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Abstract: V ulnerability  assessm ent is one of the prerequ isites for risk  analysis in  d isaster m anagem ent. 

V u ln erab ility  to  e a rth q u a k e s , e sp ec ia lly  in  u rb a n  areas, h as in cre ase d  o v er th e  y ears  d u e  to 

th e  p resen ce  o f co m p le x  u rb a n  stru ctu res an d  rap id  d ev e lo p m en t. U rb a n  v u ln era b ility  is a  resu lt 
o f h u m a n  b e h a v io r  w h ich  d escrib es  th e  e x te n t o f su sce p tib ility  o r re silie n ce  o f so cia l, eco n o m ic , 

an d  p h y sica l assets  to  n a tu ra l d isasters . T h e  m a in  a im  o f th is p a p e r is to  d ev e lo p  a n e w  h y b rid  

fra m ew o rk  u sin g  A n a ly tic  N e tw o rk  P ro cess  (A N P ) an d  A rtific ia l N e u ra l N e tw o rk  (A N N ) m o d els  
fo r co n stru ctin g  a co m p o site  so cia l, e co n o m ic , e n v iro n m en ta l, an d  p h y sica l v u ln e ra b ility  in d ex . 

T h is  in d e x  w as th e n  ap p lied  to  Tabriz  C ity, w h ich  is a  se ism ic-p ro n e  p ro v in ce  in  th e  n o rth w e ste rn  
p a rt o f Iran  w ith  recu rrin g  d ev asta tin g  earth q u ak es an d  co n se q u e n t h e a v y  casu alties  an d  d am ages. 

A  G eo g rap h ica l In fo rm atio n  Sy stem s (G IS) an a ly sis  w as u sed  to  id e n tify  an d  ev a lu ate  q u an tita tiv e  
v u ln e ra b ility  in d ica to rs  fo r  g e n era tin g  an  e a rth q u a k e  v u ln e ra b ility  m ap . T h e  c lass ified  an d  

stan d ard ized  in d ica to rs  w ere  su b seq u en tly  w eig h ed  an d  ran k ed  u sin g  an  A N P  m o d el to  co n stru ct 

the tra in in g  d atabase . Then, standardized m aps coupled  w ith  the training site m aps w ere presented as 
input to a M ultilayer Perceptron (M LP) neural netw ork for producing an Earthquake Vulnerability M ap 
(EVM ). Finally, an EV M  w as produced for Tabriz C ity and the level of vulnerability in various zones w as 

obtained. South and southeast regions of Tabriz C ity indicate low  to m oderate vulnerability, w hile som e 

zones o f the n o rth eastern  tract are u n d er critical vu ln erab ility  cond itions. F u rth erm ore, the im p act 
o f th e  vu ln erab ility  o f Tabriz C ity  on  p o p u latio n  d u rin g  an  earth q u ake  w as inclu d ed  in  th is analysis 
for risk  estim ation . A  com p ariso n  o f th e  resu lt prod u ced  b y  E V M  and  the P op u lation  V ulnerability  

(P V ) o f Tabriz C ity  corroborated  th e  va lid ity  o f th e  resu lts ob tained  b y  A N P -A N N . T he find ings of 

this p ap er are usefu l for d ecision-m akers and  gov ern m en t authorities to  ob tain  a better know led ge o f 
a c ity 's  vu ln erab ility  d im en sion s, and  to  ad o p t prep ared ness strategies in  th e  fu ture for Tabriz City. 
T h e  d ev elop ed  h y b rid  fram ew o rk  o f A N P  an d  A N N  M o d els can  easily  b e  rep licated  and  ap p lied  to 

other urban regions around the w orld  for sustainability  and environm ental m anagem ent.

Keyw ords: u rb an  v u ln e ra b ility ; R e m o te  S e n s in g ; A n a ly tic  N e tw o rk  P ro cess  (A N P ); e a rth q u ak e  
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1. Introduction

R e se a rch  stu d ies o n  w o rld w id e  ch an g e  o f e n v iro n m en t an d  su sta in a b ility  sc ien ces h av e  fo u n d  

vu ln erab ility  as the m ain  con cern  [1- 10] . The u rban  vu ln erab ility  is a resu lt of h u m an b eh av io r w h ich  

describes the extent of su scep tib ility  or resilience of social, econom ic, and physical assets to  the natural 

d isasters [11- 13] . U rban  vu ln erab ility  to  earth q u akes has increased  over the years due to the presence 

o f co m p le x  u rb an  stru ctu res an d  u n co n tro lled  u rb a n  g ro w th . T h e  m a in  cau ses o f h ig h  v u ln era b ility  
o f c ities  to  e a rth q u a k e s  are  d u e to  m a n y  facto rs  e .g ., u n co n tro lle d  u rb a n  g ro w th  in  h ig h ly  se ism ic  
areas , im p ro p er d isaster m a n a g e m e n t, h ig h  exp o su re  to  in d ica to rs  o f r isk , v u ln era b le  b u ild in g s an d  

in fra stru ctu res , ris in g  u rb a n iz a tio n  an d  p o p u la tio n  g ro w th , in c is in g  w e a lth  m e a su re s , an d  th e  h ig h  

v u ln erab ility  of m o d ern  co m m u n ities  and tech n o lo g ies [14- 18] .
E arth q u ak e  v u ln era b ility  a ssessm e n t m eth o d s g en era lly  fo cu s o n  m ag n itu d e  p red ictio n  [19- 28] 

and stru ctural and geological engineerin g  aspects [29- 3 6 ]. H ow ever, apart from  their devastating effects 

on  bu ilt-u p  areas, earth q u akes can  h av e  sign ifican t im p acts o n  econ om ic d eg rad ation , social structure, 
and  the cu ltu ral heritage o f an  u rban  area. To effectively  utilize a strong  ev alu ation  m eth o d  for 
an  earth q u ake  vu ln erab ility  assessm en t, it  is n ecessary  to  in corp o rate  som e im p o rtan t vu ln erab ility  
com ponents of an u rban area, such  as socio-econom ic, environm ental and physical com ponents.

