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ABSTRACT: Professor Nooshin et al. defined structural regularity indicators quantitatively three
decades ago and used various methods for improving the regularity of some structures, such as stepping
projection, sphere packing concept, recursive techniques, etc, to create a special category of space
structures (domes and flats) and grid shells that were designed in a multifaceted manner, and depending
on the type of project, they used one or more of these indicators to analyze and compare the regularity
of the structures. The regularity studied in this research is related to increase of equal lengths or almost
equal lengths, the reduction the count of elements with different lengths, the reduction of the number
of length intervals and different shapes of faces while maintaining the geometric form. The aim of this
research is to study the previous regularity indicators, investigate and analyze the improving regularity
of Delaunay triangulation obtained from the points of the single layer dome of Bidboland Khuzestan
with the proposed algorithm: using the circle packing algorithm and genetic optimization (using the
minimization of different regularity indicators) to reach a suitable pattern. To analyze the improving
regularity, we have presented algorithms for calculating the regularity indicators, we have calculated
the numerical results of these indices and we have suggested a general definition for regularity degree.
We show that each of these indices alone is not criteria for measuring and comparing the regularity of
two structures. The results of this research are effective in improving the regularity of structures, form
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finding, and creating the optimal design of a structure.

1- Introduction

Referring to the report on “Current Status of Space
Structures” published by the International Society of Shells
and Space Structures (IASS) in 1984, A space structure can be
considered as a structural system consisting of linear members
and their arrangement is such that loads are transferred in three
dimensions [1]. Space structures can be flat, barrel, cylinder,
parabola, dome, freeform or a combination of these in terms
of geometrical structure. The orientation of the members at
the place of connection is very variable, which causes a great
variety in the size of the elements and angles, therefore, it
is always tried to design multiple elements in each structure
in a few limited types, so that it can save time and money
by accumulating parts [2-3]. Regularity and Improving
Regularity of structures as a process of optimization have
always been the focus of researchers for optimal design,
cost reduction, and aesthetics. There are different methods
of improving the regularity such as stepping projection [4],
traviation process[5], sphere packing concept [6], recursive
techniques [7-9], etc of a series of structures (flat and dome).
To evaluate and compare the regularity of the structures,
Professor Nooshin et al. quantitatively defined the numerical
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indicators for measuring regularity. These indicators
are known as regularity measuring meters or geometric
parameters or degrees of regularity. These indicators along
with the source are introduced in Table 1. Another useful idea
is the concept of a ‘length profile chart’ (LEP chart). A LEP
chart gives a visual representation of the degree of scatter of
the member lengths in a configuration [5]. Until now, a single
definition for the geometric regularity of a structure and its
regularity index has not been stated and they are different
according to different goals. Although The consensus is that
a high percentage of structural elements are the same or close
to each other, and the ideal is that all elements have the same
length [6,10].

In our research for a case study we have chosen the
single-layer dome of the Bidboland Persian Gulf gas refinery
building, which is located 32km west of Shahid Behbahan in
Khuzestan province in Iran. This structure was designed by
the engineers of Ofogh Noor Space Structures Company in
Rhino software (Figure 1). The diameter of this dome is about
8.5 meters and the height of the dome is about 1.3 meters and
contains 57 points.

The regularity investigated in the literature of this research
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Table 1. Regularity Geometric Indicators
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Fig. 1. Khuzestan Bidboland Dome drawn in Rhino soft-
ware, Source: Ofogh Noor Space Structure Company

