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Abstract

Two views of archaeological time are distinguished; an event view that
models stratigraphic relations, and a substance view that models genealog-
ical relations among artifacts, including the three modes of change repre-
sented by branching, transformation, and reticulation. Chronology con-
struction is more complex in substance time than it is in event time, which
only concerns transformation. Allen’s interval algebra can be used to spec-
ify the chronological relations associated with the modes of change, and
these relations can be identified by post-processing the output from Bayes-
ian chronological models. A worked example illustrates how identifying the
chronological relations can aid construction of a phyletic seriation of beads
recovered from Anglo-Saxon female graves. These results might encourage
archaeologists to carry out chronology construction in substance time as
an aid to historical inference.

Keywords

e Bayesian chronological modeling
Phyletic seriation

Allen’s interval algebra
Anglo-Saxon burials

Modes of change
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1 Introduction

The concept of time central to archaeological inquiry is famously diffi-
cult to comprehend; when considered carefully, time “seems to mirror our
investigative method back to us, with only the method more deeply clar-
ified” (Helm, 1985, p. 20). Indeed, the characteristics of time—its unity,
direction, presence, and independence—depend on the context of inquiry
(Rovelli, 2018). “What kinds of time do archaeological materialities pro-
duce” (Lucas, 2021, p. 25)7

Archaeologists have long reckoned time in two ways; stratigraphically
through observations of superposition (Harris, 1989) and genealogically
through artifact correlations based on estimates of similarity (Lyman et
al., 1997; Lyman & O’Brien, 2006a). Stratification yields an event view of
time as an inseparable part of the space-time nature of the archaeological
record. In event time an ewvent is a region or volume of space-time rec-
ognized by archaeologists as a “single action” interfacial or depositional
context (Archaeological Site Manual, 1994, p. 5), and these events, which
bound different regions of space-time, are the ultimate constituents of the
universe (Ramsey, 1991, pp. 68-69). Within archaeology, this view of time
is associated with a space-like view of reality (Dunnell, 1982). In contrast,
artifact correlation yields a substance view of time, where time is abso-
lute to avoid circular reasoning, an occurrence (so-called to distinguish
it from an event) is for archaeologists a change in the qualities and re-
lations of artifacts at a time, and the universe consists of artifacts with
changing qualities and relations (Ramsey, 1991, pp. 68-69). Within ar-
chaeology, this view of time is associated with a time-like view of reality
(Dunnell, 1982). Ramsey illustrated occurrence with the example of an
eclipse, which occurs when the orbital events of sun, moon, and earth co-
incide in a particular way that eclipses the view of either the sun or moon
from earth.

Event time is simpler than substance time. Change in event time is al-
ways transformative; one event ends at the stratigraphic boundary where
the adjacent event begins. In contrast, change in substance time is ge-
nealogical and includes branching and reticulation modes in addition to
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transformation (Lyman & O’Brien, 2006b). The three modes provide an
exhaustive catalog of changes sufficient to construct a phyletic seriation
of arbitrary complexity. Although the substance time modes of change
are analogous to the phylogenetic modes of cladogenesis, anagenesis, and
reticulation (or blending), in what follows the substance time modes of
change will be referred to as branching, transformation, and reticulation.

