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Groove analysis of the Ravnunge-Tue Stones and the Jelling Stones

[bookmark: _Toc117066971]Introduction
This supplementary material to the article ‘A Lady of Leadership: 3D-scanning of runestones in search of Queen Thyra and the Jelling Dynasty’ provides details about fieldwork, workflow, sampling and results for the groove analysis of the Ravnunge-Tue stones and the two Jelling stones. It also contains a section about the typology of the runes.

[bookmark: _Toc117066972]Fieldwork
The carving surfaces of the five runestones figuring in the discussion about the carver Ravnunge-Tue were 3D-scanned on site at Bække, Læborg, Horne, and Randbøl in September 2021 (Table 1 in the main article) with a handheld laser scanner, HandySCAN BLACK Elite (blue laser) from Creaform, by Henrik Zedig (Figure S1). In addition, small sections of the carving surfaces on the runestones Jelling 1 and Jelling 2 were 3D-scanned. All scans were made with a resolution of 0.4mm. 
[image: C:\Foto 2021\2021-09-28\2021-09 3D-scanning Baekke och Laeborg\20210922_091508.jpg]
[bookmark: _Toc117066973]Figure S1. 3D scanning of the Randbøl Stone. Photo: Laila Kitzler Åhfeldt.

Preparations for analysis
The 3D-models were converted to STL-format. Noise was reduced by using the function Thin, tolerance value 0.03–0.1mm, in the 3D software GOM Suite 2021. The models were opened in DeskArtes 3Data Expert (version 12.1.0.12) and data for groove analysis was sampled by using the specialised function Groove Measure, created by software developer Ismo Mäkelä at DeskArtes Oy, Finland, according to instructions by Laila Kitzler Åhfeldt.

[bookmark: _Toc117066974]Comparison of scandata from 2007 and 2021
In our study, we use 3D data of the two Jelling stones from two scans. The Jelling stones have earlier been 3D-scanned by Zebicon in 2007 using an optical 3D scanner, ATOS IIe, with a resolution of 0.5 mm and a TRITOP camera (Trudsø 2010). In our own scan in 2021, a section of inscription A on the larger Jelling stone (Jelling 2) as well as a section of inscription A on the smaller Jelling stone (Jelling 1), were 3D-scanned by a laser scanner, HandySCAN BLACK Elite, with a resolution of 0.4mm (see above). Our scan in 2021 is a bridge between the 3D-data of the complete Jelling stones produced in 2007 and the 3D data of the Ravnunge-Tue stones produced in 2021. When we compare our scans, we judge them to be of equivalent quality and both have been used in this analysis. 
The diagram below compares samples from inscription A on the large Jelling stone; samples 1–12 (sampled in scandata from 2021) with samples 23–38 (sampled in scandata from 2007) (Figure S2). The samples are from different runes, but in the same inscription.
 


Figure S2. Comparison of scandata from 2007 (samples 1–12) and 2021 (samples 23–38). Image: Laila Kitzler Åhfeldt.
[bookmark: _Toc117066975]
Sampling strategy
The number of samples varies according to the size and condition of the stone, in some cases only a few grooves are possible to analyse. The sampling here corresponds to how rune-stones in Sweden and on Bornholm previously have been analysed. The procedure is time-consuming, and the number of samples is a compromise between time and representativity.
In sampling, well-preserved areas of the stone surfaces have been chosen. If possible, the samples have been spread out evenly in the inscriptions, but good preservation takes precedence over distribution. Areas that are heavily affected by trampling or weathering have been avoided. This can often be clearly seen in the 3D models (Figures S3 & S4). As has been stated in the main article, priority has been given to verticals and junctions have been avoided, as these distort the cross-section of the groove. The exact position of each sample has been documented by a screenshot during the application of the Groove Measure-function in DeskArtes 3Design Expert (only one example is shown here; Figure S5). For orientation, the samples have been marked schematically on 3D images (Figures S6–8, S10–17).

[image: ]
Figure S3. Example of area that has been avoided for sampling. The word tanmaurk (Denmark) on the larger Jelling stone (Jelling 2). The first rune (t) has been analysed, but from the third rune (n), the inscription is too damaged. 3D-scan by Zebicon. Image: Laila Kitzler Åhfeldt.

