Fig. 2a

Fig. 2b
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applied over the four monuments of ecclesiastical architecture: Arilje, Sopo¢ani and
Studenica churches, along with the church of St. Mary on the island of Mljet.
Sawvides suggested that the complex incisions on the stone in the Galerius Palace
could provide the evidence concerning the implication of conceptual designs in late
Roman architecture.® The drawing consists of 18 geometric objects: circles, squares
and intertwined squares, which intensively form sequences of octagons. The com-
plexity of the Octagon model presents a set of algebraic and geometrical sequences
that describes both the basic geometric elements of the complex drawing and most
of the architectural elements of the ground plan of the Octagon monument itself.3®
Mutual relations of geometrical objects incised on the stone beam are based on
geometric concepts such as the ad quadratum, circle squaring and octature.®® The
algebraical values of the elements of the Octagon model, i.e. the set of geometric
shapes: circles (I, 11,1V and V) and squares (lII, VI, VIl and VIII) in order of appearance,
successively from the center (origin of the coordinate system 0,0) of the model.

34 D.Sawvides, 2021, op. cit., p. 422.

35 The building whose shape attested the purpose of the incisions found in Gallerius
complex in Thessaloniki is named Octagon.

36 “While a circle circumscribed around a square by quadrature has a diameter 1.414
times as great as the square’s side length, the octature operation gives a circle with
diameter1.082 times the octagon’s width. In R. Bork, “Dynamic unfolding and the con-
ventions of procedure: Geometric proportioning strategies in Gothic architectural de-
sign”, Reprint from Proportional Systems in History of Architecture, Leiden University
Press, 2018, p.320
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Table 5 Characteristics of the elements of the Octagon model,
where the constant a=V(2+V2) /2.

Octagon
model Q + (0) ] \Y;
values a2 V2 2 Van an ) m/n

n
Octago - v + - v | o+
model
| a2 /2 /2 5 5 w2 2 V2
values > 2 S aTt TU o V2 o

The elements of the Octagon model (Table 5) are divided into three groups:*’

Group A includes eight geometric objects in which equality between areas of cir-
cles and squares is identified: The ratio between the radiuses of circles and the sides
of squares Ill/I and VI/IV is equal to /2. Hence, the squaring areas of circles | and
IV are equal to the areas of squares Il and VI respectively; the ratio between the
radiuses of circles Il-I and V-1V is equal to V2/2. This relation means that each one
of the squares that has an area equal to the area of circles | and IV is inscribed by the
circles Il and V; moreover, the arithmetical ratio between the sides of the squares
corresponding to IV/IIl, VII/VI and VIII/VIl is equal to V2. Therefore, the area of
square VI is the half of VIl which is the half of VIII.

Group Bincludes the three squares constructed by rotating of the primary squares
for 45°, related to positions Ill, VI and VII.

Group Cincludes seven squares which are attached to every previously described
square. The ratio between the sides of these squares and their attached squares is
calculated either to a (squares Il and V and their corresponding rotated squares,
denoted with the symbol -) or 1/a (squares VIl and VIII and the rotated square of
VII; denoted with the symbol +).

Geometric analysis of the four ground plans based on the Octagon model starts
with the premise that the ring of the central dome coincides with the basic ele-
ments of the Octagon model-circle or the square (eg. circle | is applied at Sopocani
and Arilje, while square Il is applied at Studenica and St. Mary). Considering that
the radius of circle | is equal to the value of 1 (non-dimensional), the scaling of the
Octagon model is performed in the following scales: for Studenica 1:267, Sopocani
1:211, Arilje 1:154.9 and St. Mary 1:178.55. In order to calculate the deviations of the
model from the ground plans a digitization process is applied. Graphic interpreta-
tion of this process, which is performed in commercial software Digitizer 2.6.8, is
presented on the example of the St. Achillius church in Arilje (Fig. 3).