Bayesian chronology construction, a set of practices and software ap-
plications actively developed since the late 1980’s (e.g., Naylor & Smith,
1988; Buck et al., 1992; Buck et al., 1994; Christen, 1994; Buck et al.,
1996; Buck & Millard, 2004; Bronk Ramsey, 2009; Lanos & Philippe,
2018) provides archaeologists with a sophisticated set of statistical model-
ing and analysis tools capable of carrying out inductive tests in event time,
substance time, or a combination of the two to estimate the probability
of sequences of events using prior beliefs and chronological information.
Each of the Bayesian chronological modeling software applications typi-
cally used by archaeologists (e.g. 0xCal, BCal, and ChronoModel) is capa-
ble of modeling transformation in event time or substance time. They all
also allow the export of the Markov Chain Monte Carlo (MCMC) samples
used to approximate the posterior distributions of the models, thus facil-
itating post-processing and close scrutiny of the results produced (Buck
et al., 1999; Bronk Ramsey, 2001; Lanos et al., 2015). This makes them
more or less complete tools for estimating site chronologies in event time,
which is how archaeologists typically apply them. Chronology construc-
tion in event time can be considered a solved problem; a Harris matrix
record of a systematically excavated and carefully recorded archaeological
site can be transformed into a format suitable for use in constructing a
Bayesian chronological model either by hand or using a graph theoretic
algorithm (Barker, 1986; Harris, 1989; Archaeological Site Manual, 1994;
Dye & Buck, 2015; Moody et al., 2021). Although the invention of Bayes-
ian calibration was announced with a worked substance time analysis of
pottery from the Danebury iron-age hillfort (Naylor & Smith, 1988), ar-
chaeologists today rarely carry out chronology construction in substance
time. This circumstance is changing somewhat with development of the
ChronoModel application, which has been used to carry out substance time
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analyses of transformations among artifact assemblages (e.g., Banks et al.,
2019). Nevertheless, best implementation practices for a substance time
analysis that includes all three modes of change are not well documented
or widely discussed. This paper intends to start the discussion of best
practices for Bayesian chronology construction in substance time.

Bayesian chronology construction in substance time is described as fol-
lows. Section 2 introduces Allen’s interval algebra, which includes a vo-
cabulary for describing the relations of time intervals and a composition
function that deduces the relation of two intervals each related to a third
interval. Allen’s interval algebra is used in Section 3 to explore and illus-
trate the chronological relations implied by the three modes of change. Sec-
tion 4 develops an extended example of a substance time analysis that uses
Bayesian chronological modelling and Allen’s interval algebra to identify
instances of each mode of change in a phyletic seriation of beads deposited
in the graves of Anglo-Saxon females (Hines & Bayliss, 2013). Section 5
contrasts the substance time analysis with the event time analysis carried
out by Bayliss et al. (2013). Section 6 concludes that a properly formu-
lated substance time analysis in combination with an event time analysis
of site chronology has potential to contribute to historical inference.

2 Allen’s Interval Algebra

The chronological relations of two artifact classes related genealogically
can be described with Allen’s interval algebra, which identifies 13 ba-
sic relations that are distinct, exhaustive, and qualitative (Allen, 1983;
Alspaugh, 2019). The interval algebra is defined for the relations between
definite time intervals whose endpoints are single values. The thirteen ba-
sic relations include every combination of endpoint relations for two such
intervals (fig. 1).

It is conventional to express an Allen relation as an Allen set, with a
notation that indicates two intervals and a set of relations. For exam-
ple, given definite intervals A and B, where A precedes B, their relation
can be represented as the Allen set A(p)B (see fig. 1, top left). Due to
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[ 8 [ & [ 8 [ & [ & 8|
precedes meets overlaps finished by contains starts
A(e)B
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——Time—
[ 8
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[A] [A] LA ] [ A LA ]
[ 8| [ B [ 8 [ 8| B KN
preceded-by met by overlapped by finishes during started by

Figure 1: The 13 basic chronological relations of Allen’s interval algebra
for two time intervals, A and B. Each relation is indicated three
ways, from top to bottom: its Allen set; an illustrative graphic,
where time runs from left to right; and an English word or phrase
that denotes the relation.

the probabilistic nature of the approach, Bayesian chronological model-
ing rarely yields definite (i.e., precisely known) time intervals. Instead,
it typically yields indefinite intervals, whose endpoints are expressed as a
range of plausible values, often with a multimodal probability distribution
in between. Given indefinite intervals C' and D, where C starts before D
starts and ends before D ends, an Allen set that expresses this incomplete
information is C'(pmo)D. Note that Allen set A(p)B is a subset of Allen
set C'(pmo)B. In this circumstance, when two Allen sets are related to one
another as subset /superset, the relation denoted by the subset is stronger
and the relation denoted by the superset is weaker. Allen sets thus pro-
vide a precise vocabulary for characterizing the state of knowledge about
the relation between two intervals, regardless of whether the intervals are
definite or indefinite.