[image: ]
Figure S4. Example where it is clearly seen that only a few runes can be sampled. Inscription C on the large Jelling stone (Jelling 2). 3D-scan by Zebicon. Image: Laila Kitzler Åhfeldt.
[image: ]
Figure 5. Documentation of a sample in DeskArtes 3Data Expert. The marked area has been measured with the function Groove Measure. Sample Jelling 2_nA35. 3D-scan by Zebicon. Image: Laila Kitzler Åhfeldt.
[bookmark: _Toc117066976]


Samples
The runic texts are quoted from the digital research platform Runor (Samnordisk runtextdatabas 2020).

[bookmark: _Toc117066977]Bække 1
Runic inscription DR 29 in Samnordisk runtextdatabas 2020 http://kulturarvsdata.se/uu/srdb/4b474f44-0071-48bb-b1a3-683415951f22 
rafnuka:tufi : auk : futin : auk knubli : þaiʀ : þriʀ : kaþu : : þuriaʀ : hauk ::
[image: ]
Figure S6. Bække 1 (DR 29). 3D-scan by Henrik Zedig. Image and drawing: Laila Kitzler Åhfeldt.

[bookmark: _Toc117066978]

Bække 2
Runic inscription DR 30 in Samnordisk runtextdatabas 2020 http://kulturarvsdata.se/uu/srdb/6df65806-be24-4de1-aa7b-79b552d0225d
hribną:ktubi : kri ukub þsi aft : uibruk mþu sin
[image: ]
Figure S7. Bække 2 (DR 30). 3D-scan by Henrik Zedig. Image and drawing: Laila Kitzler Åhfeldt.
[bookmark: _Toc117066979]

Horne
Runic inscription DR 34 in Samnordisk runtextdatabas 2020 http://kulturarvsdata.se/uu/srdb/595180d4-ff95-4a68-8e03-8ed920b9e2af
…fnukatufi kaþi hauk (þ)----…
[image: ]
Figure S8. Horne (DR 34). 3D-scan by Henrik Zedig. Image and drawing: Laila Kitzler Åhfeldt.
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Læborg
Runic inscription DR 26 in Samnordisk runtextdatabas 2020 http://kulturarvsdata.se/uu/srdb/08f47b32-85c0-4e2d-a83c-811c9cd70dec
[image: ]
Figure S9. Læborg (DR 26). 3D-scan by Henrik Zedig. Image and drawing: Laila Kitzler Åhfeldt.

Inscription A
rhafnukatufi : hiau : runaʀ : þasi aft
[image: ]
Figure S10. Laeborg (DR 26), inscription A. 3D-scan by Henrik Zedig. Image and drawing: Laila Kitzler Åhfeldt.


Inscription B
þurui : trutnik : sina
[image: ]
Figure S11. Laeborg (DR 26), inscription B. 3D-scan by Henrik Zedig. Image and drawing: Laila Kitzler Åhfeldt.
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Randbøl
Runic inscription DR 40 in Samnordisk runtextdatabas 2020 http://kulturarvsdata.se/uu/srdb/214b3db5-7332-4e5f-a441-71314129a7f1 
tufi : bruti : risþi : stin : þansi : aft : lika : brutia : þiʀ : stafaʀ : munu : þurkuni : miuk : liki : lifa :
[image: ]
Figure S12. Randbøl (DR 40). 3D-scan by Henrik Zedig. Image and drawing: Laila Kitzler Åhfeldt.
[bookmark: _Toc117066982]Jelling 1
Runic inscription DR 41 in Samnordisk runtextdatabas 2020 http://kulturarvsdata.se/uu/srdb/4ed033a9-1fc7-40d7-a252-84c9c3810f02

Inscription A
kurmʀ : kunukʀ : k(a)(r)þi : kubl þusi : : a(f)(t) : þurui : kunu 
[image: ]
Figure S13. Jelling 1 (DR 41), inscription A. 3D-scan by Henrik Zedig. Image and drawing: Laila Kitzler Åhfeldt.

