Synthesis of the results

The partial risks Rc are finally combined according to the following decisional criteria:

1) at a first level, the highest risk between those corresponding to a fixed couple foundation/damage combined with two different soils is selected;

2) these risks are then aggregated according to appropriate production rules, keeping the type of foundation fixed and taking the worsening effect of two distinct concurrent damages into consideration;

3) the highest between the values corresponding to different foundations is at last chosen as the resultant geotechnical risk.

4
System updating
AMADEUS 4.0 can be activated to survey data directly on the field and to carry out immediately the usability assessment, as well as to evaluate information obtained from external files. Information gathered, together with the results of the evaluations, can be directly recorded on DBF format files. This fact allows to both perform new evaluations and effectuate simulations using ad hoc prepared data sets.


AMADEUS 4.0 is provided with an Updating Module that offers the possibility to intervene within the System itself, modifying it according to different situations or contexts.

4.1
Updating of the knowledge base
As far as the knowledge base is concerned, the following activities are supported:

· addition of new rules;

· removal or modification of existing rules;

· creation of new knowledge bases.

In case different knowledge bases are at disposal, the user can, while activating the Expert System, select the one he intends to apply in the current session.


Whenever a knowledge base is modified (or a new one is created) a control module is activated in order to check the internal consistency of the System: modifications (or new knowledge bases) are rejected whenever the consistency is not maintained.

4.2
Updating of the Help System
A System has been realized for AMADEUS 4.0 which incorporates the functions generally definable as Help and the performances proper to explanation modules. Such a Help System has been built on three different levels, respectively supplying:

· instructions referable to the screen, i.e. to questions posed by the System during the phase of data collection, to menus, and so on;

· information about the System and domain;

· explanation, illustration and report of the decisional processes subsequently carried out.

If appropriate, it is possible through the Updating System to retrieve and modify the texts used by the Help System.

5
Conclusive remarks
The philosophy at the base of AMADEUS 4.0 mainly focuses on the twofold question of how to utilize information and to deal with uncertainty in the form of general principles and representations. It constitutes an effort to explore the multiplicity of aspects of real world problems in the light of their common issue of handling knowledge and complexity.


System validation is in course. Particularly the definition of the membership functions representative of qualitative estimations and relations has constituted a critical aspect in the systematization of the adopted Fuzzy Set Theory approach. Membership grades have successively been adjusted according to experts’ suggestions, in order to appropriately fit and reproduce the reasoning structures underlying the general methodology of postearthquake usability assessment.
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