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ABSTRACT 

The problem of developing an expedient, yet credible approach to fire safety evaluation is 
addressed. Techniques of multiattribute evaluation from the field of management science offer 
a promising solution to this difficulty. The use of multiattribute evaluation in fire safety is 
described including techniques that are unique to this type of problem. Details are given on the 
identification of attributes, assigning attribute weights and values, and selecting an evaluation 
model. A five-step process for constructing a multiattribute model of fire safety evaluation is 
presented. The resulting robust structure can provide a means of coupling "hard fire safety 
science with inclusive fire risk assessment. KEYWORDS: Buildings, Decision Analysis, Fire Risk Assessment, Fire Safety Evaluation, Multiattribute Evaluation,

INTRODUCTION 

For many situations where a quantitative fire safety evaluation is desirable, detailed fire risk 
assessment may not be cost-effective nor appropriate. This could be the case where great 
sophistication is not required, where widespread use necessitates a standardized procedure. 
For example, the vast majority of existing buildings are not economically amenable to in-depth 
fire safety analysis. 

When formal optimizing algorithms or simulation models do not exist or are inefficient for the 
application, or where historical data is insufficient or too nonindicative to use statistical 
methods, there still may be some sensible things to do. Intuition and experience can often 
provide good but not necessarily optimal solutions. Procedures that work but do not have a 
formal underlying theory are called heuristics. 

One of the most common and most powerfid heuristic decision-making techniques is 
multiattribute evaluation, an approach supported by a large body of knowledge described in 
the literature of decision analysis and management science. Multiattribute evaluation is used to 
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develop s~rnpl~lied but robust models cf complex systems Values are asslgned to Important 
attributes of the problem based on professional judgement a:J esperiecce I hese .:a!iles are 
then operated on by some combination of aritmnetic fiitictions to amve at a single score or 
index The result is compared with other assessments or to a standard 

In fire safety, multiattribute evaluations are heuristic processes of modeling and scoring fire 
hazard and exposure factors to produce a rapid and simple estimate of comparative fire risk 
Selected attributes represent both positive and negative fire safety features that have varying 
degrees of accuracy in their measure men^ The process heuristically relates these attributes to 
produce a quick yet robust evaluation of fire safety. 

Multiattribute evaluations have been applied to a variety of hazard arid risk assessment projects 
to reduce costs, set priorities, and facilitate use of technical information. Fire safety 
applications of multiattribute evaluation are referred to by various names such as risk ranking, 
index systems, rating schedules, point schemes, and numerical grading. The most widely-used 
procedures have been reviewed in the literature [1,2]. These approaches typically use 
techniques of multiattribute evaluation in an ad hoc manner. 

The purpose of this paper is to define explicitly a structure for Fire Risk Assessment using 
Multiattribute Evaluation (FRAME). By closely following the tenets and models of the 
decision and management sciences, the robustness and credibility of multiattribute evaluation 
can be exploited. Robust fire safety evaluation can provide an important link between the 
complex scientific principles of theoretical and empirical models, and the less than perfect 
circumstances of nonlaboratory conditions found in real world applications. 

MULTIATTFUBUTE EVALUATION 

A multiattribute evaluation is an aggregation of system attributes into a single index to reflect 
an ordinal evaluation. Meteorologists, for example, realized that temperature alone does not 
represent the coldness of a winter day. They created the wind-chill factor from a combination 
of temperature and wind speed to measure overall cooling effect. Such multiattribute 
evaluations have been widely used in fire safety. 

By nature of the circumstances, fire safety decisions often have to be made under conditions 
where the data are sparse and uncertain. The technical parameters of fire safety evaluation are 
complex and involve a network of interacting components, the interactions generally being 
nonlinear and multidimensional. However, complexity and sparseness of data do not preclude 
useful and valid approaches. Such circumstances are common in decision making in business 
and other risk venues. Unless such problems are addressed, developments that could be useful 
to society may be inhibited. 