The red squares in Fig. 3 represent the digitized points for the church ground plan
that are close to the Octagon model, while the red dots stand for the points of the
Octagon model that are suggested to predict the coordinates of the church ground
plan. The embedded figure, at the top right of Figure 3, exhibits the deviation be-
tween the model and the actual ground plan for each one of the above coordinates.
When the red dot is in the middle of the red square the error is 0, while when the
dot is at the corner of the square the error is 3 %.

37 D. Sawvides, 2021, op. cit., 407.
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The same procedure is repeated for the three other churches. Results show that
the Octagon model can satisfactorily define most of the elements of the ground
plans of the examined churches (such as side walls, radius of domes etc.) with an
overall deviation of less than +3.0 %.

The final results, after the validation of the Octagon model for the four chosen
churches, are presented in Fig. 4 a—d. Architectural elements of the examined
churches, that are successfully described (deviation of less than +3 %) by the
Octagon model, are underlined with red thick lines. The red arrows indicate the
elements of the Octagon model that present the modeled lines of the ground plans.

The correlations between the elements of the Octagon model and the real dimen-
sions of the ground plans of the four churches are presented in diagrams in Fig.
5 a—d. Both data (modeled and measured) are on a very strong linear correlation
(R2~1), which suggests that the Octagon model can predict the most parts of the
examined church layouts.
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A COMPARISON BETWEEN THE TWO GEOMETRIC CONCEPTS

As presented in Figure 6, and concerning the examination of a possible relation be-
tween Stambulk’s canon with additional triangulation and the Octagon model, the
two geometric concepts are overlapped by keeping the dispositions over the ground
plans. Displaying both geometries over the ground plans of the churches enabled
observing the common elements of the Octagon model and Stambuk’s canon with
additional triangulation. Namely, 5-7 points — vertexes of characteristic triangles lay
over the elements of the Octagon model. Detailed elaboration of the correlations
between the elements of the Octagon model and architectural spaces in the layouts,
as well as Stambulk’s canon with additional triangulation, is presented in Table 6.
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CONCLUSION

Geometric analyses of the twelve ground plans of selected medieval churches in
the Balkans are performed by applying the two diverse geometric methods. Eleven
churches are from the Raska territory in medieval Serbia and belong to the same
architectural style. Built contemporaneously with the early Raska churches towards
the end of the twelfth century, the church of St. Mary on the island of Mljet in the
southeastern Adriatic is used as an outlier monument.

The geometric method which employed Stambulk’s canon with additional triangu-
lation shows that triangular geometry is efficient in determining the general dimen-
sions of the church layout, i.e. width of the nave, total width/length of the church
and width of the altar. Simultaneously, the applied geometric shapes - equilateral
triangles - are related to the characteristic points in the layout: the center and top
of the apse, as well as the midpoint of the west entrance wall.

The results of this study indicate that most parts of the layouts of the four se-
lected churches (in Studenica, Arilje, Sopocani and St. Mary on the island of Mljet)
can be analyzed by using the proposed geometry of the Octagon model. As expect-
ed, some of the key elements and points from Stambulk’s canon appear within the
Octagon model, such as the center of the apse, the edge of Stambuk’s triangle.

Based on the results of this investigation, as well as the authors’ previous research
on this subject, it can be stated that these methods can be applied on a greater
number of diverse churches regardless of their position in the larger Balkans region
and regardless of their architectural style. This conclusion implies that the layouts
of the churches could have been designed by applying similar geometric principles
regardless of their execution and architectural style. It is also noteworthy that most
of the churches share the same proportions, whether they are monumental in size,
such as the churches in the monasteries Studenica, Zi¢a, Gradac and Sopocani, or
with modest dimensions, such as St. Achillius in Arilje.

Moreover, technological advances in computer aided design and contemporary
software solutions aimed for parametric modeling, offer possibilities for advancing
the process of redesigning the ruined churches based on here presented geometric
methods. The research results show that only a few parameters, related to the given
geometric schema, such as the width of the nave, and the total width, besides the
wall thickness, determine the layout of the church in general terms. Simultaneously,
the specific positions of geometric shapes: circles, triangles, and squares, within the
layout are considered.