Inscription B
§B : sina : tanmarkaʀ : but :
[image: ]
Figure S14. Jelling 1 (DR 41), inscription B. 3D-scan by Henrik Zedig. Image and drawing: Laila Kitzler Åhfeldt.
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Runic inscription DR 42 in Samnordisk runtextdatabas 2020 http://kulturarvsdata.se/uu/srdb/0d45c79a-c0d6-4937-9663-f044b31fcc65 

Inscription A
: haraltr : kununkʀ : baþ : kaurua
kubl : þausi : aft : kurm faþur sin
auk aft : þąurui : muþur : sina : sa
haraltr (:) ias : saʀ : uan : tanmaurk
[image: ]
Figure S15. Jelling 2 (DR 42), inscription A. 3D-scan by Zebicon. Image and drawing: Laila Kitzler Åhfeldt.

Inscription B
ala : auk nuruiak 

[image: ]
Figure S16. DR 42 Jelling 2, inscription B. 3D-scan by Zebicon. Image and drawing: Laila Kitzler Åhfeldt.


Inscription C
(:) auk t(a)ni (k)(a)(r)(þ)(i) kristną

[image: ]
Figure S17. DR 42 Jelling 2, inscription C. 3D-scan by Zebicon. Image and drawing: Laila Kitzler Åhfeldt.
[bookmark: _Toc117066984]Additional information about the analysis
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Application of Groove Measure
Groove Measure is a module in the 3D-software DeskArtes 3Data Expert, created for the specific purpose of analysis of grooves and tool marks. With Groove Measure we can 1) characterise a groove mathematically, even if it is a bent line, and 2) base the data for the cross-section of each rune on several measurements, not only on one single cross-section. The procedure and calculations are based on principles laid down in Kitzler Åhfeldt’s doctoral thesis (Kitzler Åhfeldt 2002: Paper II: 86). In 2008, the calculation formulas were coded into the function Groove Measure by software developer Ismo Mäkelä at DeskArtes Oy, Finland, and it has subsequently been updated to more recent versions of the software. This study uses 3Data Expert 11.1.0.11. 
The 3D-model is opened in the software 3Data Expert. When a groove has been chosen (typically a rune or a section of the ornament), the 3D-model is orientated so that a plane (X, Y or Z) runs parallel to the stone surface adjacent to the groove. A curve is drawn with a pen tool along the groove base. Groove Measure places cross-sections at regular intervals (here set to 1mm) perpendicular to this curve. Next, Groove Measure calculates a reference level of the stone surface which is applicable for this specific sample and collects depth values at regular intervals (here 1mm) along the cross-sections (here 14mm long). The result of Groove Measure is a matrix of depth values, where each row represents a cross-section of the groove and the middle column represents the deepest part of the groove, i.e. the groove base. Further details are explained elsewhere (Kitzler Åhfeldt 2002: Paper II: 86). The step interval 1mm here chosen has proven to be appropriate for the most common types of Scandinavian runestones. The parameters can be changed, and the function can thus be applied to other types of carvings and tool marks. To calculate the actual variables from the measurements, the data matrix from Groove Measure is imported into a calculation template sheet constructed in EXCEL. Consideration has been taken to the bulging stone surfaces of the stones, by referring the variation in the groove base not to a fixed plane but to a flowing mean (Kitzler Åhfeldt 2002: Paper II: 86). 

[bookmark: _Toc117066986]The ideal depth D
The variable D is a ‘hypothetical’ or ‘ideal’ depth variable constructed from the groove angle. The idea is that the actual depth of the groove varies according to the degree of wear of the chisel edge. D is the depth that the groove would have had if the chisel were always sharp and the stone material adapted perfectly to it. It does not of course, but D is a better reflector of the carving technique than the actual depth values (Kitzler Åhfeldt 2002: 31–33, Paper II: 87).

[bookmark: _Toc117066987]Standardisation of variables
For the Principal Components Analysis (PCA) and the Hierarchical Cluster Analysis (CLU), the variables have been standardised, so they can play an equal role in the analysis although they are of different units (Baxter 2003: 75).
[bookmark: _Toc117066988]
Outliers
In this study, we have chosen not to identify and exclude outliers. The outliers may be due to measuring errors or deviating special cases, but on closer examination it may prove that these outliers may be the archaeologically most interesting cases (Everitt 2011: 29; Baxter 2016: 56). It can be argued that they might represent poorly sampled subgroups (for a discussion, see Kitzler Åhfeldt 2002: Paper IV: 141).
[bookmark: _Toc117066989]
Analysis data
For the statistical analysis, we have used the software STATISTICA 9.
[bookmark: _Toc117066990]
Tables
Table S2. Basic data for the runes on the scanned stones. The table presents the mean values (Means), number of samples (N) and standard deviation (Std.Dev.) for the most important variables v (groove angle), D (ideal depth), w (distance between pits in the groove base) and k (index variable reflecting the cutting rhythm). For illustration of the variables, see Figure 6 in the main article. A high standard deviation indicates a large variation and irregularity, whereas a low standard deviation indicates small variation and uniform grooves. The values of D are negative because they refer to a reference level on the stone surface. We can observe that Læborg has a value D c. -4.94mm (4.94mm deep) and Jelling 2 D c. -4.80mm (4.80mm deep), meaning that the runes are extremely deeply carved on these stones.