It is often useful to visualize an Allen set as a Nokel lattice (Nokel, 1991),
a graphical representation in which the Allen relations are displayed on a
lattice with the equals relation at the center (see fig. 2 below). The vertical
dimension of the lattice represents relative age: the interval represented
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by the first term in the relation is increasingly older than the interval
represented by the second term in the relation with distance above the
center; below the center the interval represented by the first term in the
relation is increasingly younger than the interval represented by the second
term in the relation with distance. The horizontal dimension of the lattice
represents interval duration: moving left from center increases the duration
of the first term of the relation relative to the second term; moving right
from center decreases the duration of the first term in the relation relative
to the second term. Relations adjacent to one another on the lattice are
more similar to one another than to relations farther away.

3 Chronological Relations of Modes of Change

Chronological relations of the modes of change can be established ana-
lytically by Allen’s interval algebra. The Allen set that describes direct
relations between two intervals can be constructed with the aid of the
chart of basic relations (see fig. 1) and indirect relations between two in-
tervals, each of which is directly related to a common third interval, can
be deduced with a composition operation.

3.1 Branching

In branching mode, ancestor A is directly related to descendant B as
A(oFD)B; the ancestor starts earlier than the descendant and it persists
after the branching event (fig. 2, top row). The composition operation
yields a full relation for two descendants of the same ancestor, which in-
dicates that nothing is known about their chronological relation. In the
figure, branching is viewed from ancestor A to the future for both descen-
dants B and C. The branching process entails no chronological constraints
that might limit the potential of the future; two descendants of a common
ancestor might be related to one another according to any one of the thir-
teen basic Allen relations.
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Figure 2: Modes of change: top row, branching; center row, transforma-
tion; bottom row, reticulation; left column, analytic Nokel lat-
tices of the ancestor-descendant relation and its converse; center
column, mode illustrations; right column, analytic Nokel lattices
of the relation of top, two descendants, middle, an ancestor and
a descendant, and bottom, two ancestors. Note that the dark
nodes, B and C, in the mode illustrations are related to one an-
other through their common relation with the light node, A, and
that the temporal position of A relative to B and C is early in
branching, intermediate in transformation, and late in reticula-
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3.2 Transformation

The direct relation of a transformative change from ancestor B to de-
scendant A is B(m)A; the ancestor meets the descendant at the point of
transformation (see fig. 2, middle row). The composition operation yields
the precedes relation for two intervals, B and C, related by transforma-
tion through a third interval, A. In the figure, transformation is viewed
from A, and correctly distinguishes the actual past of ancestor B from the
potential future of descendant C.

3.3 Reticulation

The direct relation between ancestor B and descendant A in an instance of
reticulation is B(moFD)A; the ancestor starts before the descendant does
and it either ends when the descendant starts or persists (see fig. 2, bottom
row). The composition operation indicates the relation of two ancestors
in a reticulation is the Allen set B(oFDseSdfO)C, which comprises the
nine concurrent relations that make up the central diamond of the Nokel
lattice. This Allen set is stronger than the Allen set for two descendants
of the same ancestor in branching mode and incomparable to the Allen
set for the ancestor and descendant in transformation mode. In the figure,
reticulation is viewed from descendant A to the past for both ancestors B
and C and this focus on an actual past, rather than a potential future,
accounts for the relative strength of the Allen set.

4 Phyletic Seriation of Anglo-Saxon Beads

Burials provide much information on the early Anglo-Saxon period in Eng-
land. Often covered by barrows, they are relatively easy to find and they
typically include a wide range of burial goods. This section develops a
phyletic seriation of beads recovered from 72 early Anglo-Saxon female
graves in cemeteries located in southern and eastern England. Fifty-two
of the female graves were investigated as part of a path-breaking project
to establish a chronological framework for early Anglo-Saxon graves with
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high-precision radiocarbon dating of human bone (Hines & Bayliss, 2013).
Subsequently, beads from another 20 female graves were added to the cor-
pus after an early Anglo-Saxon cemetery was investigated at Royal Air
Force Lakenheath (Hines, 2021).

