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FORMALLY DEFINING
THE TIME-SPACE-ARCHAEOLOGICAL CULTURE RELATION:
PROBLEMS AND PROSPECTS

1. INTRODUCTION

Archaeology is the discipline that investigates past events, through analy-
sis of material culture and their context of finding. Common investigations are
chemical-physical properties of artefacts and their context, geometric shape
and texture, measurements or observations, or use wear signs and residues
on their surface. Taphonomic factors, tradition, dexterity of artisan, style,
overall savoir-faire, etc. are considered when interpreting the results of such
analyses. Based on the results from above, categories are built for comparative
studies, in order to reconstruct past social, cultural and economic structures.

Crucial in this intellectual exercise is their positioning in distinct time and
space units. Absolute dating, references to historical notes, and other dating
methods are applied to set the time frame of such remains; their geographic
location is usually defined by the extent of their consistent appearance over
a given area. Despite the recognised importance of this triumvirate (time-
space-form) there are few attempts to formally describe this relationship;
the challenge becomes particularly acute in modern times, when large digital
infrastructure datasets become common, and more data is interconnected and
available for further re-use. The article proposes a fuzzy logic based approach
to formally represent the time-space-archaeological culture relation and
discusses its possible implications to the archaeological research. Fuzzy logic
and its related fuzzy sets theory have been successfully applied in the past to
various aspects of archaeological research, such as typological classification
(HErMON, Niccovrucct 2002, 2003; HERMON et al. 2004), definition of
temporal boundaries of survey data (FARINETTI et al. 2010), and 3D visual-
isation aspects of virtual reconstructions (HERMON et al. 2006; NiccoLuccr,
HermMonN 2010; HERMoON 2012).

2. A BRIEF HISTORY OF RESEARCH

The relation time-space has been a topic of research since a long time
and across many disciplines (SMART 1964), social sciences and archaeology
being among (e.g. WILLEY, PHILLIPS 1958; Lucas 1973; FoucauLt 1974;
SHACKLE 1978; FABIAN 1983; THRIFT 1983; BAERT 1992; FLETCHER 1992;
MURRAY 1999; Lucas 2003; see also DopGsHON 1999 for a discussion on
time-space compression). Understanding how space and time influences the
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nature of material culture (SPAULDING 1960; CHANG 1967; COCHRANE 2002)
is essential to any classification-based archaeological research (Rouse 1960;
SokAL 1966; DUNNELL 1986; ADAMS, ADAMS 1991; O’BrIEN, Lyman 2003),
while the vagueness and uncertainty of such process has been described else-
where (HERMON, Niccorucct 2003; HERMON et al. 2004).

Types and classes were regarded as archaeological measurement units
(DUNNELL 1971; RAMENOFSKY, STEFFEN 1998) upon which taxonomic units
(FoLEY 1987) can be built and cultural developments explained (WILLEY,
PaiLLips 1958; BoyDp, RiIcHERSON 1985; GAMBLE et al. 2005). Archaeolog-
ical cultures were described as an arbitrary segment in time-space (WILLEY,
PaiLLirs 1958) defined by «...reference to its imperishable content and
whatever “common social tradition” can be inferred therefrom...» (PHILLIPS,
WIiLLEY 1953, 617). Understanding and quantifying the contribution of each
of its three main components-form, time and space is therefore fundamental
(PaILLIPS, WILLEY 1953).

During the 60’s and 70’s of the last century, seriation (KENDALL 1969,
1971) and its associated statistical methods (e.g. MARQUARDT 1978; BRAIN-
ERD 1997; Ium 2005) were proposed as a framework to discuss time-space-
form relationship O’BrIEN and Lyman (2002) described how artefact-types
are constructed by archaeologists as time measurement units, while their
variation may fine-tune this process. Consequently, based on sets of attrib-
utes, they identify historical index types, or horizon-styles, which cover large
geographic areas over brief time periods, versus historic types, or temporal
types, appearing over a long time period but of little geographic distribution.