Table S3. The average groove angle (v) for each stone: v (groove angle) = mean value for each stone; n = number of samples; span = the range between the maximum and minimum values for a carver or a carver group. The difference in v in pair-wise comparisons of rune-stones by the same carver amounts to 0.4-4 degrees. The span for the whole Asmund-group, including master and helpers, is 21 degrees and for the Ravnunge-Tue group even larger, 44 degrees.
[image: ]

[bookmark: _Toc117066991]Discriminant analysis
The Principal Component Analysis (PCA) in the main article has been complemented by the multivariate statistical method Discriminant Analysis (DIS), another way to explore and illustrate the relation between the Jelling stones and the stones in the Ravnunge-Tue group. In this analysis, pre-defined groups (here: samples of runes from each stone in the Ravnunge-Tue group) are introduced to the analysis software, which calculates and illustrates how the groups can be distinguished from one another. The analysis has been made with the Forward stepwise method, using the variables v, D, k and w. In a first step, the DIS was performed without the Jelling stones. The aim was to identify the diagnostic characteristics for each of the stones in the Ravnunge-Tue group and, in the next step, to allocate the Jelling stones to the most suitable stone by Classification of cases. 
The result of the classification is given as posterior probabilities (M; Figure S17), which express how the relative probability of belonging to a certain group is distributed between the available alternatives. The sum is always 1 (corresponding to the sum of the bars for each rune stone in Figure S18). This value can be interpreted as a ‘membership’ (M) value of the respective group. As an aid to judge the strength of the classification, we may note that if the value of M exceeds 0.5, this alternative is more probable than all the others together (Baxter 2016; Kitzler Åhfeldt 2019: 11). The result clearly shows that among the Ravnunge-Tue stones, Jelling 2 is most similar to Læborg. The result for the Jelling 1 is more ambiguous. Here, as in the PCA, it appears to be more similar to Bække 2, but we judge this result as unreliable as Jelling 1 is heavily weathered.

 
Figure S18. Result of Discriminant Analysis: posterior probabilities. The total sum of probability (=1) has been distributed on the five stones in the RavnungeTue group. Among the stones in this group, Jelling 2 is most similar to Læborg. Jelling 1 seems to be more similar to Bække 2, but due to its weathered condition the result is uncertain. Image: Laila Kitzler Åhfeldt.

[bookmark: _Toc117066992]Hierarchical Cluster Analysis
The relations between the stones in the Ravnunge-Tue group and the two Jelling stones have also been examined and illustrated by Hierarchical Cluster Analysis (CLU). The CLU was performed with Ward’s method and Euclidean distances (see Kitzler Åhfeldt 2002: 34 for a discussion of this method), using the variables v, D, k and w. The variables were standardised.
The result as illustrated in a tree-diagram indicates that the Læborg-stone is the one of the Ravnunge-stones that is most similar to Jelling 2 (Figure S19). Bække 2 is set apart from the other stones in the Ravnunge-Tue group. Jelling 1 is more similar to Bække 2 than to any of the other stones, but as said above we discard this result due to the weathered condition of Jelling 1.



Figure S19. Result of Hierarchical Cluster Analysis. Image: Laila Kitzler Åhfeldt.