refers to the increase of elements with equal or almost equal
length, the reduction of the number of length intervals, and the
reduction of different shapes of faces. In this research, for the
first time, we analyze and investigate the geometric regularity
of the Delaunay triangulation using the minimization of
measurement errors and the proposed algorithm: using
the circle packing algorithm and genetic optimization with
57 input points while maintaining the geometry. Genetic
optimization was performed using the Galapagos plugin with
default settings [11]. Also, we designed algorithms to calculate
the regularity indicators and the percentage of different sides
and angles of the structure based on the definitions of the
regularity indices of previous researchers’ studies, and we
propose a general definition for the regularity indicator and
we show that the regularity indicators alone are not a decision
criterion for comparing and evaluating the regularity of two
structures. In the case of indicators that take zero value in the
state of complete regularity of the structure, the error value
is equal to |regularity index| and if it is equal to 1 in the state
of complete regularity of the structure, the amount of error
is equal to [regularity index-1|. In this research, the length of
the elements between1000-1100 mm, 1100-1200 mm , etc,
each shows a length type (length interval). Elements less
than 1000 mm are considered as one length interval, and if
the number of elements in one length interval is 2 or less,
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we don’t consider it as a type, it is considered in the next
type. To change the position of the points while maintaining
the geometry of the dome, first, the surface of the points is
designed parametrically [12]. Then Delaunay triangulation
has been done. The limitation of the problem is that the
initial points of the structure are only allowed to move on the
surface drawn through these points. We designed algorithms
to calculate the indices of geometric regularity and the
percentage of different sides and angles of the structure.

2- Methodology

The research process in this research is algorithmic,
applied, computational, laboratory and analytical, and the
stages of the research are:

1- Providing algorithms for calculating regularity indices
and calculating the percentage of different sides and angles of
the structure (Figure 2)

2- Designing the surface from the points of the structure
parametrically (Figure 3)

3- Creating Delany triangulation (Figure 3)

4- Create circle packing algorithm (Figure 4)

5- Using genetic optimization (Galapagos plugin) with
the aim of minimum error measurements

6- Calculation regularity indicators of the structures
resulting from the implementation of step 5

7- Propose the general definition for reguarity index

8- Analysis of improving the regularity of dome

3- Results and Discussion

The results of triangulation after genetic optimization are
presented in Figures 12-20.

Table 2- Results and Discussion

We calculated all the length, angle and area indices of
regularity for the above structures that be shown in Persian

paper.

3- 1- Proposed definition of Regularity index

According to researchers, the definition of the regularity
index is like the definition of beauty in architecture, which is
different depending on different goals [4,6]. A suitable index
for regularity is an index that does not change with the change
of the symmetric scale. In this research, these indicators are
Length ratio, shape ratio, area ratio, average shape ratio,
coefficient of variation of sides, variance of angles, standard
deviation of angles, coefficient of variation of angles, and
coefficient of variation of area. Also, in addition to the above
definitions, other regularity indices can be defined, such as
the multiplication of the length ratio by the shape ratio or
their sum, or the multiplication of two regularity indices,
etc. For the first time, we propose a general definition of the
regularity indicator based on the relation (1) in which each
oner’s represents one of the above-mentioned regularity
indicators and each one can be a number between zero and
one, and their sum is one, or be determined according to the
user’s taste.

Pr=an +a,r, +...4+a,r, )
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Algorithm for calculating the angles and lengths of each face
and angles regularity indicators

Algorithm for calculating the percentage of different angles of the structure

Fig. 2. Step 1 algorithm, source :Authors

Transient surface of dome points Delaunay Triangulation

Drawing the arc and vertical axis (dome height)

Fig. 3. Algorithm steps 2 and 3, source: Authors
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Fig. 3. Circle Packing Algorithm, Source: Authors

Table 2. Results and Discussion

Fig. 5. Goal
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Fig. 6. Goal Function
Min C.V Length
types=6

Fig. 7. Goal
Function Min
|1-Area Ratio|
Length types=7

Fig. 8. Goal
Function Min |1-Sr|
Length types=6

Fig. 9. Goal Function
Min |1-
AverageSr| Length
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Fig. 10. Goal
Function Min cv
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Fig. 11. Goal
Function Min S oi
Length types=7

Fig. 12. Goal

. . 2
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Fig. 13. Goal
Function Min C.V,
Length types=6
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4- Conclusions

In all triangulations, relation (2) is valid.

(1) The number of points + the number of faces-1 = the
number of sides (2)

1- By Considering the area ratio as an regularity
indicator, structure Figure 8, which is obtained with the
aim of minimization|1- Sr|, it has a smaller value than other
structures, so it has more regularity than other structures.