The bead data were selected for phyletic seriation because they are well
documented, with a detailed description of the chronological analysis (see
Baxter, 2014), a relational database deposited with the Archaeological
Data Service that catalogs the graves and the finds (Hines, 2013), a hi-
erarchical Bayesian chronological model constructed by an experienced
chronologist (Bayliss et al., 2013), and bead identifications by an ex-
pert (Nielsen, 2013) according to an established classification (Brugmann,
2004).

The phyletic seriation reported here constructs a genealogy of artifact
types based on estimates of their similarity and their chronological rela-
tions. In this illustrative example, similarity estimates are derived from
type descriptions, rather than developed by an expert. Chronological rela-
tions among the female graves are based on a chronological prior from the
0xCal model deposited in the project archive (Hines, 2013). This chrono-
logical prior assumes that age determinations on human bone date the in-
terment of the deceased and associated burial goods, including the beads.
The chronological prior indicates that most of the graves are not strati-
graphically associated with other graves. Nevertheless, pairs of graves at
the Castledyke, Dover Buckland, and Edix Hill cemeteries are stratigraph-
ically related, and four graves at the Melbourn cemetery are related strati-
graphically to one another (Bayliss et al., 2013, pp. 339-345). In addition
to this small amount of a priori relative chronological information, six of
the graves yielded a distinctive shield-on-tongue buckle with shoe-shaped
rivets, BU2-d/h, with a known origin date that constrains the estimate for
these graves to after AD 510 (Bayliss et al., 2013, p. 345). A single grave
yielded a coin of the Merovingian king Dagobert I, and was constrained to
date after AD 629. These stratigraphic and known age artifact constraints
were all retained in our own modeling, but other constraints in the Bayliss
et al. (2013) chronological prior were removed including: (i) a sequence
that models “all the radiocarbon dates for the female graves as a contin-

10
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uous, uniformly distributed period of burial” (Bayliss et al., 2013, p. 449)
because we were uncertain it was useful and preferred to explore evidence
for burial tempo a posteriori, rather than impose a uniform distribution a
priori; (ii) a sequence based on non-overlapping occurrences of bead-types
derived from the occurrence seriation (Bayliss et al., 2013, Table 7.18),
which omits several beads believed to be “anomalously old when buried”
(Bayliss et al., 2013, p. 450) and introduces model constraints stronger
than the underlying analysis; and (iii) a combined age determination for
two burials, MaDE1 and MaDE2, which fails a X2 test for combining age
determinations (Ward & Wilson, 1978) at the 5 percent level, apparently
due to an outlier age determination for burial MaDE1.

A chronological model shorn of these constraints makes it possible to
establish the temporal relations of bead types a posteriori by scrutiniz-
ing the MCMC output of the Bayesian analysis. Our goal is a phyletic
seriation using the posterior information derived from a Bayesian chrono-
logical analysis based only on robust and uncontroversial chronological a
priori assumptions, none of which derives from the beads themselves. The
revised chronological model was implemented in 0xCal and is included in
the Supplement. It comprises two sections; the first defines the likeli-
hoods and their constraints, and the second defines occurrences for each
of the bead types. The revised model calibrates with 0xCal version 4.4.2
and the IntCal20 calibration curve (Reimer et al., 2020). As described
in the Supplement, five independent runs of the model indicate negligi-
ble between-run variability. Results of the calibration are replicable and
stable; they provide a suitable basis for exploring MCMC output and, in
particular, constructing a phyletic seriation of beads.

Phyletic seriation assumes that artifacts derive from a single tradition
(Dunnell, 1970). This assumption appears to be met with the Anglo-
Saxon female graves; analysts agree that Anglo-Saxon female burial was
a continuous process (Hines & Bayliss, 2013, p. 454; Baxter, 2014, pp. 10,
15). We can check for this in our own analysis by ensuring a smooth and
monotone distribution in an occurrence plot. Such a plot displays a sub-
stance time estimate of when the 1st, 2nd, ..., 72nd interment occurred,
without positing an order for the individual interments. It is produced by

11
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ordering the date estimates for each grave at each iteration of the MCMC
sample and associating the oldest date with interment 1, the second old-
est with interment 2, and so on. By collecting the date estimates together
in this way, we are not estimating the date of any single grave, but we
can make statements about the current state of knowledge of the date of
the first, second, third and seventy-second oldest grave in the dataset e.g.
by summarizing them using 95% highest posterior density (or credibility)
intervals. When we plot such intervals on a graph of the sort shown in
fig. 3, we call this an occurrence plot. Such a plot is a straightforward
depiction of substance time in that it provides estimates of when relations
among interments changed without dating any specific event in our model.
That said, in the limiting case, when the order of events is fully specified
by the chronological prior of the Bayesian model, an occurrence plot does
correspond to the credibility regions on the events, as expected.

