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1. INTRODUCTION

Some archeological monuments, containing wooden
fragments, are investigated in Siberia (e.g., Alekseev et al.,
2002). As a rule, these fragments are logs, whose condi-
tions are determined by the monument age, local climate
and soil nature. There are samples in a good state (e.g.,
Pasyryk) and quite eroded ones. The main and the most
reliable dating method of archeological monuments is
radiocarbon dating. However there might be monuments
containing constructions of a close age, e.g., groups of the
burials of historically short period. In this case it is rea-
sonable to perform radiocarbon dating of a construction
containing the best preserve samples or a construction
containing the most wealth archaeological material.
The age of other constructions in respect to the main con-
struction is possible to be inferred through comparison
of dendroseries which would contain the information
regarding ring widths, such as, e.g., growth indices. The
main problem in determining the relative age of wooden
samples in archeology is their poor state.
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Abstract: A modification of statistical method to determine the relative age of wood samples
based on the analysis of dendroseries has been developed. The main difference of the method
proposed here from the one used earlier lies in the fact that there is the possibility to match
several samples simultaneously. Using the methods of statistical analysis, we have the possi-
bility to ascertain what is reliability of determination of the relative age. Approaches used in
our method are typical for regression analysis. The correlation coefficient between the ana-
lyzed sample and the group of matching samples (the comparison groups) serve as a measure
concordance. It is so-called multiple correlation coefficient. The Fisher F-statistics is used to
determine the significance of matching. The method is applied for cross-dating of wood samples
of archaeological monuments in the Southern Siberia.

We have performed a series of investigations, where
the methods of determination of the relative age of
samples, making use of the dendroseries comparison, have
been proposed (Dergachev and Vasiliev, 2000; Dergachev
et al., 2001; Vasiliev et al., 2001). The method, making
possible to match the relative age of several samples
simultaneously, is presented in this work.

The methods of statistical analysis allow to estimate
what is the reliability of the relative age finding. The meth-
ods used in our approach are related to regression analy-
sis. The coefficient correlation between the considered
sample and the comparison group serves as a measure of
concordance. It is a so-called multiple correlation coeffi-
cient. To determine the relative position of the analyzed
sample on the time scale we find the value of the relative
age shift, which result in maximal value of multiple cor-
relation coefficient.

The Fisher F-statistics is used to determine the sig-
nificance of correlation. The method proposed allows us
to improve the reliability in determination of the relative
age. The samples from the barrow Bystrovka (Altay) are
used in the present paper to demonstrate our technique.
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2. PRELIMINARY ANALYSIS OF THE SAMPLES

Dendroseries, obtained as a result of measurements
of ring widths of wooden samples, usually contain long-
term trends of a complicated shape. The nature for this
trend lies in both the processes of tree development and
climate changes. Traditionally methods, used to compare
the samples, implicitly suggest the absence of any long-
term trends. Because of this reason the growth indices,
obtained as a running mean, or after some filtration, are
usually used. Our technique is similar. Firstly, we remove
a long-term trend from the data of measurements of ring
widths of wooden samples. At the same time we plot the
trend line through points spaced at 10 years intervals.
Vertical coordinates of such points are determined by the
method of the least squares. Thereafter we remove this
trend and obtain the standardized remainder of the se-
ries used and we work with this data.

As a case in point, the data for the sample B-2001 along
with the trend line (smoothed curve) are shown in
Fig. 1. The remainder of the series of data (B-2001) are
presented in Fig. 2. Step choice in finding of the trend
defines the frequency band that would be excluded from
the considered standardized remainder. If 10-year step is
selected then cycles with periods >20 years are removed.
Data, obtained after a long-term trend has been removed,
contain all the features necessary for further analysis.