T he com p reh en sion  and p rep aration  o f u rban  v u ln erab ility  due to earth q u akes take in to  accou nt 
a w id e  sca le  o f v u ln e ra b ility  asp e cts  th a t co u ld  b e  m an ag e d  b y  d ev e lo p in g  an  in te g ra te d  ap p ro ach . 
The A rtificial N eu ral N etw orks (A N N ) [37 ,3 8 ] can  provide com putational m odels to  assess earthquake 

v u ln era b ility  d u e  to  u n certa in ty  b e in g  an  in h eren t n a tu re  o f earth q u ak e  p h en o m en a . A N N  sy stem s 
w o rk  co n se cu tiv e ly  to  p ro cess in fo rm a tio n  o f in te rco n n e cte d  u n its  th a t resp o n d  to  in p u ts  th ro u g h  

v a ria b le s , su ch  as w e ig h ts , th resh o ld , an d  m a th em a tica l tra n sfer fu n ctio n s [3 7 ] . E ach  u n it p ro cesses 
in p u t fro m  o th er u n its , an d  th en  sen d s s ig n als  to  a n o th er  u n it in  th e  lin k . T h is  m ak es A N N s v e ry  

su itab le  fo r d ea lin g  w ith  p ro b lem s w h ich  req u ire  larg e  sets o f d a ta , an d  h av e  co m p le x  n o n lin ea r  
re la tio n s w ith  m a n y  d iffe ren t a lte rn a tiv e s. A N N  ca n  a lso  d eterm in e  co m p lica te d  p a ttern s  in  sets o f 

d a ta  w h ich  co m p u ta tio n a l fo rm u la s  a re  u n ab le  to  so lv e  [38- 4 2 ] . F u rth e rm o re , it  p ro v id es  re liab le  

p red ictio n s  e v en  o n  n o isy  an d  u n certa in  d ata  [4 0 ,4 1 ] . T h ere fo re , A N N  h as th e  ca p a c ity  to  p ro d u ce  
c lassified  v u ln e ra b ility  m ap s a ris in g  fro m  co m p le x  in te ractio n s w ith  h ig h  accu racy . To d ev elo p  

an A N N  stru cture b ased  on  selected  research  ind icators, it need s to  be  trained . A n  app rop riate  choice 
of train ing p aram eters is necessary  for train ing A N N  [42- 4 4 ] . The single m o st im p erative  lim itation  of 

an A N N  lies in  its efficiency, w h ich  relies h eav ily  on  th e  tra in in g  a lgorith m  and n etw o rk  architecture. 
R eg rettab ly , to  d a te , n o  g u id elin es  e x is t to  d efin e  b o th  fea tu res  o f th e  n e tw o rk . I t  is  fe asib le  to  find  

th e  id eal and op tim al n e tw o rk  ju s t b y  u tiliz in g  a tria l and error p ro ced u re  [45- 4 9 ] .
T h e  A n a ly tic  N e tw o rk  P ro ce ss  (A N P ) is a  to o l cap ab le  o f M u lti-C riter ia  D ec is io n  M a k in g  

(M C D M ), w h ich  tak es  in to  a cco u n t o f  th e  co m p le x  re la tio n sh ip s b e tw e e n  in d ica to rs  [45 ] . A N P  
co n sists  o f  a  n e tw o rk  o f  c rite ria  an d  su b -crite ria  th a t co n tro ls  co m m u n ica tio n , an d  a n e tw o rk  o f 

e ffects  a m o n g  th e  e le m e n ts  an d  c lu ste rs  [5 0 ] . I t  is a  p o p u la r  M C D M  m e th o d , w h ich  is u sed  to 

e v a lu a te  th e  k e y  risk  facto rs  an d  p o ten tia l risk , re g u la te  risk  lev el an d  co n se q u e n ces , as w e ll as 
analyze variab les and p references of a d ecision  [5 1 ]. The lack  of an in tegrated  m od el w ith  all effective 
p aram eters for su ch  assessm en ts lim its th e  p o ssib ility  o f p o licy -m ak in g  and d ecisio n -m ak in g  tow ard  

e a rth q u a k e  v u ln era b ility  a ssessm e n t an d  d isa ste r  risk  re d u ctio n . T h is  p a p e r is a  resp o n se  to  th is 
n eed , an d  p ro p o ses  an  in teg ra ted  m o d e l fo r th e  se ism ic  v u ln era b ility  a sse ssm e n t o f T ab riz  C ity  
b a se d  o n  a n  in teg ra ted  m o d el. T h ere fo re , it  is v ita l to  co n sid er  a n  in teg ra ted  u rb an  e a rth q u ak e  

v u ln e ra b ility  a ssessm e n t fra m ew o rk . D u e  to  th e  n o n -a v a ila b ility  o f e a rth q u a k e  reco rd s fro m  1 780 , 

an d  th e  lack  o f e n o u g h  sa m p lin g  an d  d a ta b a se s  a t s ites , th e  p ro p o sed  m e th o d  in  th is research  
em p lo y s a n e w  tra in in g  strategy. T h e  p u rp ose o f ap p ly in g  an  A N P  m o d el in  this stu d y  is to  create 
a suitable training database for the A rtificial N eural N etw ork (A N N ). Therefore, the com bination of A N P
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and  A N N  M od els fo r the assessm en t o f u rban  vu ln erab ility  to  earth q u ake  hazard s can  solve com p lex  

p roblem s o f selectin g  su itab le  tra in in g  sites in  earth q u ake  vu ln erab ility  assessm en ts, and  ad eq u ately  
con sid er all the relationsh ip s am o n g  the factors an d  in d icato rs. T he p rop osed  fram ew o rk  w ill accou n t 

fo r the vu ln erab ility  o f u rban  en v iron m en t u sin g  a h olistic  ap p roach  a t the m u n icip ality  zon e scale. 
Therefore, the A N N - A N P based m ethod presented here m eets the requirem ents of earthquake prediction. 
This is because current approaches for vulnerability assessm ent are difficult to im plem ent in  countries like 