Having established via the dating evidence that the graves, and hence
the beads, plausibly derive from a single archaeological tradition, we can
now move our focus to the deposition history of the beads themselves.
Bead type deposition histories are estimated from their occurrences in
dated graves and are illustrated with tempo plots. A tempo plot is con-
structed in the same way as an occurrence plot, but with the addition of
a line that follows the mean value of the posterior distribution (fig. 4).
The tempo plot yields a graphic where the slope of the mean line directly
reflects the pace of change: a period of rapid change yields a steep slope
and a period of slow change yields a gentle slope. When there is no change,
the line is horizontal. When change is instantaneous, the line is vertical.

The bead deposition histories reveal to the eye two patterns of change in
the social practices (Schyfter, 2009) associated with bead acquisition, use,
and burial. The polychrome glass bead types—BE1-Dot34, BE1-DotReg,
BE1-Koch20 in all colors, BE1-Koch34 in all colors, BE1-Koch49/50, BE1-
Melon (Hines, 2021, p. 8), and BE1-Reticella—, amber beads, the mono-
chrome glass bead types BE1-CylPen and BE1-CylRound, and metal bead
type BE2-c, were frequently deposited in the fifth and sixth centuries and
less frequently in the seventh and eighth centuries, yielding tempo plots
that rise early and then bend to the right. In contrast, shell bead types

12
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Figure 3: Occurrence plot showing the chronology of interments in 72
Anglo-Saxon female graves from the fifth to eighth centuries.
Each symbol represents the 95% credible interval for an in-
terment date estimate. Note that the interment estimates
form a continuous sequence starting in the fifth century and
extending without evidence of gaps into the eighth century.
ArchaeoPhases code to reproduce the figure is included in the
Supplement.
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BE1-Cowrie and BE1-Disc, mineral bead type BEl-Amethyst, and mo-
nochrome glass bead types BE1-Dghnt, BE1-Orange, and BE1-WoundSp
were mostly deposited in the seventh and eighth centuries, yielding tempo
plots that start late or stretch to the right before rising quickly. With the
possible exception of the late shell bead type BE1-Disc, which appears
to be restricted to the second half of the seventh century and the early
eighth century, the bead deposition histories overlap one another. This is
another indication of burial continuity, albeit one characterized by change
in the types of beads buried with Anglo-Saxon females.

The bead occurrences also provide the raw material for making Bayes-
ian a posteriori statements about modes of change. The probability that
two bead types’ depositional histories are directly related and consistent
with a particular mode can be estimated from the MCMC samples from
a Bayesian chronological model. The depositional histories of each pair
of beads is observed at each iteration of the MCMC output and a tally
kept of all relationships that are consistent with each mode. The tallies
are then divided by the total number of MCMC samples to provide the
proportion (and hence probability) of all samples that are consistent with
the modes of interest. We now consider the evidence for each of transfor-
mation, branching and reticulation, in turn.

Given the bead classification, evidence of transformation from one bead
type to another appears to be absent in the bead assemblage as it is cur-
rently classified; instead transformation is restricted to change over time
within individual bead types. In practice, and regardless of how the beads
are classified, evidence of transformation from one bead type to another
should be difficult to recover from the MCMC output of Bayesian cali-
bration. The relation ancestor(m)descendant, characteristic of transfor-
mation, requires that the end date of one bead type be equal to the start
date of another. The equality relation will occur extremely infrequently
in our MCMC output simply because we are modeling with continuous
probability distributions that include non-trivial amounts of uncertainty.
Instead, one might expect a real-world example to yield a relation such as
ancestor(pmo) descendant, followed by an argument, perhaps based on the
similarity estimate, as to why this weaker relation ought to be interpreted
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Figure 4: Tempo plots illustrating the mean deposition histories (black lines) of 23 bead types
with 95% credible intervals (grey lines). Note that each plot takes one of two shapes:
some rise quickly early and then level off while the remainder start slowly and rise
quickly at the end. The two tempo plot shapes are typically concurrent. ArchaeoPhases
code to reproduce the figure is included in the Supplement.
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as the stronger one required by the transformation mode.

