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Abstract. It is known that interpretation always conveys a certain degree of subjectivity, which disappears as soon as interpreted data are stored in a computer database and may lead to dangerous approximation and possibly to fallacious conclusions. To avoid this oversimplification, it is suggested to use fuzzy databases, in which attributes may have a fuzzy nature and be indexed by a numerical coefficient, the fuzzy coefficient, which can be interpreted as the degree of confidence the researcher has in each possible assigned value. This paper reports the results of an experiment using a “fuzzy typology”, in order to evaluate the applicability of fuzzy logic into the archaeological research.

1
Fuzzy Logic and Fuzzy Sets – Theoretical Aspects

Fuzzy set theory has at its basis a logic that much resembles the way humans think and rationalize when required to articulate decisions based on uncertain or partial information. In more precise terms, it is a specific way of reasoning, based on mathematical tools that are particularly developed to represent, quantify and manipulate ambiguous and uncertain data, and thus resolve in an elegant and simple way decision problems based on such data (see Zadeh 1965, Mamdani and Gaines 1981, Fox 1981 but Haack 1979). Therefore, fuzzy logic is a simple method to derive precise solutions and to draw articulated conclusions from sometimes vague, incomplete or approximate data (as in many cases when archaeological data are dealt). 

In a way, fuzzy logic is an extension of the classical Aristotelian – Boolean logic, in the sense that it implements linguistic variables in a continuous (and quantitative) range of truth-values, eliminating the problematic of intermediate or uncertain values. Thus, the classical “Law of the Excluded Middle” – a proposition can be either false of true: type A or not type A – is modified by broadening the range of true by introducing “several possible truths” and evaluating their “certain degree of truth”: possibly type A, and if yes, its degree of prevalence.
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Figure 1. Graphical representation of the concept “range of truths”
It should be specifically stated that fuzzy logic has little to do with probability statistics: for example, the probability statement “artefact α has a 70% chances to belong to type A” is different from the fuzzy logic statement “artefact α’s degree of membership to type A is 0.7”. While in the first case, the probability statistics tell us that there is a high chance that the respective artefact belongs to type A and upon it we may decide where to classify it to type A, or not, the fuzzy logic statement tell us that artefact α’s degree of membership to type α is 0.7, a (subjective) degree of belief of the assertion “the artefact α belongs to type A”. In other words, a fuzzy logic statement may be viewed as a communicating method of the reliability of the assignment “artefact α belongs to type A”, from the researcher’s point of view. 

A particular application of fuzzy set theory regards the processing of classes, groups or types of data, with no clear-cut, exactly defined boundaries between them. For example, the descriptive variable angle of retouch, extensively used in definitions of flint tool types, may have several potential values, like “abrupt”, “semi-abrupt” or “low”, which not always correspond to exact angles, or, even if so, when translated into real work, few are the typologists who actually measure them. The problem becomes more acute if these variables are used as defining criteria of types, sometimes with a blur boundary between them: a scraper versus a retouched flake, or a truncation. 

The following example will (hopefully) clarify some simple aspects of fuzzy logic application to typology, a major research tool of archaeology, which serves as an integrated base for any archaeological reasoning.

2
An Archaeological Experiment

In order to exemplify the problematics of typological research in archaeology, we performed an experiment in which five different researchers were asked to perform a typological analysis of an assemblage consisting of fifty tools originating from a proto-historic site in Israel. All researchers were given the same type-list of twelve main tool-types and an additional “varia” group, for artefacts not fitting into any other classes. The results of the experiment are presented in table 1. 

Table 1. (traditional) Inventory lists of a same assemblage (N=50), as performed by five different researchers
	Referee
	I
	II
	III
	IV
	V
	Mean

	Scraper
	0.20
	0.32
	0.28
	0.06
	0.06
	0.18

	Tabular Scraper
	0.00
	0.00
	0.02
	0.02
	0.00
	0.01

	Borer
	0.14
	0.06
	0.20
	0.12
	0.10
	0.12

	Burin
	0.02
	0.04
	0.00
	0.00
	0.02
	0.02

	Truncation
	0.10
	0.00
	0.08
	0.06
	0.00
	0.05

	Retouched Flake
	0.14
	0.18
	0.08
	0.18
	0.24
	0.16

	Notch
	0.20
	0.06
	0.02
	0.22
	0.12
	0.12

	Denticulated
	0.04
	0.12
	0.16
	0.20
	0.22
	0.15

	Retouched Blade
	0.10
	0.12
	0.00
	0.06
	0.12
	0.08

	Sickle Blade
	0.02
	0.06
	0.16
	0.02
	0.04
	0.06

	Retouched Bladelet
	0.02
	0.02
	0.00
	0.00
	0.00
	0.01

	Bifacial
	0.02
	0.02
	0.00
	0.00
	0.00
	0.01

	Varia
	0.00
	0.00
	0.00
	0.06
	0.08
	0.03


Highlighted are the most common tool-types for each of the inventory lists. The table clearly shows that while for the first three researchers scrapers are most common, for the fourth one notches are dominant and for the fifth, retouched flakes.