It is especially important not to introduce any distor-
tions complicating a further analysis when the filtration
procedure was performed. The main characteristics de-
termining the quality of filtration are amplitude-frequency
and phase-frequency characteristics of the filter (see, e.g.,
Figs 3 and 4). From examination of Fig. 3 follows that
the amplitude of harmonics with periods > 20 years (to
the left from the vertical line, the trend area) is essen-
tially decreased. Fig. 4 allows us to conclude that for
periods < 20 years (to the right from the vertical line, the
region of filtered data) any phase distortions are actually
absent.
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Fig. 1. Annual ring widths for the sample B-2001 (Bystrovka
barrow, Altay). Long-term trend is shown by smoothed curve.
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Fig. 2. Standardized B-2001 remainder after the trend has been
removed.
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Fig. 3. Amplitude-frequency characteristic of filter used.
Harmonics are sufficiently suppressed to the left from the
vertical line (periods > 20 years, trend region).
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Fig. 4. Phase-frequency characteristics of filter used. Phase
distortions are absent to the right from the vertical line (periods
< 20 years, the region of filtered data).
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3. CORRELATION OF SERIES

To determine a relative age of samples the correlation
coefficient is used (eq. 6.1)). To compare two dendroseries
a correlation coefficient is calculated at their different
relative position (different shift). The relative location of
series when their correlation coefficient is maximal,
determines the relative age of samples (Fig. 5). The loca-
tions of outer rings are compared. A shift of relative
location of the outer ring to the right on the diagram cor-
responds to a right shift on the time scale. Thus, in accor-
dance with Fig. 5, the sample B-2003 is 5 years younger
than B-2001. Note that such little difference in age is
hardly to be obtained in the framework of radiocarbon
method.

4. EXAMINATION OF THE CORRELATION
COEFFICIENT SIGNIFICANCE

F-statistics is used to examine a significance of the
correlation coefficient (eq. 6.2). At given the length n of
compared series and the obtained value of the correla-
tion coefficient r, this statistics allows one to conclude,
whether the obtained value of r,; is not equal to zero. It is
more convenient to use the criterion (6.2) in our investi-
gation, considering it from other point of view. Namely,
how is the minimal value of the correlation coefficient ry,
at the known length of series n? The matter is that series
are shifted relative to each other, when they are compared.
As aresult of it the number of overlapped rings n changes.
Considering r,, as a function of parameter n from (6.2)
one can obtain an expression for values of the correla-
tion coefficient corresponding to the 0.95 confidence co-
efficient (eq. 6.3). A usage of this equation is demon-
strated in Fig. 6. When B-2005 series is shifted by 45 years
relative B-2001 series, the values of correlation coefficient
are significant.

5. MULTIPLE CORRELATION

Correlation is not always significant when two series
are compared. We can demonstrate this with a simple
example of comparison of two series. The results of com-
parison of two series (B-2004 and B-2010) are presented
in Fig. 7. It is seen that their pair correlation is not signifi-
cant. In subsequent study of the relative age of the B-2004
sample we have added the new series B-2001 into the
comparison group and have calculated the multiple cor-
relation coefficient. Main definitions are given in section 6
(eqs 6.4 - 6.8). The results of our analysis of these two
series are presented in Fig. 8. It is shown that the mul-
tiple correlation between the B-2004 sample and the com-
parison group (B-2010, B-2001) is significant. Therefore
to improve the reliability of estimates of the relative age
of samples one should use a multiple comparison, when
multiple correlation coefficient is calculated, not pair
correlation coefficient. The results of our analysis of the
Bystrovka barrow are given in general in Table 1
and in Fig. 9.

Multiple correlation
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Fig. 5. Correlation between two series as a function of their
relative position. The maximum on graph corresponds to the
largest coefficient correlation.
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Fig. 6. Significance of correlation (see section 6, Eq. (6.3))
in the study of relative age of the samples B-2005 and B-2001.
Monotonic line corresponds to 0.95 confidence coefficient.
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Fig. 7. Pair correlation between the series B-2004 and B-2010.
The correlation is not significant.
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Table 1. Comparison groups used in analysis of the Bystrovka barrow

COMPARISON GROUPS
Sample 2001 2003 2004 2005 2008 2009 2010
2003 +
2004 + "
2005 + + +
2008 + +
2009 + +
2010 + + + +
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Fig. 8. Multiple correlation. Series B-2004 is compared with
series B-2010, B-2001. Correlation is significant if the series
B-2004 and B-2001 are shifted about 90 years.
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Fig. 9. The results of Bystrovka barrow dating. Right-band
numbers correspond to relative age of samples.