Inference of branching change is based on the similarity of two bead
types, augmented by chronological information that the period of deposi-
tion of the ancestor overlaps, is finished by, or contains that of the descen-
dant, ancestor(oFD)descendant. In the case of the Anglo-Saxon beads, an
inference of branching change will imply a relation between an early bead
type and one of the later monochrome glass, shell, or mineral bead types.
For the purpose of illustration only, we restrict focus to the acquisition
stage of the chaine opératoire and change is assumed due to production;
in practice change might be introduced at any stage of the chaine. In the
case of changes in production, branching inference might be expected to
honor the distinction between beads fashioned from stable solids—amber,
shell, and mineral—and semi-plastic solid, glass beads, based on the dif-
ferent techniques used in their manufacture (Leroi-Gourhan, 1943).

In the context of this distinction, amber beads—the sole stable solid
early bead type—represent the ancestral stable solid bead type from which
BE1-Cowrie, BE1-Amethyst, and BE1-Disc might have branched. We can
explore these relations in our MCMC output using the tallying approach
outlined above to calculate the probability that an observed relation sat-
isfies the expected relation (see Supplement). The results indicate that
bead types BE1-Amethyst and BE1-Cowrie are likely descendants of bead
type BE3-Amber; their relation always satisfies the expected branching
relation. Similarly, bead type BE1-Disc most likely descended from bead
type BE1-Cowrie; their relation satisfies the expected branching relation
with a probability of 0.87.

The branching inference is more complex for the monochrome glass bead
types because there are several early bead types—BE1-CylRound, BE1-
CylPen, BE1-Melon, and BE1-SegGlob—that might be ancestral to the
late bead types BE1-Orange, BE1-WoundSp, and BE1-Dghnt. In each
case, the probability calculations point most strongly to BE1-CylRound
as ancestral to the late monochrome bead types (see Supplement).

An inference of reticulation is made complex by the fact that it involves
three bead types—two ancestors and a descendant—instead of two as in
branching and transformation. In this case, two similarity estimates—
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between the descendant and each of the ancestors—must be made. One
possible instance of reticulation among the Anglo-Saxon beads involves the
late monochrome glass bead, BE1-Dghnt. This is an unusual bead, found
only in England (Brugmann, 2004, pp. 75-76). The method of creating
the hole in BE1-Dghnt differs from other glass beads, where the hole is
typically formed by winding the molten glass around a wire, which is then
removed, leaving a hole in the bead. Instead, the piercing method used
to fashion a BE1-Dghnt bead is similar to how holes are created in the
stable solid beads. Bead BE1-Dghnt appears to have evolved by acquiring
characteristics from two ancestors, one from among the monochrome glass
beads and another from among the stable solid beads.

The procedure to identify potential ancestors in a reticulation can be
formalized and illustrated with a refinement of a graph theoretic approach,
which is used to order stylistic descriptions of artifacts with a principle of
parsimony (Lipo, 2006). The refinement uses a paradigmatic classifica-
tion based on presence/absence criteria, which can yield an occurrence
seriation in certain cases (Lipo, 2006, p. 96). More generally, a paradig-
matic classification based on presence/absence criteria has the property
that, when represented as a graph, similarity according to the classifica-
tion is preserved as graph distance (Hage & Harary, 1983, pp. 157-162).
If presence and absence are identified as 1 and 0, respectively, then a
paradigmatic classification that distinguishes bead type BE1-Dghnt can
be constructed and represented as a graph (fig. 5). Potential ancestors
in a reticulation that produced bead type BE1-Dghnt, node 101, are its
neighbors on the graph of the paradigmatic classification, the monochrome
glass beads, node 100, and the stable solid beads, node 001 (fig. 5, right).