2-By Considering r and Sr as regularity indicators,
structure Figure 7, which is obtained with the aim of
minimization|1- Area Ratio|, it has a smaller value than other
structures, so it has more regularity than other structures.

3- By Considering each of the Sr, C.V , C¥V and Sei as
a regularity indicator, structure Figure 11, which is obtained
with the aim of minimization S, it has a smaller value than
other structures, so it has more regularity than other structures.

4- By Considering the c»_ as a regularity indicator,
structure Figure 10, which is obtained with the aim of
minimization c.v_ ithasa smaller value than other structures,
so it has more regularity than other structures.

5- The number of length types of structures Bidboland
dome and dalanauy Bhdboland dome is the least, which
simplifies assembly, assembly is a part of the work of
engineers, and it can’t be said definitively whether these two
structures have less weight than other structures. From the
viewer’s point of view, it is expected that these two structures
have more regularity than other structures, while it is not
consistent with the numerical results of the regularity indices.

The proposed definition shows that with different values
of a,’s, one of the structures case study and No. 5 to 12 will
have more regularity, which does not look regular from a
visual point of view, and a unique answer is not obtained.
Therefore, it is necessary to improve the definition of the
regularity index to definitively decide which structure has
more geometric regularity. This matter requires a lot of
research and experiments, and a research team of researchers,
structural engineers, and mathematicians is needed to be able
to provide a single definition for the regularity index.
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AYo



58 Sbmaonal Ll (podine 9 28l Sge 05l JlB) 50 w2 g 0l plas 5
oglhe 3 Sloe @i a Lials o] Lasle a5 auS 38 (o5l e g
g e Sge 5 (Sl b Sl Carge plite i

clo g (Ahb ) Soyte STy 5 i SleMbl 4y 3y
iy e 2bjyl \19‘*“ Seste polgs sl oo slo LS (sloojl
Opiaee a3l gdmd A 50 90,10 84Sl S LA L wlad Do gl
[0] wlalyp ol b baojlo 51 clos, (oo (k) igjlapast )

sl 555 Glalo psrie 395 155> selluy 0 ol e Lo ple
oo ol md o 48]y £aS oS (gl nsSl 5l ealgls S, 38l
$Lge il capus (sblze (sl (solue (sl Ll 51 YL s ys

L1 76 4 p (gilopsal gosed ohlSen o *la 3> el
W slp o 5 a4 50855 slaasS sbul (glp ol dety B
5035 odlistl (Ml 5 (e )| Sloagiiz S| S35 (slaas
9 Bl 1y 0l 0,5 o (gt porde S ) olas Gl 4l
ool JolS ol Jols olas (sla s ) solizal | o ulazs 5 1S &,
s 52505 oy 5 oo &5 15 £ S0l el oo Bl
o5 3)90 1y ey ilopgas 9 Jloys silopgai S| Jols slaojle
LE] ol yl,8

ilopasize 1218) " lasl 5 Sul B V] gallis )3 o))So 5 s
@ ojle Sy gibpadl gln |y (GP b) “wsn Jouily ob
JWET U WO VTS .\J)s o sl b e gl wledy
slr g 205 blll Job slacglis Jials 5 loyS slacasdss )
31 g 5 oo Sl (Jo £ sl ol dpne o

oS gojle godkw Jo S o[ A] sdllis > )\ SKen 5 e
Ban gl (gl 3,8 z5kae (lojlus (g3l el ol (4l ) S5 b,
lagloll Jsb 15 el [bgy ol 3,5 odlizul “oid Jloy uilyls ;]
Al o 4 So5 L S,

Configuration Processing
Alireza Behnejad

Ramtin Haghnazar

Stepping Projection
Traviation Process
Geometric Potential Function
Normalized Variance