As implied above, fire safety decisions require more than one attribute to capture all relevant 
aspects of the consequences. If there are n attributes for a decision problem, x,, x,, x,, . . . , x,,, 
then an evaluation function E(x,, x,, x,, . . ., xJ needs to be determined over these measures in 
order to conduct a performance assessment. It has been shown by Keeny and Raiffa [3] that if 
tradeoffs among the attributes do not depend on the levels of the remaining attributes then a 
single measure of the overall outcome of a system is given by 



where the wiare weighting constants greater than zero and the &(xJ are normalizing hnctions 
of the attributes. 

Management science has long dealt wth this type of problem A large body of knowledge 
exists on the subject of Mult~attribute EL rzluation, closely related to Multiattribute Decision 
Analysis, Multicriteria Decision Making, and Multiattribute Utility Theory Literature 
describing multiattribute theory, methods, and a1jpLca:lons is extensive Sui~lmaries and 
descriptions of the principal methods are found in Yoon and Hwarig [.I], ar~d Nonis and 
Marshall [5] Essential components of multiattribute evaluation are the attributes, their weights 
and values, and the evaluation model for integration of these numbers 

ATTRIBUTES 

Multiattribute evaluation begins with the generation of a list of attributes that provides a means 
of evaluating goal achievements. These attributes, also called parameters, elements, factors, 
variables, etc., identify the ingredients of fire safety. 

Fire safety attributes are components of fire risk that are quantitatively determinable by direct 
or indirect measurement or estimate. They are intended to represent factors that account for an 
acceptably large portion of the total fire risk. Usually they are not directly measurable. This is 
especially true for existing buildings where only limited information is readily available. 
Attributes may be either quantitative or qualitative and both types of attributes are important. 
Selection of attributes should result in a set that is nonconflicting, coherent, and logical. 

Fire safety is a complex system with a large number of factors that may affect it. These factors 
can range from ignitability of personal clothing to availability of a heliport for evacuation 
Computational and cognitive feasibility limit our consideration to only a relatively small 
number of these variables. Also, it is intuitively appealing to postulate that safety from fire is a 
Paretian phenomenon in that a relatively small number of attributes account for most of the 
problem. This is supported by general fire loss figures that suggest a small number of factors 
are associated with a large proportion of fire deaths. It is necessary then, to identify as 
attributes some defensible combination of factors that account for an acceptable portion of the 
fire risk. 

USFA Study 

A study of fire safety effectiveness statements conducted for the US Fire Administration 
focused on logical and reproducible means of identifying key life safety variables [ 6 ] .  This 
study included an extensive survey of case histories, research and test data, logic diagrams, 
codes, fire models, reviews, inspection check lists, insurance rating schedules, and personal 
experience to identify a list of more than one hundred life safety variables. This large number 
needed to be reduced to a more appropriately-sized subset. 



Reduction was conducted in two steps The first pass screened the variables for redundancy, 
applicability, and whether they were components of a well-deiincd Bre safier;r sysie~n. Tius 
reduced the list to sixty-six variables. A second pans involved contingency analysis and 
fknctional analysis of each candidate variable to determine its independence and its importance. 
Table 1 is the list of nineteen key lifesafety variables or attributes resulting from this study. 
The attributes are placed into four groupings for convenience and clarity only. 

TARJ,E 1. Key Life Safety Variables 161 

FlRE DEVELOPMENT 
fire load 
rate of heat release 
toxicity of combustion products 
obscuration by combustion products 

FlRE SPREAD 
fire resistance of structural members 
fire resistance of exitway enclosures 
fire resistance of vertical shafts 
fire resistance of hazardous area separation 
compartmentation 

FlRE CONTROL 
automatic extinguishing system 
automatic smoke control system 
system maintenance 
suppression by municipal fire department 
suppression by in-house staff 

EXITING 
automatic detection system 
characteristics of occupants 
exitway dimensions 
remotenesslindependence of exits 
height of building 

Such a formal process is not typical for most multiattribute evaluations. Selection of attributes 
is usually more arbitrary, with correspondingly disparate results. Approaches to the selection 
of attributes generally fall into one of three categories; 1) Delphi, or some less formal 
consensus process that relies on expert judgement, 2) fire scenarios, ideally based on loss 
statistics, but usually employing subjective opinion, or 3) cut set of a hierarchical, success tree, 
providing an inclusive list. 