The likely ancestor to bead type BE1-Dghnt from among the mono-
chrome glass bead types, BE1-CylRound, was established earlier. Unsur-
prisingly, the most likely ancestor among the stable solid bead types is
BE3-Amber (see Supplement).

The phyletic seriation produced by this analysis can be visualized with
an illustrative diagram (fig. 6) designed along the lines set out in the early
twentieth century by Bashford Dean, an honorary curator of arms and
armor at the Metropolitan Museum of Art in New York (Dean, 1915; see
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Added
Bead Glass Color Pierced Node
Metal 0 0 0 000
Stable solid 0 0 1 001
Monochrome 1 0 0 100
BE1-Dghnt 1 0 1 101
Polychrome 1 1 0 110

Figure 5: Paradigmatic classification of Anglo-Saxon beads and its graph
representation: top left, illustration of bead BE1-Dghnt (Hines,
2013); bottom left, paradigmatic classification based on binary
characters where the rows are the classes and the columns are the
attributes; and right, graph representation of the paradigmatic
classification, where dark nodes represent realized classes and
light nodes represent unrealized classes. Note that node 101,
which represents BE1-Dghnt, is adjacent to node 100, which
represents the monochrome glass beads, and node 001, which
represents the stable solid beads.
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Lyman & O’Brien, 2006b). The history it illustrates includes all three
modes of change, a result that accords with empirical studies of change in
musical instrument design (Témkin & Eldredge, 2007) as well as general
pragmatic considerations (Peirce, 1992; Viola, 2020, pp. 83-88) that indi-
cate every mode is capable of capturing some of the variability exhibited
by actual sequences of historical change.

5 Discussion

It is informative to compare the substance time analysis developed here
with the event time analysis carried out by Hines and Bayliss (2013).
The event time analysis was designed to establish a sequence of phases to
which archaeologists might “assign grave-assemblages and a wide range of
artifact-types” (Hines & Bayliss, 2013, p. xvii). It is based on occurrence
seriations of large numbers of artifact types that were used to produce tem-
porally ordered sequences of graves. The ordered graves were then divided
into phases, based on subjective expert opinion, and modeled as abutting
one another in the chronological priors for a formal Bayesian analysis.
By fitting the model using high-precision radiocarbon data, the authors
then explored how well the phases represent “an underlying chronological
reality” (Hines & Bayliss, 2013, p. 62).

These explorations yielded mixed results because the occurrence seri-
ation is imprecise. Estimates of its success at temporal ordination range
from 62-72% (Baxter, 2014, pp. 12-14), which raises the question whether
or not the subjective phase constraints derived from the occurrence seri-
ation are reflected in the radiocarbon data. The non-overlapping occur-
rences of bead-types based on the occurrence seriation (Bayliss et al., 2013,
Table 7.18) are not evident in the deposition histories we produced, which
indicate that most bead-types were deposited concurrently with one an-
other. As described in the Supplement to our paper, the probabilities that
the 54 non-overlapping relations set out in Bayliss et al. (2013, Table 7.18)
occur in the output from our modeling are variable, but typically quite
low. Most of the constraints with probabilities greater than 0.9 involve
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(2013).
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bead type BE1-Disc, which stands out as one of the later bead types (see
fig. 4). These results bolster the conclusion that a “national framework”
based on the occurrence seriation will be difficult to apply in practice
(Hines, 2021, p. 34).