Furthermore, a comparison was performed between the results, testing the H0 hypothesis that there is no difference between the lists. Each referee’s inventory list was used as expected values and compared with other lists as observed values, each in its turn. The process was repeated for each referee. The chi-squared critical acceptance values between the various inventory lists are presented in table 2.

Table 2. Chi-squared critical acceptance values of the (traditional) inventory lists, by different archaeologists 
	Chi-squared critical acceptance values

	Referee
	I
	II
	III
	IV
	V

	I
	
	0.001
	0
	0.001
	0

	II
	0.001
	
	0.025
	0
	0

	III
	0
	0
	
	0
	0

	IV
	0
	0
	0
	
	0.1

	V
	0
	0.025
	0
	0.1
	


As shown both in tables 1 and 2, it is clear that there are high differences between the inventory lists, even though there should be none, since the artefacts were the same, and all researchers used the same type-list. 

The results therefore represent the subjective imterpretation of each researcher, and not necessarily an archaeological truth, which at this state remains obscure. Consequently, having five different results, several questions can be posed: who should be nominated as a “trusted” researcher? How this uncertaneity of results can be managed, if at all? Moreover, if these results are so markedly different, can typology be still considered a valid scientific tool, since it could not be replicated even in these simple, “laboratory” conditions? 

3
Fuzzy Sets and Archaeological Typology

An alternative approach to typological classification is proposed herein, taking into consideration fuzzy logic methods, adapted in a simple way to archaeological classification and which may increase the reliability of typological research, quantifying and diminishing its subjectivity. A starting point of this process would be still the classification in the traditional way, by attributing each item to a type. However, since the basic concept of the fuzzy logic is that there are “several possible truths”, an item can be classified into more than one type (table 3). 

Table 3. The fuzzy classification method: an example

	
	Type A
	Type B
	Type C
	Type D
	Type E
	Type F

	Item 1
	0.5
	1
	0.1
	0
	0
	0

	Item 2
	0
	0
	1
	0
	0
	0

	Item 3
	0
	0.2
	0.7
	0.7
	0.3
	0

	Item 4
	0.7
	0
	0
	0
	0
	0

	Item 5
	0
	1
	0
	0
	0
	1


For example, if there are some doubts for the classification of an item, there is no need to firmly decide (in concordance to the Law of Excluded Middle), but instead we can apply the fuzzy logic approach and express this doubt by classifying it into several groups. Moreover, each classification is given a grade, reflecting the typologist’s belief on the “degree of belonging” of an item to the specified type. 

For example, the first line of table 3 is read as follows: item 1 belongs for sure to type B, but there is quite a high possibility that it belongs to type A as well, and a slight one to type C. The second item is better defined, since it is classified only to type C, while the third one has few characteristics that enables a robust classification. 

Important to note is that these numbers are a mark given by the typologist to himself, quantifying his degree of belief in his classification, and not a statistical number, therefore there is no need to arrive at the end of the line to 1 (or 100%), as exemplified by item 5, which can belong to type A or to type F. 

The next step is to calculate the fuzzy index, which is R – the “reliability” index of each item, calculated by the formula presented below. 
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This index jointly takes into account the spread of possibilities assigned to each item (the number of different classifications considered possible for that item) and the highest index, considered as the most reliable assignment. As shown by the formula, there is an inverse relation between the value of R and the number of assignments for each item. Thus, the proposed inventory list would emphasize all alternative classifications and the reliability index R of each item (table 4). 

Table 4. A fuzzy inventory list (abridged) by one referee
	Item No.
	1
	2
	3
	4
	5
	6
	7

	Scraper
	0.7
	
	
	
	
	
	

	Tabular Scraper
	
	
	
	
	
	
	

	Borer
	
	
	
	
	
	0.5
	

	Burin
	
	1.0
	
	
	
	
	

	Truncation
	
	
	
	
	
	
	

	Retouched Flake
	
	
	1.0
	
	0.8
	
	0.8

	Notch
	
	
	1.0
	1.0
	0.8
	
	1.0

	Denticulated
	0.9
	
	1.0
	
	0.5
	1.0
	

	Retouched Blade
	
	
	
	
	
	
	

	Sickle Blade
	
	
	
	
	
	
	

	Retouched Bladelet
	
	
	
	
	
	
	

	Bifacial
	
	
	
	
	
	
	

	Varia
	
	
	
	
	
	
	

	R
	0.51
	1.00
	0.33
	1.00
	0.30
	0.67
	0.56


There are several immediate implications to the use of a fuzzy classification: problematic items are easily identified (by a low R) and can be further excluded prior drawing conclusions from the analysed assemblage. Moreover, modal types can be easily identified and decided upon their integration into a single type (table 5). 