O 0 3N L W

Gl @ Gien nl Sladl ) ey 3j9e (erin i) la

g i o das (aals (Gl L b ey Jsb b gl
P35 o 3 A8 pyd cdwiid baas b ogrg Golate sla S ials
Weo IIWee Giado Voo Voo s ol o imgh opl
imd e olis 1) (o so3l) Jsb oo o IS pp g ek
2 590980 Cgume Job i S yiagdee Ver e ) a8 lap el
pAe Oygo 50) (g o 40 bl ST LY byl sl Job i S§
5 o S gyt ]y ol g 2gbie Cpuos (b e )3 3524
Gdiwey 1l WS gdwiin baas b LS Cuxdao pusd jslaio 4y .on S o0
Jobs bl g (b Syl ©yge @] ojle b 511 (se))
' agsl WS ejle blE Yy ganedie 5l S e SYS (ganidie
il JolS plas cdls 3 &S o s ls 5j50 (0 [V Jrod 0 Juol>
ol el 3 STy ok e L] bl s e 35 o sho i
L)”I 2 .,\wl.su.o ‘\—n,.la.’ ua>l.w| ).3‘).3 122N )I..\.OA s..\.wl; ) ).3‘).3 o)l.w J.nlf
Oliwjgs wibap 45 (Y5 (ganedie ol g0 5l sl sl Gieo3
o 350 ol (slallas gjlodizaS 00 L & b 1y (agdl 15)
Baa Sy g 48 S b ileainn Al w30 J18 (w9
sl gilwaies diue Bun g 151 1) ole bla 511,38 s 59,
iy b9y diwgy 59y bl Cumdge yuil S Al oo (6505l
sl w5 & l) Sy iloaie 9 loph Gl piysSl s
TA Josmo o plol ¥ agSLYE (sig 38l 51 oolizsl b 1, (S5 g jlodivgs
Slaugly (Job) swiin olai sl adli ganlw lp olap )
S o >hb ojle Cslite blgs 5 ENST aoyd 5 (oS ol
(olize i Oldllas ol sla 23ils (o)l ol p puiomed
3 e QU g marde Ll ) (wrin ol (jadli (dly (S5 iy
S s & potin ol sla sl ojle 93 (b5l g duolie Cr
L2l (osSLYE (28 i Sladals b (giloaings bl el (635 maanad

ol 00

u“i . o” .'.”? _Y
o WS il ela 2 sl g beyS s Lasl Jlail cogoc

w2 Alg o ol owdid (sla ids . Cuol wdin gaite (slagSl L ol

1 Schwedler Dome
2 Galapagoas Plug-in

AV



AY B AVY dorao VFY Jlo Foylods DO 093 S yuol ()l pos oo 4yl

A as o slpl ol slaojls ol gl sl gduoloe —F
odliudig sy 3l ool b o (sl jadls by =Y
JBLas 0uS Wlas deuy Julow —A

g el Bl a5 ol slapadls dusbre glagn oSl =) Y
©glate sbly;

Ol g by &l gy ugialn 0l S plage)S
32 i S ] il dmwg hlen 97 s Ko Sply dusge
i ul g9y p Olabd S L sl g0 2] sl 5l 5
2 ginly a5 Gl 0 o (L) balad b dwodin (ay 15\ Ngu oo did b
Sl 55,5 ) g il BB ly (sln iged & a3
Wl &S s e 1y Gl cpl bl @ 6gidl pl il e s
@ b s 3 wlsy lalSie Gig) 4 (s Al B sl
olol 5 0ly Bluws o 13 ol 0gdle g 1531050 dpe clap b L]
DIY] ol pbool T L lgs e 1y lasle 48 5> oladigssl 5

N OXY XYV-A DY) 55 sty J5dle s SaS b Ltmgdy oles
onizen g plonl SPSS Il o5 g o] slaaigitl g ple S 5
ool 0 oty Jliel 15) 03 b ylape)S (53938l ) Sluwlore (olos

032 9 blg; cbglad blis (13l bib e Sl e &Sl 4y 25 b
Cusl ()90 ool syl duslre (sl 10 sl ojls )> 48, )57 4
o e g (chargly o Jsb (slapasls stmlns oz alagiz;S)
23903 duwlbro |y blas olaws ¥ S o oSl 1 ooliiiw! b w04 51,