In the final analysis, it is most important that the evaluation vector include only those attributes 
that vary significantly among buildings and for which the variation is considered meaningful. 

ATTRIBUTE WEIGHTS 

Not all fire safety attributes are equally important. The role of weight serves to express the 
importance of each attribute compared with the others. Hence the assignment of weights is a 
key component of multiattribute evaluation. 



Although assigning weights by an ordinal scale is usually easier, most multiattribute evaluation 
methods require cardinal weights. The attribute weights are generdiy normalized to sum to 
one, i.e., ify, is the raw weight of attribute i, then 

and 

This produces a vector of n weights given by W = [w,, . . . ,wi,. . . ,w,] where w, is the resultant 
weight assigned to the ith attribute. 

This relative importance of attributes is defined to be constant across building evaluations. 
Many weight assessment techniques are used in multiattribute evaluation. To the extent that 
appropriate data is available, statistical regression is the preferred method of establishing 
attribute weights. In fire safety this data is often lacking or not indicative of hture trends and 
technology. More subjective hierarchical methods have been found effective. 

A hierarchical matrix approach to developing attribute weights was derived in the Edinburgh 
study of fire safety in health care facilities [7,8]. The method uses a hierarchy of decision 
making levels to generate weights that identify the importance of each fire safety attribute. A 
particular significance of the method is that the resulting vector is a transparent weighting of 
attributes with an explicit link to declared fire safety goals and objectives. 

The Analytic Hierarchy Process (AHP) is a powerfbl multiattribute evaluation technique. It has 
been success~lly used to generate attribute ratings as discussed in the next section. However, 
it may be awkward for establishing attribute weights. For practical purposes the set of 
attributes used with AHP should be limited to six or seven. Above this number maintaining an 
acceptable level of consistency in the method is difficult. Most fire safety evaluations deal with 
fifteen to twenty attributes. Theoretically this constraint can be overcome by partitioning the 
group of attributes into sets of seven or less. In fire safety evaluation such partitions may 
compromise independence assumptions or the logic of the hierarchy. 

ATTRIBUTE VALUES 

Individual buildings will vary in the degree to which each attribute exists or occurs. Attribute 
values, also called ratings or grades, are measures of the intensity, level, or degree of danger or 
security afforded by the attributes in a particular application. To the extent applicable, fire 
dynamics, f r e  models, and evacuation simulations can be used to identify ranges of attribute 
values. However, the selected attributes may be either quantitative or qualitative and methods 
to make them commensurable are necessary. 

Scaling techniques can be used to capture the essential meaning of a qualitative attribute and 
develop a scale upon which a surrogate measure or value can be based. Quantitative attributes 
are readily measured or quantified but may require judgement to convert to a compensatory 
measure. Scaling identifies each individual attribute so that valid and reliable differences among 
objects can be represented [9,10]. 



No scaling model has more intuitive appeal that the Likert scale [lo!. Likert scaling rates 
attributes as 1,2,3,4, or 5, reading from ufiCavorable to favorabie. A five-point L i e n  scale is 
used predominantly but a more detailed scale such arr a seven-point or nine-point scale can also 
be used if its application does not create undue cognitive stress. 

Normalization of Data 

In a typical compensatory evaluation procedure, good performance of one attribute can at least 
partially compensate for low performance of acother attribute. This is also called tradeoff or 
equivalency. Accommodating tradeoffs of low versus hi-gh performance among attributes 
generally requires normalization of incommensurate data. 