Table 5. Modal typologies according to the fuzzy typology, by researchers

	Ref.
	Modal Typologies

	I
	Notch
	Scraper
	Denticulated

	II
	Scraper
	Retouched Flake
	Denticulated

	III
	Scraper
	Borer
	Retouched Flake

	IV
	Notch
	Denticulated
	Retouched Flake

	V
	Denticulated
	Retouched Flake
	Notch

	Mean
	Denticulated
	Retouched Flake
	Scraper


Another index deriving from the R’s of each item is a global index of the assemblage, calculated as an average of all R’s and expressing the “degree of confidence” of the researcher in his classification. This index can be used as a criterion for accepting or rejecting typologies performed by others and to be included into a synthesis. Thus, at the end of the classification process using the fuzzy logic approach, one should be able to identify problematic items and consider to exclude them from a final list, and identify modal types and merge them into one group and thus reduce the “noise” of the ambiguity of problematic items. Another approach would be to maintain all alternatives and present (quantify) the subjective aspects of the typology. Moreover, one may choose to accept or reject inventory lists, according to their overall reliability index R.  

4
Fuzzy and Traditional Typologies – a Comparison

An alternative typological list, taking into account the fuzzy values for each assignment, was computed, its results being presented in table 6. The relative values of each type were calculated as a percentage of the sums of all assignments given to a certain tool-type. 

Table 6. (fuzzy) Inventory lists of a same assemblage, as performed by five different researchers

	Referee
	1
	2
	3
	4
	5

	Scraper
	0.14
	0.26
	0.24
	0.05
	0.06

	Tabular Scraper
	0
	0
	0.02
	0.02
	0

	Borer
	0.12
	0.07
	0.2
	0.13
	0.07

	Burin
	0.01
	0.04
	0.01
	0.08
	0.02

	Truncation
	0.08
	0
	0.05
	0.08
	0

	Retouched Flake
	0.12
	0.17
	0.15
	0.14
	0.23

	Notch
	0.18
	0.12
	0.05
	0.24
	0.14

	Denticulated
	0.14
	0.14
	0.12
	0.2
	0.27

	Retouched Blade
	0.09
	0.1
	0.03
	0.05
	0.09

	Sickle Blade
	0.06
	0.05
	0.11
	0.04
	0.03

	Retouched Bladelet
	0.01
	0.01
	0
	0
	0

	Bifacial
	0.03
	0.04
	0.02
	0
	0.07

	Varia
	0
	0
	0
	0.06
	0.09


In order to evaluate the differences between the fuzzy inventories, chi square tests were performed between them, the results showing higher acceptance values (table 7) than those of the comparison between the traditional inventories (figure 2).

Table 7. Chi-squared critical acceptance values

	Chi-squared critical acceptance values

	Referee
	I
	II
	III
	IV
	V

	I
	
	0.75
	0.005
	0.1
	0.01

	II
	0.25
	
	0.005
	0
	0

	III
	0.1
	0.025
	
	0
	0

	IV
	0.5
	0.01
	0
	
	0.05

	V
	0.05
	0.1
	0
	0.1
	





Figure 2. Chi-squared critical acceptance values

5
Conclusions

It has been shown that the application of fuzzy logic concepts into archaeological classification increases the reliability on typological research, by quantifying and diminishing its subjective nature (see Hermon and Niccolucci 2002). 

Additional contributes to the archaeological research are:

1. It helps to identify problematic items, which have a low reliability index, and therefore may introduce uncertainty into the inventory list. These items may be transferred to an alternative group, labelled as “fuzzy items” and considered not to be taken into account when archaeological conclusions would be derived from the inventory list.

2. It indicates modal types, which perhaps require a sharper, more crisp definition, or alternately, merge them into a single type.

3. The reliability index R may be viewed (as suggested by M. Doerr, personal communication) as the distance of the item from the ideal type it represents and thus have a clearer idea about the definition of the type and its usability for the classification of a certain material culture using a given type-list. 

4. An average of the reliability indexes of each item, i.e. the R of an assemblage, may be used a criterion to include or exclude a given assemblage into a synthesis.  

5. The method is easily applied to any typology, independent of its geographic origin or time period. 
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Note difference of ‘totally reject the null hypothesis’ values





































































































































































































































































































































































































Only fuzzy typologies have critical acceptance values higher than 50%
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False – Item does not belong to type





True – Item belongs to type
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Item possibly belongs to type
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