Gl alads QY Jolis 055 (p) 33,5 o0 0dnlie &S jglatlon

S5 o551 3l ojles cglise (csblys) eMST olass gamslone
(F JS) gl magiacliyg Sl o] )3 45 mages oolitsl yla S o ¥
0903 03wl iglate ((gbly;) EMS! (slomun il dlawi gawlxe Caa

b spali g a9 o blys 5 o 0 S5 oy68l b
e gk g 423 cans Lo Wgd oo drnlre plad laysl;
Sloads 3,5 Llgj g gl Jobo tay 5 plol luwles bl s yiaglio

o3l Dglaie EMNSI wo 0 § phi Sl wlive Wig) a0 4

5  David Rutten
6  Robert Mcneel

AVY

Jxe Blyouil pulio ( Jolo (clodSid o5 o)y (sl ' (SudgS o
sl gly uen o b oo lacalus (gl 1) Ol cops g
[V Ty )8 4 o sk

slaw oS Jols (o)l sl oS oo 5 zlune Lo s
Tty Sl p e gileatae 5 (PSO) Told iludig
Bua b 93 3y I8 @ ojle (g pail gjlupkie <y 1y (BBO)
Thee sl plai dgipe )3 (pwin Jruily @ g o Jloy i)y
IV ey ook sl ons

5 Swif pipel Sk GSeSs GhlSer 5 65085 by
Ul b (514 lading, 5l (shod) plai 290 g 1y PSSO )53l
235 oanlie g L3> Wl ((wgivw 5 slglin (Sgau 0 Ser) Cglise
P S5 SESS el pbojl gilwaigy ST LSt sk 5,
AL e al 4Bl 3500 103 B0 5 i olad 9 WS o oo
phad dgae A o gshw (59) (e 5 (Ao )lor ganaSid (8,5
DIV] ol g tlte 2088l I (ol o (30885

A8 4 5108 ol Stz g b g9 i 4 ol Sy (955U
JLad laojlo plai glajasls Cayjls g s Sguy Jolod (o) 0
o 3558 W Ll ol awyp (69)50 slrdiged jao 4y g Lilaid Dy,
wbag LA WS (63)90 Ghge (ot oS S90S gy
5 slopls (holow w2o)sSl 5l eslial = (ooleting whopsl b olijos

Al go (69959 (sdlad OV b S5 (g jlwdine

GBS (g, -Y

(Slwlre (@)l SeoipoNl Gign cnl > G5 L)
Pl Gimgly el Jole g adlioe (Lo g (KLl

Sl g olas (la e Ly (ansbxo sl (ol oSl sl -
ol wslite (gLl 5 gMSI Loy

Sepel @ypo @il blis LIS satug (Sl Y

Y asedio sl -V

ol isloss iz slox) —F

rosize B2 L ((ugSLYE Wy j8l) S (gilwdinge I oslatul —0

ol gl s ls

Piorkowski

Saeed Reza Massah

Particle Swarm Optimization(PSO)
Biogeography-Based Optimization(BBO)

BHW N =



P

AY B AVY asins NF-Y JL» ‘\‘o)\mﬁ P 0)9 ‘,,S,w' u‘)‘o& (swNRR Ai).u.‘u

Number of Points
- w00 |,
0 57

OB, tae (bl dland gamwlwe iy 1o .Y S

Fig. 2. Algorithm for calculating the number of points, Source: Authors
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Fig. 3. Algorithm for calculating the percentage of different angles of the structure, Source: Authors
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Fig. 4. Python code to display the indices of different angles of the structure, Source: Authors
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Fig. 6. Algorithm for creating transient surface from dome points, Source: Authors

Fig. 7. Drawing the arc and vertical axis (dome height)
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Table 2. The number of length types of each structure
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Table 3. Results of length regularity indicators calculations
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Table 4. The results of angle regularity calculations
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Table 5. The results of area regularity calculations
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Table 6. LEP charts for structures number 1 to 11, designed with Spss software, Source: Authors (Continued)
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Table 6. LEP charts for structures number 1 to 11, designed with Spss software, Source: Authors
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