ACKNOWLEDGEMENTS

This study was supported and partly funded by the Ministry of Science and Techno-
logical Development of the Republic of Serbia under No. 36008, and Bridging the
Divide Grant, lowa State University.

ILLUSTRATIONS

1: Geometric schemas - representatives of the diverse architectural layouts for the Raska type of
churches (according to Nenadovi¢). Drawing: Magdalena Dragovi¢.

reOMeTijCKe weme — npeacraBHULUH pa3niMinUTUX OCHOBa LipKaBa Pawikor Tvna (rlpeMa
HeHva,D,OBth). UpTtexx: Marpnanena Oparosuh.

2a: Stambuk’s canon and additional triangulation: layouts of the churches of St. George - 1), St.
Nicholas - 2), Sopo¢ani - 3) and St. Achillius - 4) with the corresponding geometry and schematic
representations of the layouts. Drawings: Magdalena Dragovi¢
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LlItamdyKoB KaHOH ca JOAATHOM TpHaHrynaLlujom — ocHose Lpkasa: Cs. [eopruja - 1), CB. Hukone -
2), ConohaHa - 3) 1 CB. Axunuja — 4) ca ogroBapajyhom reoMeTp1joM 1 Lemama ocHoBa. Liptexu:
MarvuaneHa [Oparosuh.

2b: Stambuk’s canon and additional triangulation: layouts of the churches of the monasteries

in Gradac - 5), Studenica - 6), Zi¢a - 7) and Moraca - 8) with the corresponding geometry and
schematic representations of the layouts. Drawings: Magdalena Dragovi¢.

LlItamdyKoB KaHOH Ca JOJATHOM TpHAHTYNaLIMjOM — OCHOBE LipKaBa MaHacTpa: [pagad, -5 ),
CryneHuua - 6), XXnua - 7) 1 Mopaya - 8) ca onroBapajyhom reoMeTprjom 1 LLiIeMama OCHOBa.
U,pTve>KH: MarpaneHna Oparosuh.

2¢: Stambuk’s canon and additional triangulation: layouts of the churches of the monasteries in
MileSeva - 9), Pridvorica - 10), Banjska - 11) and St. Mary - 12) with the corresponding geometry
and schematic representations of the layouts. Drawings: Magdalena Dragovi¢

LlItamdyKoB KaHOH ca JOJATHOM TPHAHTyNaLMjOM — OCHOBE LipKaBa y MaHacTipuma: Muneluesa -
9), NMpuasopuua - 10), barcka - 11) 1 CB. Mapuja - 12) ca ogrosapajyhom reoMeTpHjom v Lemama
ocHoBa. Lptexxu: MarpaneHa Oparosuh.

3: The digitization of the ground plan of St. Achillius Church in Arilje. Drawing: Demetrius Savvides.
[urrtrsaumja ocHose Lpkee CB. Axvnuja y Apumy. Liptex: demetpuryc CaBuaec

4: Octagon model set for the ground plans of: Studenica - a); Arilje - b); St. Mary - c); Sopocani - d).
Drawings: Demetrius Savvides.

OkTaroH Mofen noctaB/beH Hag ocHoBaMa Lipkasa y CTyaeHHum — a), Apumy — ), CB. MapHju — 1) 1
Conohanunma - g). Liptexu: Jemetpryc Cauaec.

5: Correlation of the elements of Octagon model and the real dimensions of the layouts of:
Studenica - a); Arilje - b); Sv. Marija - c); Sopocani - d). Graphs: Demetrius Savvides.
MehysasrcHocT enemerata OKTaroH Mofena 1 CTBapHUX AMMEH3Hja 0cHoBa Lipkasa: CTyAeHH LA —
a); Apurse - 6); C. Mapuja — u); Conohanu — n). Fpadmkonm: [lemetpryc Casuaec

6: Mutual elements of the Octagon model and the Stambuk’s canon with additional triangulation;
Ground plans of: Studenica - a), St. Mary - b), Arilje - ¢) and Sopocani - d). Drawings: Demetrius
Sawvides.