Each quantitative attribute typically has a different unit of measurement. Since multiattribute 
evaluation scoring generally require a homogenous data type, data transformation techniques 
become necessary. Quantitative attribute values must be normalized to a scale that is common 
for all attributes. This is accomplished by constructing a normalizing function &(xJ for each 
attribute i .  Normalization aims at obtaining comparable scales that allow interattribute 
comparison. Consequently, normalized values have dimensionless units and the larger the value 
becomes, the more preference it has. 

Fire safety attributes may be beneficial or detrimental. Beneficial attributes offer monotonically 
increasing utility, the greater the attribute value, the more its preference, for example fire 
resistance. Detrimental attributes are monotonically decreasing in utility, the greater the 
attribute value the less its preference, for example, rate of heat release. Nontnonotonic fire 
safety attributes are uncommon. 

The most common form of normalization is linear. For beneficial attributes the normalized 
value of attribute i, ri, is given by 

Where xi" is the ceiling or maximum value of xi, and xiV is the floor or smallest value of xi. 
Thus, the expression x ~ - x ~  is the range of all values of attribute xi. The resultant values have 
the characteristic that Osri< l and the attribute is more favorable as ri approaches 1. If, as often 
happens, xy=O, then the normalized value is given by the ratio of the attribute value to the 
maximum value, ri=xilx:'. 

The linear normalized value of a detrimental attribute i, is given by 

Again, the resultant values have the characteristic that O<ri< 1 and have been adjusted to be 
consistent with beneficial attributes so that the attribute is more favorable as r: approaches 1 



Where quantitative and qualitative atti-ihutes are mixed, the normalized values need to be 
multiplied by the modulus of the Likert sca!e used for the qualirarive artrioutes. Eor example if 
a five-point Likert scale is used for qualitative diii a, t hec the normalized values should be 
multiplied by five. This is essential to maintain the compensatory capability of the evaluation. 

Decision Tables 

Attribute valuation can be simplified by petitioning the attributes into measurable constituent 
parts. Usually these parts will be directly obse~;,able survey items. A survey item is a 
measurable feature of a building or building space that serves as a constituent part of one or 
more attributes. Sometimes intermediate subattributes are also used. 

Decision tables are common in analysis and documentation for providing orderly 
representation of information flow in elementary decisions. While many decisions can appear 
simple by relative comparison, their underlying logic may often be complex. The tabular 
approach is used to express decision logic in a way that encourages reduction of a problem to 
its simplest form by arranging and presenting logical alternatives under various conditions. 

Decision Tables have been found effective for developing fire safety attribute values from 
survey items and subattributes [I 11. Three properties contribute to their effectiveness in 
multiattribute evaluation. Decision tables; 1) they provide a disciplined way to assign values to 
fire safety attributes using data on survey items, 2) they provide a concise and standardized 
documentation of the detailed design of a multiattribute evaluation, and 3) simplify transition 
to computerized application. 

Analytic Hierarchy Process (AHP) 

Values for fire safety attributes can also be developed using painvise comparisons and the 
Analytic Hierarchy Process. AHP has been widely reviewed and applied in the literature and its 
use is supported by several commercially available user-friendly software packages. Using 
A m ,  the relative importance of each survey item or subattribute is determined by setting up a 
square matrix, A, and making pairwise comparisons. 

For each attribute, the set of survey items and subattributes that determine the value of the 
attribute is identified. Then, each pair of items in a set is examined and a subjective 
determination made as to which is more important (preferred) and to what extent. So that 
matrix element a, represents how much item i is preferred over item j. The degree of 
preference is assigned from a Likert scale of one to nine. For n items there will be n(n-1)/2 
such comparisons. Overall relative importance of each item can then be calculated from the 
matrix using any of several methods. The best-known and most supported by commercial 
software is the eigenvalue prioritization method [12]. 