Iran. This paper em ploys a new  hybrid fram ew ork of A N P and A N N  m odels for constructing a com posite 

social, econom ic, environm ental, and physical vu lnerability  index. The developed m odel w as applied to 
a real case stud y from  Tabriz City, w h ich  is situated in the northw estern  Iran  (F igure 1) .

Tabriz City is a seism ic-prone province w ith  recurring devastating earthquakes w hich have resulted 

in  h e av y  casu alties an d  d am ag es. It is one o f the h ig h -risk  zones for fu tu re earth q u akes in  Iran  d u e to 
its g eog rap h ica l loca tion  an d  geo log ica l stru ctu ral fea tu res. H isto rica l stud ies h av e  sh ow n  th a t Tabriz 
has b een  d ev astated  b y  several d estru ctive  earth q u ak es (Table 1 ) . In  v ie w  o f th a t, th ere  is a  n eed  to 
g e n era te  a lo ca l an d  n a tio n a l a sse ssm e n t fra m ew o rk  a t  th e  m u n ic ip a l sca le . U n fo rtu n ate ly , n o n e  o f 

th e  d escrip tio n s  b y  w h ich  th e se  e v en ts  are  k n o w n  is su ffic ie n tly  d eta iled  to  a llo w  a n  accu ra te  
a ssessm e n t o f d estru ctio n  an d  g ro u n d  d efo rm atio n . A cco rd in g  to  a p ro b a b ilis tic  an d  d eterm in is tic  

assessm ent, seism ologists believe that a strong earthquake m ight occur in  Tabriz in  the near fu ture [5 2 ] . 

T h erefore , hazard  m itig atio n  assessm en t is n ecessary  to  d ecrease  the d am age severity .
T h e  m a in  o b je ctiv e s  o f th is p a p e r a re : (1) to  d ev e lo p  a h y b rid  A N P -A N N  m o d e l in  g e o g ra p h ic  

in fo rm a tio n  sy stem  (G IS ); (2) to  assess  fo u r m a in  d im en sio n s o f e a rth q u a k e  v u ln e ra b ility  su ch  as 
social, econom ic, environm ental, and physical an  E arth q u ake V ulnerability  M ap (EV M ) for Tabriz C ity ; 

an d  (3) to  co m p are  th e  resu lts  w ith  d ata  p ro v id ed  b y  P o p u la tio n  V u ln erab ility  (P V ) w ith  an  a im  to 
red u ce the im p act o f an  earth q u ak e  b y  d eterm in in g  and ca teg o riz in g  the m o st v u ln erab le  zones.

2. Related Research

C om p reh en siv e  im p lem en tation  o f the A N P -A N N  m o d el has n o t b een  rep orted  in  u rban  

vu ln erab ility  assessm en t for earthq u akes. H ow ever, som e o f the cu rren t studies in  related  field s are 

su m m arized  as fo llow s. To d ate , there is n o  general agreem en t am o n g  researchers o n  h o w  to  build  

earthquake-forecasting m odels [53 ]. H ence, d ifferent kinds of approaches to extractin g  know led ge have 

b een  p rop osed  ov er the last d ecad e. M ili, H osse in i and  Izad k h ah  [54 ] d ev e lo p e d  a h o lis tic  m o d el fo r 
a ssess in g  e a rth q u a k e  risk  an d  d eterm in in g  p rio rities  fo r  r isk  re d u ctio n  an d  m a n a g e m e n t in  u rb an  

fab rics. T h e  d ev e lo p e d  m o d e l estim a tes  th e  e a rth q u a k e  risk  a t e ach  u rb a n  z o n e  b a se d  o n  h azard , 

v u ln erab ility , an d  re sp o n se  capacity . A d d itio n ally , a  n ew  in d ica to r  ca lled  "In te g ra te d  E arth q u ak e  

Safety  Ind ex, IE S I"  is in trod u ced  to  ad dress the safety  level of u rban  fabrics in  relation  to earthqu akes, 

an d  a ssess  th e  im p acts  o f a p p lica b le  in te rv e n tio n s o n  risk . T h e  p ro p o se d  m o d e l is  th e n  ap p lie d  in  
tw o  d istr ic ts  o f T eh ran , h a v in g  d iffe ren t p h y sica l an d  so c io -e co n o m ic  ch a ra c teris tics , to  ev a lu a te  
th e  sa fe ty  lev el fo r e a rth q u ak es . F o r  th is p u rp o se , the co n trib u tin g  e lem en ts in  h azard , v u ln erab ility , 
and response capacity  have b een  assessed  based  on local cond itions, and the IESI is d eterm ined  for each 

u rb a n  zon e . In  a d d itio n , th e  ap p lica b ility  o f th e  m o d e l to  ad d ress p o ten tia l im p ro v e m en t m easu res  
h as a lso  b e e n  e v a lu a te d . D e v e lo p m en t o f a n  in teg ra ted  m o d el fo r se ism ic  v u ln e ra b ility  a ssessm e n t 
o f res id en tia l b u ild in g s  to  M ah ab ad  C ity, Ira n  w as p e rfo rm e d  b y  B a h a d o ri e t a l. [5 5 ] . T h is p ap er 