3ajenHuukm enement OkTaroH Moaena M LLitambykoBor KaHOHa ca ,0AaTHOM TPHAHTYALHjOM.
Uptexu: Nemetpryc CaBraec.
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5: Drawings of the Church of Ascension in the Zi¢a Monastery [upTexw Cnacose Lp-
KBe y MaHacTHpy Xuua]

YaHak-Mepuh, Munka 1 Kanguh, Onveepa. CnoMeHHLM cpricke apXUTEKType cpef-
tber Beka. Onyc cakpanHux rpahesrHa: Apxutektypa npse nonosuHe Xlll veka I. Lip-
kBe y Pawwkoj [The monuments of the Serbian medieval architecture. Corpus of sacral
buildings: Architecture of the first half of XlII century. Churches in Raska.]. beorpag,
Penybnuyku 3aBof, 3a 3aLLUTHTY COMEHKKa KyNType, 1995.

6: Drawings of the Church of Ascension in the MileSeva Monastery [upTexu Lpkse
MaHacTMpa Muneluesa]

YaHar-Meaunh, Munka 1 Kananh, Onusepa. CoMeHHLM Cpricke apxHUTeKType cpef-
tber Beka. Onyc cakpanHux rpahesrHa: Apxutektypa npse nonosuHe Xlll veka I. Lip-
kBe y Pawkoj.[The monuments of the Serbian medieval architecture. Corpus of sacral
buildings: Architecture of the first half of XIll century I. Churches in Raska)]. Peny-
dn1uKkK 3aBoA, 3a 3aLLUTHUTY CMOMeHHKa KynType, beorpan, 1995.

7: Drawings of the church in the Mora¢a Monastery [upTexw upkse maHactipa Mo-
paye]

Metkosuh, CpeteH. Mopaua. MoHorpaduja. [Moraca. Monograph.] Cpricka KrbHkeB-
Ha 3agpyra, beorpag, 1986.

8: Drawings of the church in the Pridvorica Monastery [upTexu LpkBe MaHacTHpa
MpunosopHual

YaHak-Mepuh, Munka. CoMeHHLM cpricke apxuTekType cpeatber Beka. Onyc ca-
KpanHux rpahesuHa: ApxutekTtypa npse nonosuHe Xl veka II. Lipkse y Paikoj. [The
monuments of the Serbian medieval architecture. Corpus of sacral buildings: Archi-
tecture of the first half of XlII century Il. Churches in Raska.]. Penydnu1uku 3aog 3a
3alUTHUTY CnomeHHKa KynType, beorpan, 1995.

9: Drawings of the church in the Sopocani Monastery [LpTexw LpkBe maHacTHpa Co-
nohanaj

Kanguh, Onusepa. Conohatu. Mctopuja v apxuTekTypa maHactrpa. [Sopocani. History
and Architecture of the Monastery.] [1pyLutso koH3epBaTopa Cpduje. beorpag, 2016.
10: Drawings of the Church of St. Ahilije in Arilje [upTexu upkse Cs. Axunuja y Aprsby]
YaHar-Menuh, Munka. Ceetr Axunuje y Apumy. MoHorpadwija. [St. Achillius in Arilje.
Monograph.] Penybnuuku 3aBof, 3a 3alUTHTY crioMeHHKa KynType, beorpag, 1996.

11: Drawings of the church in the Gradac Monastery [upTexu upkse |

Kanpuh, Onusepa. lpanal. Mctopuja 1 apxutekTypa maHacTipa.[Gradac. History and
Architecture of the Monastery.] Ctyauje u moHorpaduje 15. Penydnuuku 3aBof 3a 3a-
LUTHUTY COMeHHKa KynType, beorpag, 2005.