When using pairwise comparisons and AHP, the number of subattributes or survey items for 
each attribute should be limited to around seven. This number is congruous with the theory 
that seven plus or minus two represents the greatest amount of information that an observer 
can give us about an object from an absolute judgement [13j. 



EVALUATION MODEL 

A multiattribute evaluation may be viewed as a vector of attributes. Transformation of this 
vector to an appropriate scalar value is the purpose of the evaluation, i.e., formulating an index 
to represent the effectiveness of the system. In fire safety we do not yet have a thorough 
understanding of the functional relationships among components so the simple heuristic 
scosng teckiciiis of ad&ti-;e weightifig or scalar 1;roduct is the most widely used. 

An index or score is calculated by adding the c~ntribution from each attribute. Since two items 
with different measurement units cannot be added, a common numerical scaling system such as 
normalization, is required to permit addition among attribute values. The total score for each 
evaluation then can be computed by multiplying the value for each attribute by the importance 
weight assigned to the attribute and then summing these products over all the attributes. 
Formally the evaluation score, S, in the additive weight method can be expressed as 

where wi is the weight of attribute i and ri is the normalized value of attribute i .  Thus, the 
numeric evaluation is the scalar product of the weighting vector and value vector. 

An underlying assumption of additive weighting is that attributes are preferentially 
independent. Less formal, this means that the contribution of an individual attribute to the total 
(multiattribute) score is independent of other attribute values. Therefore preferences regarding 
the value of one attribute are not influenced in any way by the values of the other attributes 
[14]. Fortunately, studies [15,16] show that additive weighting yields extremely close 
approximations to "real" value functions even when independence among attributes does not 
exactly hold. 

This model permits very lenient assumptions about individual components of a scale. Nunnally 
[17] suggests that because each item may contain considerable measurement error or 
specificity, the importance of this additive model is that it does not take any particular item 
very seriously. Additive weighting also assumes that the characteristic weights are proportional 
to the relative value of a unit change in each attribute's value function. This is what makes the 
method compensatory. 

Other evaluation models that have been used in fire safety include weighted product and AHP. 
In the weighted product model attribute values are multiplied. Weights become exponents 
associated with each attribute value; a positive value for benefit attributes and a negative 
power for cost attributes. Formally the evaluation score, S, using the weighted product method 
can be expressed as 

where wi is the weight of attribute i and xi is the value of attribute i .  



A weighted product model may produce more variability in results than additive weighting. 
Since the attribute values are multiplied, a snall measurement error in one axtribute can 
generate a significant variation in the score. Ths ~:~d:~:es the model less appropriate when 
attribute values are the result of subjective determinations with potentially large variances. 
Weighted product is the evaluation model in the Gretener method used in Europe and 
Australia [la, 191. 

T k  ha!ytic B~ia ich j :  Praces; discussed in the pre\io'ris scctior, or, sttribute vs!ues is  SO 
used as a multiattribute evaluation scoring method It has been adapted to the Edinburgh 
model for a study of fire safety in dwellings [22] However, in a fire safety evaluation, this 
technique has its limitations. 

AHP is not as intuitive or transparent as the arithmetic combining of attribute weights and 
values. Also, as has been previously discussed, it significantly restricts the number of attributes 
that can be considered. Judgements of pairwise comparisons quickly becomes cognitively 
onerous as the number of attributes increases. Seven attributes produce twenty-one pairwise 
comparisons which is approaching the maximum reasonable effort for this process. Even AHP 
computer software limits the number of attributes to nine. Finally, AHP can be subject to 
distortion and rank-reversal. However, this does not seem to be a concern if the practical range 
of the attribute values is known. 

SUMMARY 

Fire safety evaluation involves many factors that are hard to assess in a uniform and consistent 
way. Analysis of such a complex system is difficult but possible as evidenced by activities in the 
fields of nuclear safety and environmental protection. Detailed fire risk assessment can be an 
expensive and labor intensive process. Multiattribute evaluations are popular because of their 
high utility and relative ease of application. 