p ro p oses an  in teg rated  m o d el fo r th e  seism ic v u ln erab ility  assessm en t o f resid en tia l b u ild in g s b ased  
o n  th e  an aly tica l h ierarch y  p rocess (A H P ) in  g eo g rap h ic  in fo rm atio n  system  (G IS). T h e  m eth o d o lo g y  

in tegrates five m ain  g ro u p -p aram eters— geotech n ical and  seism olog ical, social, d istan ce to  d angerou s 
facilities, and  access to v ita l facilities— w ith  th e ir related  su b-param eters. To evalu ate  the p racticab ility  

an d  ap p licab ility  o f th e  n ew ly  d ev elo p ed  m o d el, it  w as u sed  fo r M ah ab ad  city, Iran . T h e  ob ta in ed  
vu ln erab ilities fo r the city  w ere  m ap p ed  in  G IS , an d  the sam e w ere  v isu alized  in  the 3D  city  m o d el for 

resid ential build ings.

In  a sep arate paper, Z hang e t al. [56 ] applied  a rough set to constru ct an evalu ation  m odel of social 
v u ln erab ility  b ased  on  catastrophe p rog ression . Follow ing the in-depth literature, an assessm ent m odel
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o f social vu ln erab ility  to  the earth q u ake  d isaster in  S ich u an  P rov in ce, C h in a , b ased  on  the catastrophe 

progression m ethod , w as established . A  rough set attribute red uction  m ethod w as adopted to elim inate 
irre lev an t social v u ln erab ility  in d icato rs and  op tim ize  th e  p ro p osed  m o d el. Finally, a  catastro p h e 

p ro g ression  m eth o d  fo r social v u ln erab ility  to  earth q u ak e  d isaster w as d ev elop ed  to  ov ercom e 
the su b jectiv ity  o f the in d ex  w eig h t assig n m en t o f social v u ln erab ility  in d icato rs in  the cu rrently -u sed  
social v u ln erab ility  a ssessm en t m eth o d . T h e  ap p lica tio n  o f the m eth o d  to  S ich u an  P rov in ce  in d icates 

large regional d ifferences in  term s of social vu lnerability  to earthquake disasters. K arim zad eh et al., [5 7 ] 

fo llo w ed  an  in d irect m eth o d  to  p ro d u ce  a V s3 0  m ap  o f Iran  fro m  g eo lo g ica l an d  to p o g rap h ica l data. 
The outputs indicate that the hybrid  V s30 m ap has b etter perform ance than  a sin gle topograph y-based  
V s3 0  m ap. T he am p litu d e  m ap , d eriv ed  fro m  V s3 0  an d  g eo lo g y  m ap s, is th en  u sed  fo r seism ic 

m icro zo n atio n  o f Tabriz City, an d  th e  e x ten t o f g eo g rap h ica l d istrib u tio n  o f d am ag e  fo r a p o ssib le  

d eterm in istic  scen ario  w as in v estig ated  th ro u g h  co n sid erin g  d ifferen t frag ility  cu rves to  d escribe  
the d am ag in g  b eh av io r o f o rd in ary  b u ild in g  typ es in  th e  city. A  v arie ty  o f d ata  to  id en tify  the m o st 

v u ln erab le  areas in  B u ch arest fo r the earth q u ak e  w as in v estig ated  b y  [5 8 ] . S o cio -eco n o m ic d ata  from  
cen su ses in  2 0 0 2  an d  2 0 1 1  w ere  u sed  to  g en erate  an  ov era ll sp atial v u ln erab ility  in d ex , w h ile  o th er 

variab les such  as earthq u ake scen arios and d istance to resilience-enhancing  points in space (e.g., parks, 
fire sta tions, e tc.), h elp ed  to  fin e-tu n e  th e  an alysis an d  offered  a co m p reh en siv e  p ictu re  o f w h ere  

vu lnerability  hotspots could be found in  an u rban environm ent. The top three m ost vu lnerable hotspots 
are an alyzed , an d  tw o  u n d erly in g  reason s fo r th e ir v u ln erab ility  are p ro p osed  an d  d iscu ssed  in  m ore 

detail, nam ely, education and connected ness. They applied uncertainty and sensitivity  analyses to assess 
the stability of the results for vulnerability  hotspots. The general outcom e of the research is an increase in 

the overall socioeconom ic vulnerability  in the city in spite of the upw ard econom ic trend in  the period of 
tim e u n d er analysis.

M ore recently , Z eb ard ast [5 9 ] presen ted  the d ev elop m en t o f a hybrid  factor analysis and analytic 
n e tw o rk  p ro cess m o d el fo r a g g re g a tin g  v u ln e ra b ility  in d ica to rs  in to  a co m p o site  in d e x  o f socia l 

v u ln e ra b ility  (SV ) to  e a rth q u a k e  h azard s. T h e  o b je ctiv e  o f th e  s tu d y  w a s  to  co n stru ct a  h y b rid  FA 
an d  A N P  (F 'A N P ) m o d e l fo r socia l v u ln e ra b ility  a sse ssm e n t an d  a p p ly  it  a t th e  co u n ty  lev el in  

Iran . In  an o th er p ap er, P ra d h a n  [60] u sed  rem o te  sen sin g  an d  a G IS  an d  A N N  m o d el to  p ro p o se  

a lan d slid e  h azard  an d  risk  an aly sis  m eth o d . G IS  an d  im ag e p ro cessin g  to o ls w ere  u sed  to  assem b le  
a sp atia l d a tab ase  fro m  to p o g rap h ica l, g eo lo g ica l an d  sa te llite  im ag es d ata . P a n a k k a t an d  A d eli [61] 
pred icted  earth q u ake  tim e and  location  in  Sou th ern  C aliforn ia , th is tim e u sin g  an  im p roved  v ersion  

o f th e  recu rren t n eu ra l netw ork . In  particu lar, th ey  com p u ted  several sets o f earth q u akes regard ing  
the latitu d e an d  lon g itu d e o f the ep icen tra l location , as w ell as tim e o f occu rren ce o f the fo llow in g  

earthquake. A  probabilistic neural netw ork  w as also tested.