[bookmark: _Toc117066993]Typology of runes
The shape of the individual runes is evidence of a regional tradition of writing as well as individual traits. 
Bække 2: The size and shape of the runes deviate from all other stones. The height of the runes is 100–105mm. The branches of all runes are rather short and there is great variation within the outline of each single rune, e.g. there are three different version of the r-rune. Generally, there is a gap between the two pockets of the b-rune. 
Bække 1: The height of the runes varies between 165 and 190mm. The variation of each single rune is not great, except for the u-rune, where one has a branch that is placed a little lower on the main stave. The branches of the f-runes are not quite parallel. 
Horne: The height of the runes varies between 110 and 170mm due to the fact that some runes are carved in a bend of the rune-band. The branches are not carved in straight lines, which gives the runes a little ‘blurry’ look. The same feature with the u- and f-rune as with Bække 1. 
Randbøl: The height of the runes varies between 115 and 150mm. The surface of the stone is very rough and uneven, which must have made it difficult to work for the stone carver. This may have caused some of the variation in the outline of each single rune, e.g. the branches of some of the u-, r- and l-runes are placed at some distance from the top. Some of the s-runes are a bit curved. The pockets of the m-rune almost have edges rather than roundings and the branches of the f-rune are not parallel. Because of the uneven surface, it is difficult to compare the runes to other stones typologically. 
Læborg: The height of the runes varies between 195 and 220mm. The main staves are very straight and there is not much variation in each single rune, except for one of the u-runes, where the branch is placed with some distance from the top of the main stave. The r-runes may be more narrow or more wide and there is a tendency that the lower branch curves inwards to the main stave. The branches of the f-rune are parallel. 
Jelling 2: The height of the runes varies between 210 and 250mm, except for the last few runes in the first line of side A, where the stone is damaged. Here the height of the runes is 145–160mm. The main staves are very straight and the same variation as in Læborg with either more narrow or more wide runes occurs. The branches of the f-rune are parallel. The pockets of the m-rune are rounded and of equal size. As on Læborg, there is a tendency that the lower branch of the r-rune curves inwards.
Jelling 1: The height of the runes varies between 160 and 290mm, but the runes in each line have approximately the same height. The runes in the first line of side A are 280–290mm tall, the second line 160–180mm, and the third line c. 190mm. On side B the runes are 240mm tall. The main staves are very straight and the runes generally resemble the runes on Læborg and Jelling 2. The pockets of the m-rune are rounded and of equal size. The pockets of the m-rune on side A seem more angular, which is probably a consequence of the heavy weathering. As on Læborg, there is a tendency that the lower branch of the r-rune curves inwards.
The mean height of the runes for each rune-stone has been summarised in Figure S20.



Table S4. The shape of the runes used on the seven analysed stones. A common feature for all the stones is the b-rune, where the pockets are placed at some distance from either end of the main stave. Most other rune-stones in Jutland have the same feature.

[image: ]



Figure S20. The mean height of the runes for each runestone. Jelling 1 is divided into Side A and Side B.
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Breakdown Table of Descriptive Statistics (Jylland 2)

N=128 (No missing data in dep. var. list)

Include condition: part="rune"

Signum

v

Means

v

N

v

Std.Dev.

D

Means

D

N

D

Std.Dev.

w

Means

w

N

w

Std.Dev.

k

Means

k

N

k

Std.Dev.



Baekke 1

126,4586

19

5,56939

-3,25407

19

0,482258

7,261075

19

0,966972

0,499433

19

0,035366



Baekke 2

144,3917

14

5,89801

-1,81530

14

0,265589

6,971806

14

1,025760

0,480021

14

0,058633



Horne

126,5412

8

16,76023

-3,08796

8

1,108724

7,149800

8

0,826516

0,495708

8

0,033888



Laeborg

100,6853

17

9,11622

-4,94296

17

0,528848

6,778662

17

0,798562

0,497494

17

0,022267



Randböl

118,0114

15

9,55086

-3,38195

15

0,621941

6,875178

15

0,696014

0,514077

15

0,046714



Jelling 2

110,3415

38

11,30652

-4,80287

38

0,904323

8,072975

38

0,918558

0,500986

38

0,029686



Jelling 1

148,9820

17

9,82084

-2,37668

17

0,540927

6,846419

17

0,656578

0,513256

17

0,023135



All Grps

122,2189

128

18,80615

-3,66889

128

1,312241

7,299150

128

0,994629

0,500832

128

0,036225
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max-min
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Bække 1

126 19 44

group Bække 2 144 14

Horne 127 8
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U 1142 146 14

U 1144 148 27
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Tree Diagram for 7 Cases
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Scatterplot: Mean height of the runes
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Scatterplot of D against v; categorised by scandata
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