Papers in the 70’s-90’s of the last century discuss time and temporality
in archaeology and their impact on the archaeological research (LEONE 1978;
TRIGGER 1978; SHANKS, TILLEY 1987a, 1987b; KNarr 1992; StaHL 1993;
CrLARK 1994; GOSDEN 1994; THOMAS 1996; RAMENOFSKY 1998; KARLSSON
2001; OLIviEr 2001; BAILEY 2007; HoLDAWAY, WANDSNIDER 2008). The con-
cepts of space, spatiality and scale became central (ROssIGNOL, WANDSNIDER
1992; PEUQUET 1994; VAN DER LEEUW, MCGLADE 1997; LoCK, MOLYNEAUX
2003), in particular in research performed within Geographic Information
Systems and data visualisation (ALLEN et al. 1990; Lock, STANCIC 1995;
WHEATLEY, GILLINGS 2002; ANDRIENKO et al. 2003). Statistical (probabilis-
tic) methods (ANDRIENKO, ANDRIENKO 2005) were proposed to quantify the
uncertainty of temporal positioning of archaeological events (CASTLEFORD
1992; WANDSNIDER 1992; HarrIS, LOoCk 1996; DALy, Lock 1999; JoHNSON
2004; CREMA et al. 2010; but see FARINETTI et al. 2010).

Recently, the space-time cube concept (HAGERSTAND 1970) was pro-
posed to explain archaeological material culture-time-space relations (KRAAK
2003; Kraak, KoussourLakou 2004; HusiMAN et al. 2009; KVELADZE et al.
2013). BacH et al. (2014) proposed a temporal visualisation method based on
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operations within a conceptual time-space cube. Space-time objects can be vol-
umes, surfaces, curves, points or sets of disconnected volumes, representing the
distribution of a culture, existence of a monument, development of a cultural
process, etc. Such operations require a database with time-space intervals clearly
defined, a well-expressed time-space relation and a known inner structure of the
time-space cube, clearly a rare situation in archaeology. We must seek therefore
a different approach, which considers the real nature of the relation time-space
and its fuzzy boundaries (Niccoruccrt 2000; FARINETTI ef al. 2010).

As summarised above, despite the recognised importance of space-time in
archaeology, and despite various methods proposed to deal with this concept,
there are few articles that focus on their formal definition, characteristics,
definition of boundaries, intrinsic relationship and how such relationships
influence the way we analyse the past material culture.

3. TIME-SPACE AND ARCHAEOLOGICAL CULTURES

Why “time” matters? When “time” matters? How do we define “space”?
While answering these questions is beyond the scope of this article, they are
nevertheless at the heart of any attempt to reconstruct past events (NICCOLUCCI,
HermoN 2015a); suffice is to say here that their related identity criteria are
located within (more or less) clear geographic and temporal boundaries and
that the sharper such localisation, the clearer the reconstruction of its encap-
sulated event. We are also avoiding to enter into any detailed philosophical or
theoretical discussion about the meaning, use or abuse of the term “archae-
ological culture”, clearly summarized elsewhere (ROBERTS, VANDER LINDEN
2011). For the sake of our argumentation in the article and in order to main-
tain a simple yet clear discussion, we refer to archaeological culture as a “set
of archaeological events”. We describe the process of its definition as follows:

1. Define an archaeological culture as a set of archaeological events, identified
through observations on material culture. Its identity criteria are determined
by the uniqueness of the archaeological events’ characteristics and their in-
ter-relationships, indicative of its internal structure.

2. Define temporal borders of the archaeological culture by dating its com-
posing archaeological events. Their granularity and sharpness depend on the
number, quality and level of overlapping of dated archaeological events.

3. Delineate the geographic distribution of the archaeological culture, accord-
ing to the localities of its composing archaeological events. The same criteria
as for temporal borders are applied here as well.

4. Assure the continuity of its time-space borders.

Three basic approaches are implemented for situating an archaeological
event within a time frame: absolute (radiometric) dating, relative dating (based
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on the universal principle of geologic stratigraphy), and the terminus ante/
post quem approach (often related to a datable historic event). Commonly,
a proposed time confine has an interval of possible existence, i.e. a calendar
date with statistical margins of error. The spatial setting of an archaeological
culture follows the same approach as for its time setting, namely uniqueness
of space and linearity of its borders.