3. M aterials and M ethods

3.1. S tu dy  A rea  C haracteristic

Tabriz City, w ith  a p o p u la tio n  o f m o re th an  1 .5  m illio n  p eop le  an d  co n sistin g  o f n in e reg ions, 
is located  in  th e  n o rth w estern  p art o f Iran  (F igure 1 ). It  is th e  seco n d  larg est c ity  o f Iran  in  term s 
o f lan d  area, an d  en co m p asses ab o u t 2 5  k m 2  area o f o ld  textu re . T h e  N o rth  Tabriz F au lt (N T F) is 

the m o st n oticeab le  tecto n ic  stru ctu re  in  th e  v ic in ity  o f Tabriz C ity  (F igures 2  and  3 ) [62 ] . It encircles 
an  area o f extrem e d eform atio n . T he seism icity  is situ ated  b etw ee n  a cou p le  o f fo ld -an d -th ru st b elts  
o f the C au casu s to  the n orth  an d  th e  Z ag ros M o u n ta in s to  th e  sou th , co v erin g  a d istan ce  o f 1 5 0  km  

in  th e  N orth w est-S o u th east d irection  in  the N orth w est o f Iran  [63,64]. A lth o u g h  th e  N T F  has b een  

seism ically  in activ e  o v er th e  p ast few  d ecad es, it has h isto rica lly  g en erated  large su rface-ru p tu re  
earthquakes (Table 1) .

In  th e  last 6 5  years, three  large earth q u ak es h av e ru p tu red  the N T F  sy stem  an d  ad jacen t 

reverse  fau lts fro m  so u th east to  n o rth w est reg ion . T h ese  earth q u ak es are the Sh eb li earth q u ak e , 

Tabriz earthquake, and the M arand-M ishu earthquake. In 1721, the Shebli earthquake (M ~ 7 .3 ) occurred
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o n  the sou th -eastern  N T F  w ith  a  su rface  ru p tu re  len g th  o f m o re th an  35  km . T he Tabriz earth q u ak e  

(M ~ 7 .4 ) occurred in  1780 on the north-w estern N TF, w ith  surface rupture length of 42 km . M arand-M ishu 
earthq u ake rM'-o6.3) occurred in 1786 oil the M ishu  reverse fau lt and th e S u fia n  segm en t [65].

46°6'«"i: m r c  w w o - e  « w e

45°59,0"F. « W t  K W E  « “27't"F.

Figure 1. The geographic location of Tabriz City in the NW of Iran.

Figure 2. Three-dimensional perspectives of Tabriz area (black lines) and the position of1 the North Tabriz 
Fault (NTF) (red lines). Image generated using SPOT 5 satellite images and digital elevation model (DEM).
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Figure 3. Geology Map of Tabriz City. Legend: Mmg2 = Interlayer of greenish grey marl associated 
with interlayer of1 gypsum- baring; sandy marl; Msc5 = Interbedded red conglomerate with sandstone 
and red marl; Msm4 = Sandstone and red marl; Pldt = Diatomic and fish interbedded with 
fine particles sediment; Plqc = Interlayer of semi-hard conglomerate associated with sandstone 
and pumice; Plqc = Interlayer of semi-hard conglomerate associated with sandstone and pumice. 
Qal = Quaternary alluvium; Qt2 = Young terrace and alluvium deposits [62].

Table 1. List of historical earthquakes of Tabriz up to 1900 AD (Source A: [63] and B: [65]).

Number Year Fatalities Source Description

1 634 - B
2 694 - B
3 7465 - B
4 838! - B
5 845» - B
6 8585 - B-A Half of the town was destroyed
7 8 6 8 - B
8 949 - B
9 1 0 2 0 - B

1 0 1040 - B
1 1 1042 40,000 A-B Most of the important structures were destroyed.
1 2 1272 - B Many houses were destroyed in Tabriz.

18 aftershocks occurred in the first 24 h. Aftershocks continued for 413 1273 250 A months.
14 1314 - B
15 1345 - A No destruction occurred.

16 1441 - B This event was probably related to Wan-Nimroud earthquake that 
had been associated with volcanic activity.

17 1527 - B
18 1633 - B
19 1640 - B

2 0 1641 1 2 0 0 A-B The earthquake happened between Tfbeiz and Urmia Lake. Osko, 
Khosrowshah, and Dehkharghan -were destroyed.

2 1 1668 - B Tabriz and some parts of Caueasus were destroyed.
2 2 1717 700 A Midnight earthquake destroyed more than 4000 ho uses.

Many houses and monuments were destroyed. Rapture length
23 1721 - A-B reached to more than 55 km (between Tykmehdash and Tabriz) A lot 

of damages occurred in the area between Shebli and Gharebaba.
24 1727 70,000 A-B
25 1779 1 0 0 , 0 0 0 B
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Table 1. Cont.

Number Year Fatalities Source Description

28 1843 - A-B A series of earthquakes of different intensities have been recorded 
by Khanikov.

29 1870 - B An earthquake shook Tabriz City.
30 1896 - B An earthquake was felt in Tabriz.
31 1896 - B An earthquake was felt in Tabriz.