Comparison groups for six considered samples are
presented in Table 1. Series included into comparison
group are marked by ‘+’ sign. When the location of the
sample 2010 was determined, the comparison group
included four series: 2001, 2003, 2004 and 2005. Naturally,
the comparison group size was increased gradually and
in such a way that the whole data set would be self-con-
sistent. The relative age of all the samples in this case is
uniquely determined. It is interest to consider the case of
a deriving of the relative age of the sample B-2010
(Fig. 10). The dependence of correlation coefficient on
the relative position of series has two maxima. However,
the second maximum is much lower suggesting that the
relative age in this case is also uniquely determined.
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Fig. 10. Results of deriving of the relative age of B-2010.
Two maxima are significant.

6. STATISTICAL ANALYSIS OF SERIES

The correlation coefficient r,, between x and y vari-
ables is defined as following, e.g., (Bolch and Huang,
1972):

fi
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(e - TS - T

ay = (6.1)

where n is the series length, X and y are the averaged
values of these variables.

The examination of a significance of pair correlation
coefficient is determined making use of the F-statistics.
If the length of two compared series equal n, the correla-
tion coefficient r, is significant if the next conditions are
fulfilled:

2
Iy

(1 riy)/ln—2)

Fhos(ln —2) < (6.2)

where Fyo; (I,m) is the value of F-statistics with (I,m)
degrees of freedom and 0.95 confidence coefficient.
The correlation coefficient has to be sufficiently large to
satisfy the condition (eq. 6.2). The values of multiple cor-
relation coefficient, corresponding to 0.95 confidence
coefficient, as it follows from (eq. 6.2), is determined by
the number of overlapped rings n:
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Fhosiln —2)
Fiae(lon —2) +n — 2

(FayJoss = (6.3)

The meaning of multiple correlation coefficient one
can explain as follows. Let’s consider one compared se-
ries y,, where k=1,..., n, and several series in comparison
group: x5, i = 1,..., p, where p is the size of this compari-
son group. If the series y, and x,! are correlated then,
on the average, the following equation should be valid:

»

r
e = E ey Ty + Li

i=1

(6.4)

where &, is a noise component. The correlation coefficient
between left and right parts of (eq. 6.4) depends on the
values of coefficients ¢;. It is shown in mathematical
statistics that a set of coefficients, when correlation is
maximal, does exist. This maximal value of correlation
coefficient between left and right sides of (eq. 6.4) is called
as a multiple correlation coefficient.

To calculate the multiple correlation coefficient a spe-
cial correlation matrix R is used:

1 a2 ™p
p— | ™t " (6.5)
Mp Tpa cee 1

Here p is the number of variables, r,, is the correla-
tion coefficient between k-th and I-th variables. Square
of the multiple correlation coefficient between variable
k and other variables is expressed through the elements
of the inverse to R matrix:

: 1
2
Pl bl bl p— L —
! i ok (6.6)
A significance of the multiple correlation coefficient
is examined making use of the F-statistics. For series of
length n the correlation coefficient is significant if

’"ﬁmar-"f!*‘ )
Iltl rﬁrm’.':l"'frt” p 1:'

Fhosipon—p— 1) < (6.7)

where Fy;(1,m) is the value of F-statistics with (I,m) free-
dom degrees and 0.95 confidence probability. Really the
correlation coefficient has to be sufficiently large to sat-
isfy (eq. 6.7). The values of multiple correlation coeffi-
cient, corresponding to the 0.95 confidence probability
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(as follows from eq. 6.7) are determined by the number
of overlapped rings n and the number of series p in the
comparison group:

(r2 s nes = Foos(p,n—p—1)
mult /0.95 Foo I:p_ - l:I —

— (6.8)

7. CONCLUSIONS

The method of deriving the relative age of wooden
samples developed in the present work can be applied
along with the radiocarbon dating to date archeological
monuments, including the wood constructions, the differ-
ence of ages of which permits to construct dendrochro-
nological rows of dates. A sensitivity of the method is in-
creased when one used multiple correlation of several
samples. The method allows to control the reliability of
matching of samples using the estimations of significance
of the multiple correlation coefficient. This method can
be applied to analyze deformed samples or destroyed
samples.
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