4. ExAMPLE: THE CYPRO-ARCHAIC

The example below highlights challenges when trying to integrate (vaguely
defined) archaeological concepts into crisp digital structures or large-scale re-
search infrastructures for data sharing and scientific reasoning. The (arbitrarily)
chosen example is the Cypro-Archaic (period/culture), first mentioned and its
material culture described in the report of the Swedish excavations in Cyprus
(GJERSTAD 1948), and since then frequently used (REYES 1994; Knarr 1997).
A recently published chronological table situates it at 750 B.C. to 480 B.C.
with an internal sub-division at ca. 600 B.C. (Iacovou 2012), corresponding
to shifts in political powers in the island (GJERSTAD 1948). Apparently, the
chronological frame and the internal sub-division of the Cypro-Archaic (as a
pan-Cypriot phenomenon) were set according to historic events (most occurring
outside the island, but with repercussions on it), which triggered changes in
the socio-political organisation in Cyprus (Iacovou 2008). Researchers looked
for changes in the material culture, describing stylistic gradual shifts in the
pottery, statues or architecture (KARAGEORGHIS 1982, 1991). Accordingly, the
Cypro-Archaic identity criteria are basically historical, with no clearly defined
changes in the material culture, but rather variations in style.

It seems that the typical archaeological reasoning related to the definition
of “archaeological cultures”, as described above, was not followed for the
Cypro-Archaic. Therefore, when trying to formalise and integrate its descrip-
tion in a large scale digital knowledge repository, the backbone of any global
research infrastructure (N1ccoruccl, RicHARDs 2013), we may not refer to
it as an “archaeological event”, but something else, either a historical event,
or a hybrid that has yet to be defined within the existing domain ontologies,
e.g. CIDOC-CRM (DoERR 2003; SuGIMOTO et al. 2007; EIDE et al. 2008).
How then should we address the Cypro-Archaic and how to formally describe
its space-time-form relation?

S. FORMALLY ADDRESSING THE TIME-SPACE-ARCHAEOLOGICAL CULTURE
RELATION

CIDOC-CRM is an ontology addressing archaeological matters (Nic-
coruccl et al. 2015), instrumental in developing information systems and
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providing the framework for conceptual modelling. It has yet to solve how to
express and represent vague or poorly defined concepts, common in archaeolo-
gy, such as the timespan of the Cypro-Archaic. Its starting date, 750 B.C. is set
by a stela found in 1844 in the debris of a medieval ruin at Bamboula (part of
the larger archaeological site of Kition), exhibited at the Berlin State Museum
(RADNER 2010). It relates to the Assyrian king Sargon I, who reigned between
722-705 B.C.Its internal sub-division and end are set by political events (record-
ed in written texts, inscriptions or coins in Cyprus and neighbouring countries),
such as a short political independency of Cypriot kingdoms, followed by their
subjugation to Egyptian and later on Persian rulers.

Should the spatial borders of the Cypro-Archaic be drawn around the
“seven kingdoms of Ya”, a district in Adnana (the Assyrian name for the
island), as it appears on the mentioned above stela? In later Assyrian inscrip-
tions (RADNER 2010) ten kingdoms and their kings are mentioned by their
respective names; apparently, their combined geographic distribution covers
most of the island’s territory (IaAcovou 2008). Thus, its spatial borders can
be drawn around: (a) the administrative district of Ya; (b) the ten kingdoms
of the island (not all fully identified); (c) Cyprus in its entirety.