3.2. D ata A cqu isition , C lassification  an d  S tan dard ization

V u ln erab ility  m ap s are  d ifficu lt to  p ro d u ce  w ith o u t ta k in g  in to  a cco u n t o f th e  crite ria  an d  

in d icato rs, w h ich  cause the heterogeneity  of the stu d y area [ 6 6 ]. This is the m ost vital part of the overall 
ap p roach , w h ich  ensures th a t the selected  criteria  an d  the ind icators are ad eq u ate  to  reflect th e  overall 

vu ln erab ility  o f u rban  areas in  Tabriz City. Selectin g  in d icators is an  extrem ely  tim e-con su m in g  p art 

o f the m eth o d , b ecau se  it consists o f con stru ctin g  and  p rep arin g  a G IS  spatial d atabase  th a t w ill later 

b e  u sed  d u rin g  earth q u ake  vu ln erab ility  an alyses and  served  as in p u t to  u rban  earth q u ak e scenarios. 
T here are sev eral criteria  an d  in d icators em p loyed  for u rb an  vu ln erab ility  assessm en ts (See T able  2 ) . 

A cco rd in g  to  the p u rp ose o f the study, d ata  co llection  w as con d u cted  b ased  on  the ind icators derived  
fro m  th e  lite ra tu re  an d  an  e x p e rt q u e stio n n a ire  survey. A s m e n tio n e d  in  T able 2  o f th is  study, 

4 4  in d icators associated  w ith  u rban  v u ln erab ility  to earth q u ake  hazard  in Tabriz C ity  w ere presented . 
T h e  a ca d em ic  sta ff o f th e  d e p a rtm e n t o f g e o g ra p h y  an d  u rb a n  p la n n in g  (T ab riz 's  U n iv ersity ) w ere  

ch o se n  as exp erts  fo r th is  study. T h e  e x p e rts  w e re  ask ed  to  ra n k  th e  im p o rta n ce  an d  re lev an ce  o f 
d iscovered  v u ln erab ility  indicators associated  w ith  urban vu ln erab ility  to the earthquake in Tabriz C ity 
fro m  the m o st im p o rtan t to  th e  lea st [67] . A s a resu lt, 2 0  in d ica to rs w ere  h ig h lig h ted  as v u ln erab ility  

ind icators associated  w ith  u rban  v u ln erab ility  to  the earth q u ake in Tabriz City. The im p ortance ind ex  

o f th e  in d iv id u a l in d ica to rs  w as ca lcu la ted  b a se d  o n  E q u a tio n  (1), th e  ran g e  o f re la tiv e  im p o rtan ce  
index (RII) is from  zero to  one, and ind icators w ith  R II  of less th an  0.50 are rem oved  from  the research.

R e la tiv e  Im p o rtan ce  In d ex :
5
E  W i

(1)

w h ere ,

W: W eight g iv en  b y  resp on d en ts to  each  facto r and ran ge  b etw een  1 and 5,

A : M axim u m  w eig h t, in th is case , A  = 5,

N : N u m b er of resp ond ents.

A s sh ow n , 2 4  in d icato rs w h ich  had  ob ta in ed  th e  R e la tiv e  Im p o rtan ce  In d ex  (R II) w ith  

v a lu es o f less th an  0 .50 w ere  o b ta in ed ; th e  rest w ere  em p h asized  as a lm o st eq u a lly  im p o rtan t 

(R II >  0 .50). A s h ig h lig h ted  [68- 70], th o se  in d icato rs w ith  less th an  0 .5  are  con sid ered  u n im p ortan t. 
T herefore, th ey  can n o t be consid ered  for analysis.

M ath em atica l m eth o d s for data  classificatio n  b ased  on  equ al in tervals, m an u al or n atu ral breaks, 

o r s ta tis tica l co n sid era tio n , are  d efa u lt p ro cesses  in  G IS  so ftw are  [71] . T h e  m an u al classifier m eth o d  

has been  applied  to classify  the valu es into five different vu ln erab ility  classes. Initially, for this purpose, 
the classification  of all required layers b ased  on the d en sity  of bu ild in gs, residential bu ild in g , bu ild ings 
floors, m aterials, quality of build ings, age of build ings, com m ercial build ings, and the num ber of literate 

p eop le , em p loy ed  p eop le , u n em p lo y ed  p eop le , p o p u latio n , h ou seh old  an d  size o f b u ild in g  b locks, 
is requ ired . T he log ic o f th ese  facto rs is sim ilar to  a b ig g er d en sity  lead in g  to  a g reater vulnerability . 

T he other m etric of classification  is the d istance to the area such  as road netw ork, faults, d anger centers, 

relief centers, and open spaces. W ith the exception of the slope that is represented in  percent and geology, 
all the features of the layers w ere divided into five classes. To calculate density, a kernel density function 

w as used . To calcu late d istance, a E uclid ean  function  w ith  a cell size of 10 m  (pixel size 10 x  10 m ) w as
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applied in  the Arc G IS environm ent (version 10.3). H ow ever, to calculate slope, a D igital E levation M odel 

(DEM ) (generated from  contours on 1:50,000 topographical m aps) w as used , and classification w as based 
o n  the percentag e. A  g eo lo g y  m ap  w as evalu ated  b y  exp ert ju d g m e n t and  b ased  on  the featu res of 

textu re , stone typ e, ston e m ateria l, soil typ e, w ater perm eability , an d  also  the p resen ce o f fau lts and  
fractures. A ll tw en ty  ind icators (q u an tities and q u a lities) (see  Table 3)  w ere  conv erted  to  raster fo rm at 
in the A rc G IS  e n v iro n m en t b y  u sin g  th e  featu re  to  raster, v ecto r to raster an d / o r p o ly g o n  to  raster.

Table 2. Sum m ary of the aforementioned and relevant literature according to the main indicators 
which influence urban earthquake vulnerability.