At a technical level, introduction of phases puts the chronological mod-
eling on ground made familiar by chronology construction in event time.
The full range of facilities developed for Bayesian chronology construction
in event time is available to the analyst. These facilities include a unifor-
mity assumption on the deposition rate of objects within phases and other
modeling assumptions used to counteract the effect of statistical scatter
on stratigraphic phase length estimates (Nicholls & Jones, 2001). Such
assumptions are a particular concern if we seek to use modeling output to
identify modes of change in substance time. First, when the extra mod-
eling assumptions are imposed, as they were by Bayliss et al. (2013), a
posteriori interment date estimates are constrained to the sixth and sev-
enth centuries, avoiding calibration curve irregularities in the fifth and
eighth centuries that wreak havoc on the precision of age estimates (see
fig. 3). The modeling assumptions used by Bayliss et al. (2013) are also re-
sponsible for the apparent variation in female interments during the sixth
and seventh centuries, which a summed probability distribution shows is
bimodal (Bayliss et al., 2013, Fig. 7.3). The peaks near the start of the
sixth century and the end of the seventh century, at either end of the
interment interval, show the effects of a priori modeling assumptions, in
particular the phase deposition model (Nicholls & Jones, 2001). These
two characteristics of the phase deposition model, which counteract the
statistical scatter on stratigraphic phase length estimates and are integral
components of an event time analysis, are not helpful in a substance time
analysis. The phase deposition model is based on a physical deposition
process for each context followed by thinning due to decay of the archae-
ological record over time and the archaeologist’s selection of samples for
dating. It does not extend to the multiphase models (Buck et al., 1992)
typical of genealogical change in substance time (Nicholls & Jones, 2001,
pp. 514-515), which in archaeology represent a tradition determined by
social practice, rather than a physical process. In a substance time analy-
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sis, the effects of statistical scatter on depositional histories is not an issue.
Rather, the concern is that the temporal range of an observed depositional
history underestimates the true temporal range due to preservation bias
and sampling error (Perreault, 2019, pp. 101-104). Also, in a substance
time analysis the absolute age of a change in the qualities and relations of
artifacts is best estimated by the age determination(s) associated with it,
absent the temporal adjustments of individual age determinations required
to estimate stratigraphic phase boundaries.

An effective substance time analysis will ensure that the phase depo-
sition model applies to the event time portion of the chronological prior,
but does not operate directly on age estimates for changes in the nature
and relations of artifacts. In 0xCal this means the modeler must make
judicious use of the Boundary command that introduces the phase de-
position model. In BCal this means that phases should be restricted to
site chronologies and that floating parameters should be used in substance
time. The ChronoModel application does not implement a phase deposi-
tion model and in this way is ideal for substance time analyses.

This is important because substance time plays an indispensable role
as one of two factors required for historical inference. Stratigraphy and
event time correspond to the repetitive universal factor operative at all
times and places. Artifact genealogies and substance time correspond to
the cumulative and progressive conditional factor significant at particular
stages (Toulmin & Goodfield, 1965, p. 266). Geologists were the first to
use reasoning to make historical inference when, in the early nineteenth
century, William “Strata” Smith combined the event time of stratigraphy
with substance time change in fossil forms to produce his famous map, A
Delineation of the Strata of England and Wales (Toulmin & Goodfield,
1965, pp. 162-163). Bayesian chronology building provides archaeologists
with the tools needed to carry out historical inference in much the same
way, but with the added benefit that the conditional factors are expressed
in absolute time, rather than simply ordered chronologically.
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6 Conclusion

The two views of time used routinely by archaeologists—event time and
substance time—can usefully be distinguished in a Bayesian analysis. Most
Bayesian analyses in archaeology are carried out in event time to produce
site chronologies that are necessary for historical inference but insufficient
by themselves. When they are combined with a Bayesian analysis un-
dertaken in substance time, then the necessary and sufficient conditions
for historical inference are met. A substance view that assumes absolute
time and is concerned with changing qualities and relations of artifacts
can augment expert opinion to establish artifact genealogies that com-
prise the modes of change represented by branching, transformation, and
reticulation. The modes of change can be investigated with the joint pos-
teriors recorded in the MCMC output of a Bayesian model using functions
provided by ArchaeoPhases software (Philippe & Vibet, 2020).
Substance time analysis potentially adds a temporal strand to the cable
of evidential reasoning about artifacts in archaeology (Chapman & Wylie,
2016). Nevertheless, the artifact genealogies yielded by a substance time
analysis must be free to take whatever form past social practices might
have given them. In a Bayesian analysis, event and substance views of time
should be articulated in such a way that methods proper to one do not
unduly influence the other. When this is achieved, the resulting chronolog-
ical model is set to accommodate new observations and update posterior
probabilities in a way that potentially benefits historical inference.
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