6. A MATHEMATICAL-LOGICAL APPROACH FOR EXPRESSING ARCHAEOLOGICAL
CULTURES

Archaeological cultures are defined according to material remains.
These are sets of artefacts, grouped according to commonly agreed criteria,
such as matter (clay, flint, stone, bone, ivory, glass or wood), form (statues,
vessels, figurines), etc. Each defined set must comprise unique characteristics
that distinguish them from other sets in a given time/space segment. Thus,
such uniqueness must exist along the three axes: time, space and archaeo-
logical matter. Previously, we proposed to represent chronology and dating
in a simple mathematical way, which is the translation of the statement «an
archaeological culture existed within geographical borders and dated to a
unique time interval» (N1ccorucci, HERMoON 2015b). Consequently, an ar-
chaeological culture is (ideally) represented by a (finite) set of events, which
define and characterize it (Fig. 1). The reality may be slightly different (Fig.
2), since events may continue into another archaeological culture, start earlier
or may exist contemporaneously in more than one. Examples of events are
pottery production, architectural construction style, a bone industry, etc. Each
event is composed by features, which determine their uniqueness and sepa-
rate them from similar others in other archaeological cultures. Examples of
features are technological choices implemented in the production of cooking
wares, geometry of such artefacts or their decoration. These may be defined
categorically, through quantitative analysis, qualitatively, by presence/absence
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An arohaeologlcal culture (ideal model) as a set of archaeologlcal events
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Fig. 1 — Archaeological cultures represented as sets of archaeological events in a
given time-space (idealised).

of particular aspects, or through subjective statements of belief (e.g. features
present archaic forms).

In mathematical terms, we describe AC (archaeological culture) as a set
of events en where n is the number of events that define AC. The chronological
relation between events is a pre-order relation on the set AC of the events
considered in the discourse, i.e. a binary relation <c which is reflexive and
transitive. If AC is the set of all events, a chronology is a relation such that
for any events e, el, e2 and e3 the following holds:

e<Ce

if e1 £Cce2and e2 < Ce3then el <Ces.

The duration of an event is the mapping f from AC to , which assigns a
real number to an event. The duration measures the time-span of the event.
If there is a dating, the duration of an event can be computed as follows:

fle) = sup (d(e)) — inf (d(e))

where d is the (absolute) dating of the event. For example, if some type of
pottery characterizes the event e and there are several samples of such a
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An archaeological culture (realistic model) as a set of archagological events
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Fig. 2 — Archaeological cultures represented as sets of archaeological events in a
given time-space (realistic).
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Fig. 3 — Representation of time-space of archaeological cultures.
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pottery with respective dating, the duration of the event “use of that kind of
pottery” is the difference between the latest appearance of the pottery and
its earliest appearance.

The overall time interval of AC is determined by the granularity of dat-
ing, the duration and the overlapping degree of its defining events (Fig. 3). An
immediate and intuitive result of such a depiction is that we may define several
time intervals for AC, according to the degree of allowed overlap between time
spans of e: a restricted one as the intersection of all events e composing AC
(marked with the rectangle in Fig. 3), or at any combination of e time-spans
archaeologists wish to choose, corresponding to various considerations. Such a
representation may also be used as an indicator for the quality of positioning
AC within a timeframe, based on its defining events’ time-spans. The same
reasoning is applicable along the “x” axis in Fig. 3, related to the geographic
extent of the archaeological culture.

Neither relative nor absolute dating can provide an exact chronology for
archaeological events, due to the granularity of time or space (the measuring
units) and the imprecision of assigning a beginning/end or a clear geographic
demarcation for such events. Statements such as “The Villanovan culture of
Northern Italy started at 1100 BC, 1 of January, and ended at 31 of De-
cember 700 BC” is of course ridiculous, but exemplifies the above. Moreover,
mentioning that it preceded the Terramare culture and was followed by the
Etruscan culture, further exemplifies the problematic of representing transi-
tions between cultures and their consequent time/space borders.

The problem of dealing with imprecision of time/space borders (Nic-
coruccl, HERMON 2015b) can be addressed by applying principles of rough
sets theory (PAwLAK 1982). In presence of an imprecisely determined time set
A, this approach considers two number sets X and Y, in our case two time
intervals, with X < Y. X, called the core of A, is the largest (time) interval
included in A during which the event occurs; Y, called the support of A, is the
smallest (time) interval out of which the event does not occur. In other words,
for times in X, the event takes place for sure; outside of Y, the event does
not take place; nothing is known for times outside X but within Y. Such an
approach is particularly applicable to archaeology in cases when the concepts
of terminus post quem (TPQ) and terminus ante quem (TAQ) are adopted:
Y, the support, is actually the interval between TPQ and TAQ.