12: Drawings of the Church of St. Stefan in the Banjska Monastery [upTexu upkse CB.
CredaHa y maHacTHpy barbcka]

LLynyT, Mapuua. Manactp bamcka. [Banjska Monastery], beorpaa, Penybnunuku 3a-
BO/J, 3a 3alLTHTY CrioMeHHKa KynType, beorpag, 2003.

Marpanena C. IPATOBHR, Anexkcangap A. YYHAKOBH R,
Hemetpuyc C. CABUIEC, Jenena B. BOTJAHOBHR

JOBA TEOMETPH)CKA KOHUEMNTA NMPUHMEHEHA HA NMPOJEKTE
CPEOHOBEKOBHHX LIPKABA HA BAJTKAHY

Pe3sume: OBaj pan npencraB/ba KOMOMHOBAHY NPUMEHY [iBa FEOMETpHjCKa KOHLLENTa 3a aHanM3y apxu-
TEKTOHCKHMX OCHOBa oiadpaHHX cpeHOBEKOBHHX LipkaBa Ha bankaHy. JenaH KOHLENT je reomeTpHjcka
KOHCTPYKLIHja, No3HaTa kao LLITamdykoB kaHOH, Koja je oBAe fonymeHa TpHaHrynaLmMjom. Hberosa npw-
MeHa je Beh notepheHa y LUIMPOKOM CMeKTpY KaCHOAHTHUKHMX M CPeAHOBEKOBHHX LipKaBa Ha bankany.
Hpyrv konuenT je OKTaroH Moaen, Koju ce 3aCHHBa Ha PEKOHCTPYHCaHWM FEOMETPH]CKHM LIpTEXHMA
Ha KamMeHy MpoHaheHWM Ha pyLlueBrHama OKTaroHa, OpUrHHasIHOM Aeny KacHoaHTHuKe lanepwjese
nanate y ConyHy. Oba oBa KoHLienTa ce ocnarbajy Ha reoMeTpHjcke 0drKe K creLdryHe BpcTe rpu-
[, n3BefeHe KOMOHMHOBatbeM OCHOBHHX 00JIMKa — KpyroBa ca TpOyrloBUMa M KBafpaTHma. Y NpBomM
MPHCTYNy, ABe BPCTE HU30Ba TPOYI/I0Ba, Tj. FEOMETPHjCKHX 0dpasalia, MPHMEHY]y Ce Ha OCHOBE [BaHa-
ecT upkasa. AHanu3a nokasyje na TM odpacuu oaroBapajy 3a YeTUpH THMa OCHOBA, KOje je MPeTX0LHO
HeHnaposuh rpynucao. Y opyrom np1ctyny, 3acCHOBaHOM Ha KOMMjyTepCKOM MOZENOBatby M yknanatby
cnoxeHor OKTaroH Mofesna y OCHOBE YeTHpH LpKBe, MakCHMarnHo ofcTynatbe je +/-3%. Mako cy oBo
[Be pasfinyuTe NoYeTHe MoCTaBKe 3a FreOMETPH|CKY aHaM3y, OBa CTyAHM]ja yKasyje Ha jaky KopenaLm-
jy uameby trx. Harme, noctoju HekonMko 3ajeOHHYKHX enemeHaTa LLitamdykoBe KoHCTpykuuje M
OkTaroH mofena, Kao LUTO Cy LieHTap ancuae, ueuue LLitamdykosor ceeTor Tpoyrna v ap.

OBO MCTpaxHBatbe [0[aTHO yKasyje Ha MoryRMHOCT fa cy CMOMeHHUM 13 LuKper pervoHa bankaHa
dunu npojexToBaHH y3 KopHLLhetbe CIMUYHHUX OCHOBHUX FEOMETPHjCKHMX MPUHLIMMA.

KrbyyHe peuu: reomeTpHjcku KOHLLENT, KACHOPUMCKA apXHTEKTypa, CpeamoBeKkoBHe Lipkse, LLiTamdy-
KOB KaHOH, TpHaHrynatypa, OktaroH mogen.

392