Criteria Indicators- Description Scholars

Physical

1. Building Density
2. Residential Density
3. Distance to road network
4. Distance to open space
5. Distance to police stations
6 . Size of building block density
7. Building's floor density
8 . Quality of buildings density
9. Distance to relief centers
10. Distance to Danger centers
11. Buildings' Materials density
12. Age of building density
13. Commercial building density

[72- 82]

Environmental

14. Percent of Slope
15. Features of geology
16. Average acceleration values for medium magnitude earthquake
17. Aspect
18. Drainage
19. Distance to fault

[82- 85]

Social

20. Population density
21. Percent of population under 6  years old
2 2 . Household density
23. Percent of population over 65 years old
24. Literate People density
25. Ratio of widows in female population
26. Women with many children
27. Percent population with health insurance coverage
28. Percent of the population with telephone access
29. Percent females participating in labor force
30. Percent of housing units with bathroom
31. Percent of housing units with kitchen
32. Percent of population with disability
33. Percent of population who are migrants
34. Dentist per 100,000 population
35. Specialist physician per 100,000 population
36. Hospital beds per 1 0 0 , 0 0 0  population
37. Dwelling population density on census unit

[86- 93]

Economic

38. Employed People density
39. Unemployed people density
40. Degree of occupancy per room
41. Room area per person
42. private residences with more than 5 rooms
43. Percent of homeownership
44. Per capita household income

[93- 95]
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Criteria Indicators-Description Abbreviation Scale Source Scholars

Building Density BD 1.2500 4
Residential Density RD 1.2500 4

Distance to the road network DRN 1.2500 1

Distance to open space DOS 1.2500 1

Size of buildingblock density 4
Building's floor density SBBD 1.2500 4

Physical Quality of buildings density BFD 1.2500 5 [96- 105]
Distance to relief centers QBD 1.2500 1

Distance to Danger centers DRC 1.2500 1

Buildings' Materials density DDC 1.2500 4
Age of building density BMD 1.2500 4

Commercial building density A BD 1.2500 4
C BD 1.2500 14

Percent of Slope PS - 6

Environmental Features of geology PG 1 .1 0 0 , 0 0 0 42 [105,106]
Distance to fault DF 1 .1 0 0 , 0 0 0 41

Population density PD 1 .1 0 , 0 0 0 3
Social Household density HD 1 .1 0 , 0 0 0 3 [107- 110]

Literate People density LPD 1 .1 0 , 0 0 0 3

Employed People density
Economic Unemployed people densrty

EPD
UPD

1.2500
1.2500

s
s ^ 08 - 1 1 2 ]

1. Consulting engineering of Tehran Padil. http://www.tehranpadir.com, 2. Iranian Geological organization. 
http://www.gsi.ir/, 3. Census Center of IRAN. http://www.amar.org.ir/, 4. Department of road and Urbanity 
(East Azerbaijan Province). http/Z/ea-mrud.irA 5. The municipality of Tabriz City. /tt/://wwwtabriz.ir,
6 . DEM 30 m Aster, hiip://earthexpiorer.usgi .gov/.

E ach  o f ind icators hold s a d efin ite  ran g e  scale valu e ; h en ce, it n eed s to  b e  stand ard ized . 
Stand ard ization  is a  procedure to d eterm ine m em bership  valu e accordii/g to the/ usage o f eaph criterion. 

Thus, all the tw enty  indicators w ere standardiaed  a i this erage. Suitable w pights based  on im portance in 
the earthquake hazard vulnerability w ere given, nam ely very unfavorable, unfavorable, m oderate, favorable  and 

very  fav orab le . F igure 4  show u the stand ard ized  in p u t layers d eriv ed  fro m  the G IS  p roced u re for 

the indicators used  in this etudy for Tabrip Ci/y.

a. Age of Buildings (DEN) b. Danger Centers (DIS) c. Em ployee People (DEN )

cl. F ault (D IS) e. Buildings F loors (D EN ) f. Geology

j 9 ' W i J j p i
g. Housing (D EN ) h. Household (D EN ) i. L itra te  People (DEN )

Figure 4. Cont.

http://www.tehranpadir.com
http://www.gsi.ir/
http://www.amar.org.ir/
http://ea-mrud.ir/
http://www.tabriz.ir
http://earthexplorer.usgs.gov/
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Figure 4. Standardized input layers derived from GIS procedure for the indicators usee;! in this study; 
(a) Age of buildings density; (b) Danger centers; (c) Employed densfty; (d) Distance to fault 
(e) Buildings floors; (f) Features of geology (g) Housing density; (hf Household density; (i) Literate density; 
(j) Size of building; (k) Building materials; (l) Distance to open spaces; (m) Population density; 
(n) Quality of buildings; (o) Distance to rescue centers; (p) Buildings density; (q) Percentage of slope; 
(r) Distance to roads network; (s) Unemployed people; (t) Commercial density.

3.2 .1 . D escrip tio n  o f th f  Se lected  In d icators

E n v iron m en ta l In d icators

G eolog;)! o f Tabriz : T h e  c ity  o f  Tab riz  is g e o lo g ica lly  co m p o se d  oW red  m a rl a lo n g  w ith  y o u n g  

a llu v ia l b a rra ck s  an d  rid g e  san d sto n es. T h e  ree  m aris  co m p rise  o f an  a ltern a tio n  o f g reen , g ray  an d  
red  m arls  w ifh  th e  in n er tay ers o 1  tan d y , g y p se o u s  an d  sa ltin e  m arls . H o w ev er, th e  co n tem p o ra ry  
a llu v ia l co n sists  o f c la stic  g ra n u le  sed im en ts  w ith  lay ers  o f d ia to m  fish . In  a d d itio n , th e  sem i-rig id  
co n g lo m era te  co n sists  o f lay ers  o f sa n d sto n e s , p u n s, p y ro cla s tic  ro ck s, b a sic  an d  u ltra -b a s ic  s to n es, 

and red co n g lo m erate  w ith  an a ltern atio n  o f san d sto n e  and red m arl [9 7 ] .