The purpose of a multiattribute evaluation is to provide a useful aid to decision making. 
Usefulness requires the methodology to be simple yet credible. Applying it must be easy but 
sophisticated enough to provide a minimum of technical validity. Credibility can also be 
improved through consistency and transparency. The approach should be systematic and 
clearly discernible to all interested parties that the relevant technical issues have been 
appropriately covered. 

Specific steps for setting up a fire risk assessment procedure using multiattribute evaluation 
are outlined below. Buildings with the same set of attributes but differing in attribute values 
can use the same procedure for evaluation. If a group of buildings has a different set of 
attributes, then a new procedure to evaluate these buildings can be constructed. Setting up a 
procedure for fire safety evaluation involves five basic steps. 

Step 1. Identifl the set of attributes that characterize fire safety in the group of buildings to be 
evaluated. These attributes must be generated for each application where the important 
characteristics have significant differences. The number of attributes depends on the nature of 
the problem. 



Step 2 Develop an importance weighi for each attribute. These weights will remain constant 
for the specific group of buildings being evaluated 

Step 3. Develop methods for assigning values to each attribute for each building. This is the 
most challenging step and requires the most documentation for credibility. Likert scaling 
should be used for qualitative attributes and survey data must be normalized to commensurable 
units. 

Step 4. Select an evaluation model. The additive weighting model is recommended for its 
simplicity and extensive history of use in fire safety and other decision science applications. 
Implement the model by collecting data on buildings to be evaiuated, converting this data to 
attribute values, and applying the evaluation model to calculate the index or score for the 
building. 

Step 5. Validate and calibrate the evaluation procedure. Validity indicates the procedure 
measures what it was designed to measure. An evaluation procedure cannot be proven valid. 
Instead, evidence is collected either to support or refute validity. When a sufficient amount of 
data supporting validity is amassed, the procedure is declared to be valid. If evaluation includes 
a norm or acceptable level, then the procedure must also be calibrated. 

In addition to these procedural steps, criteria have been proposed as an aid in future 
development and assessment of fire safety evaluation procedures [21]. An example of the 
application of this structure to fire risk assessment for network integrity in telecommunications 
facilities is presented elsewhere [22]. 

Multiattribute evaluation is a simple but effective technique from the field of decision analysis 
that can deal with the complexity of fire risk assessment. In this approach each building is 
represented by values on each of several attributes and each value is weighted by the 
importance of the corresponding attribute. Complexity in evaluation is thus reduced by dealing 
with one attribute at a time. Complexity in integration of these values is reduced by applying a 
simple mechanical formula. 

While performance-based fire safety design is being developed to address five to ten percent of 
new buildings, multiattribute evaluation focuses on the other end of the scale of building 
sophistication. Where it is efficient to assume that the identified parameters adequately address 
the fire risk, multiattribute evaluation has been found effective. The insurance industry has long 
used this approach. In the U.S., multiattribute evaluation is widely accepted as an alternative to 
the Lijie Safeq Code [23] for certain occupancies [24], and for all existing buildings covered by 
the BOCA National Building Code [25]. 

Many multiattribute evaluation algorithms can be easily executed on personal computers. The 
electronic spreadsheet is an especially powefil tool for multiattribute evaluation analysis. It 
can readily store and manipulate evaluation vectors. A large number of commercial software 
packages are available for additive weighting and AHP scoring methods. Several computer 
programs specific to fire safety evaluation have also been developed, including ALARM [26], 
COFRA [22], FREM [19], and PC-based FSES [27]. 



Multiattribute evaluation produces a rneaningfid index from multidimensional information to 
evaluate fire safety. It is a relatively simple model that does not rely exclusively on 
demonstrated principles of physical or managernerrt ssizace. Still, its credibility is enhanced to 
the extent that such principles are employed. 
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