A further solution for solving the problem of representing information
on boundaries and their likelihood of existence is provided by the fuzzy set
theory (ZADEH 1965), successfully applied to archaeology where uncertainty
is involved (CrescIoLI et al. 2002; HERMON, Niccoruccrt 2003; HERMON
et al. 2004; FARINETTI, HERMON, Niccorucct 2010; see also BAXTER 2009;
JarosLAw, HILDEBRANDT-RADKE 2009; Pora, KNITTER 2015). Reasoning
usually implies Boolean logic, deciding the truth or falseness of some statement,
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or equivalently the belongingness (or not) to a specified set. Instead, the fuzzy
sets model concerns situations where there are several degrees of truth and
belongingness. In this theory, sets have a belongingness function that assigns a
number between 0 and 1 to every element x of a fuzzy set X: the value is zero
if x definitely does not belong to X, 1 if x definitely belongs to X, an interme-
diate value if x possibly belongs to X. The approach is similar to the rough
sets introduced above, with the important difference that for the “no-man’s
land” between belongmgness and not belongingness (or, truth and falseness)
it is possible to assign a measure to the degree of belongingness (or truth).

Although fuzzy sets might recall the probabilistic approach, it is funda-
mentally different and much more suitable for modelling uncertainty. Fuzziness
addresses imprecise and vaguely defined statements; probability, on the con-
trary, deals with the as yet unknown truth of a precise statement, for example
something due to happen in the future, which will either happen or not. The
normalisation approaches recently proposed (BINDING 2010; DOERR, KrITSO-
TAKI, STEAD 2010) attempt to address this issue; motivated by the practical goal
of dealing with information in digital systems, they may oversimplify the prob-
lem, at least conceptually, while fuzzy logic has sound theoretical foundations.

Apart from quantifying and formally representing the vagueness of
positioning in time/space an archaeological culture (N1ccorLuccr, HERMON
2015b), fuzzy sets theory may contribute in assigning a reliability index to
the setting of an archaeological culture, based on the vagueness of its defining
events. Such an index may be computed by averaging the reliability indices of
each event defining the archaeological culture (HERMON, Niccorucct 2002).
An archaeological culture is described by its defining archaeological events
and their subsequent reliability indices, while their time-space borders are
described through fuzzy logic. This seems to put the burden of quantifying
fuzziness onto the component events, and indeed it is so. In this way, the
research community may assess easier their reliability.

Several interesting questions rise: (a) Is there a prevalent event that de-
termines archaeological cultures? In other words, what is the contribution of
each defining event in determining the nature of archaeological culture? (b)
How well we can determine the space-time borders of such events and how
well these correspond to other events’ borders? An immediate consequence
to the above is that the sharper the definition of such events, within unique
borders in time and space, the more robustly the archaeological culture is
defined. (¢) How many events are sufficient and enough to define an archae-
ological culture? The answer to this question is subjective of course and is
set by researchers’ choices. Whatever these may be, they have to be explicitly
declared and accordingly motivated.

Another interesting consequence of such an approach (beyond the scope
of this article) is the exploration of the nature of relations between events.
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These represent the impact of various agents, such as social complexity,
economic organisation, environment, sets of beliefs, etc. Moreover, they may
contain information on how knowledge is transmitted between such events
and how events influence one another. Thus, by exploring in depth the nature
of such relations we are able to better assess the archaeological society under
investigation and its inner social structure. Moreover, such an exercise helps
verifying the consistency of our description of the given archaeological culture.

7. DISCUSSING THE SPACE-TIME MATERIAL CULTURE RELATION AS AN IDENTITY
CRITERIA FOR ARCHAEOLOGICAL CULTURES

A typical archaeological research looks at the material culture within
a given space-time limit, identifies unique and characteristic identity criteria
(N1ccorucct, HERMON 2015b) and tries to give them a meaning (by typolog-
ical, technological or related material sciences research). If, after a first itera-
tion, no conclusive and robust identity criteria were isolated, the time-space
borders are modified. Such iterations occur until a coherent set of identity
criteria is isolated within meaningful time-space confines. A fundamental
requirement standing at the basis of any construction of an archaeological
culture is that the time-space-form relation maintains its structure and resists
any attempts to change its delineation. In other words, if by changing the
geographic extension or the time frame we find similar identity criteria in
the analysed material culture, then we must reconsider the time-space-form
relation. Therefore, archaeological identity criteria and their coherence in a
given time-space are at the core of any construction of argumentation in ar-
chaeology (DOERR et al. 2011) and the success of identifying them correctly
stands at the heart of any solid reasoning in archaeology. Thus, understating
the relation time-space-matter and being able to formally present it are the
foundations for any attempt at large-scale data integration within global
knowledge repositories.

By attempting to formally describe an archaeological culture and its
time-space relation, we may identify flaws in the construction of our reasoning
process (DAMNJANOVIC et al. 2013). Moreover, we can describe the triumvirate
space-time-matter in terms of “robustness”, “consistency” and “coherence”.
Reliability indices can be assigned to the defining events composing the
archaeological culture and their time-space borders, which, consequently,
will describe the robustness, consistency, soundness of our definition of ar-
chaeological culture and its positioning in time-space. Thus, the robustness
degree of an archaeological culture indicates how well the time-space segment
has been defined, based on the accuracy of dating, granularity of time and
the preciseness of the defining events. The consistency index relates to the
similarity of time-space-form relation among the defining events in various
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time-space slots, within a given time-space segment, while the soundness
index indicates the quality of the consistency, measured among the various
archaeological events, within any time-space segment. These indices may be
evaluated within the frame of fuzzy sets theory and indicate the quality of
our definition of archaeological culture and how well it is anchored in time-
space. Thus, the approach described above is instrumental in assessing how
archaeological cultures are defined and to assess the quality of data used in
such a construction.

8. SUMMARY AND CONCLUSIONS

In this article we described an innovative approach for positioning in
time-space archaeological cultures, based on rough sets and fuzzy logic. Such
an approach is instrumental in disambiguation exercises, by clarifying common
confusions between cultures and periods, or the geographic distribution of ar-
chaeological events. Moreover, we propose to use fuzzy sets theory based indices
that help evaluating the nature of archaeological cultures, within their time-
space borders and consequently the accuracy of their definition. We consider
the present paper an introduction to future more detailed and in-depth work.

Disambiguation of terminology should relate not only to find matching
between similar terms, but also look into how these terms have been defined,
i.e. what are its identity criteria and how much they are reliable. The proposed
above indices are instrumental in this exercise and should be a fundamental
requirement for any preparatory work for setting-up large archaeological
repositories and virtual collaborative environments. In fact, a wide use of
data repositories and the re-use of digital data created by others require trust
and confidence, as well as the knowledge of the limits that affect the creation
of such data. It is not only the data, but also the metadata that make re-use
possible. Such information about what is contained in a dataset, how it was
collected, for which purpose, who did it and a measure of how much the
creators (recommend to) trust their own data, are the pre-conditions to avail
of the huge amount of information accumulated in years of digital archaeo-
logical data creation. Without this information such datasets are of little or
no use: a human knows that putting the beginning of the Villanovan culture
at 00:00, 1% January 1100 BC is silly; a computer does not.
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ABSTRACT

Locating archaeological cultures in time and space is a major challenge of archaeolog-
ical research. Despite more than a century of scientific research in archaeology, a satisfactory
solution has yet to be proposed. Past attempts to look into the problem focused on sharpening
the definition of types of material culture artefacts, a more accurate chronological dating of
such objects, various probabilistic methods or GIS solution for defining the time-space borders
of archaeological cultures. However, the proposed approaches did not fully consider how the
nature of arc%aeologlcal cultures and their consequent dating and geographic positioning play
a crucial role in assigning spatio-temporal borders. We propose to shift the operating logical
paradigm in archaeology, from a crisp, Aristotelian-based logic, to fuzzy logic, in our opinion
more suitable for reasoning in archaeology. We also introduce the rough sets theory to deal
with chronological and geographic positioning of archaeological cultures. Both concepts have,
in our opinion, substantial advantages over the traditional algebra and logic rules (implicitly)
applied so far.
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