P e rc e n t o f s lo p e: B a sed  o n  its p o sitio n  th e  c ity  o f T ab riz  is id e a lly  lo ca te d  o n  lan d s w ith  less 
th a n  5 %  g rad ien t. C o n seq u en tly , larg e  n o rth e rn  p arts  o f th e  c ity  in c lu d e  m arg in a l zo n es w ith  h ig h  

p o p u la tio n  d en sity  lo ca ted  o n  lan d s w ith  g rad ie n ts  h ig h e r  th an  5% . S im ilarly , th e  so u th e rn  reg io n s
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d o  n o t sh ow  fav o u rab le  co n d itio n s  in  te rm s o f th e  g rad ien t. H ow ever, b e tter  co n d itio n s ex ist d u e  to  

th e  re lativ ely  large d istan ce from  fau lt lines, low  p o p u latio n  and stru ctu ra l d en sity  [8 3 ] .
D is ta n ce  to  fau lt: O n e  o f th e  m o st im p o rta n t m easu res  to  p re v e n t th e  d ev a sta tin g  e ffects  o f 

e a rth q u a k e s  is to  av o id  h ig h  r isk  zo n es. T h ere fo re , th e  ch o ice  o f lo ca tio n  is a  v e ry  cru cia l step  in  

designing b u ild in gs or p lanning  for settlem ents in  seism ic prone areas. The im portance of site location  

is a v ita l ap p roach  to  risk  assessm en t and h en ce  h ig h  risk  areas shou ld  b e  avo id ed  [106] .

Socia l In d icators

T h e  p o p u la tio n  d en sity : D u rin g  th e  d ecad es (1 9 7 6 -2 0 1 1 ), th e  p o p u la tio n  d en sity  in  th e  n orth , 
n o rth -e a st (B a g h m ish e h  an d  R o sh d ie h ) an d  n o r th -w e st (E ra m  to w n ) h as in creased . In  o th er  w o rd s, 

in cre a sin g  p o p u la tio n  d en sity  h as u n fo rtu n a te ly  o ccu rred  to w ard  th e  N o rth  T ab riz  F a u lt (N T F). 

T h ere fo re , s ig n ifica n t sectio n s o f th e  p o p u la tio n  are  su rro u n d ed  b y  m a jo r an d  m in o r fa u lt b ran ch es. 
T his ind icates th at zones 1, 4 and 5 are located  in the rem ote earth q u ake prone areas, w h ereas zones 2 

and 3 sh ow  b etter circu m stan ces [108] .
H o u seh o ld  d en sity : H o u seh o ld  v u ln e ra b ility  a ssessm e n ts  a re  ty p ica lly  u sed  b y  sc ien tists  an d  

policy  m akers to ascertain  the potential im pacts of environm ental change in  p articu lar p laces, and plan  

effective responses d uring crises. Therefore assessing the vu ln erab ility  of hou seh old  p op u lation  density  

to  e a rth q u a k e  is cru cia l. T h is  is b eca u se  h ig h  h o u seh o ld  d en sity  in creases v u ln era b ility  p a rticu la rly  
w h en  d isp arities  ex ist b etw een  h o u seh o ld s and resid en tia l b u ild in g  s ize  [8 8 , 1 1 0 ] .

L ite ra te  p e o p le  d en sity : L ite ra cy  itse lf ca n n o t re d u ce  o r in crease  th e  v u ln e ra b ility  cau se d  b y  

an  e arth q u ak e . H ow ev er, h ig h er lite ra cy  lev els  ca n  ra ise  a w aren ess  a b o u t h azard  an d  im p ro v e  

resp o n se  to  o fficia l a larm s in  crises p erio d s in  co m m u n ities . F u rth erm o re , e d u ca tio n  ca n  p o ten tia lly  

en h an ce  k n ow led g e  and p ercep tion  o f risks and ap p rop riate  resp onses d u rin g  d isasters [107] .

E con o m ic In d icators

E m p loyed  people density : The h ig h est d en sity  o f em ployed  p eop le  on the average w as observed 
in  zones 1 , 4  and 5 , despite the un su itable cond ition  to fau lt line, und esirable  d em ographics and texture 

o f u rb a n  h o u sin g . H e n ce , it  ca n  b e  in ferred  th a t fu ll tim e e m p lo y m e n t d o es n o t  g u aran te e  d esirab le  

co n d itio n s  in  th e  zo n es  e x am in e d  d esp ite  th e  sig n ifican ce  o f  in co m e. H o w ev er, o n ly  h o u seh o ld  jo b  
statu s is con sid ered  su fficien t d u e to th e  lack  o f in com e sta tistics  o f h o u seh o ld s [9 3 ] .

U n em p lo y ed  d en sity : S o c io -eco n o m ic  co n d itio n s  h av e  s ig n ifica n t im p a ct o n  v u ln erab ility . 

H ence, research  on econom ic vu ln erab ility  p rincipally  h ig h light incom e (or lack  of) as key characteristic 
of the d ifferential aspects o f d isasters. F u rth erm ore, low -in com e groups are typ ically  m ore exp osed  to 

o b stacles d u rin g  th e  resp on se, recovery, and recon stru ction  p h ase  of d isasters [1 1 1 , 1 1 2 ] .

P h y sica l In d icators

Build ing density : O ne of the m o st im p ortan t policies u n d ertak en  un d er the second  five-year p lan  
fo r so cio -eco n o m ic an d  cu ltu ra l d ev e lo p m en t in  Ira n  a im s to  lo w er b u ild in g  co n stru ctio n  d en sity  in  
cities . A s a resu lt, lan d  a llo ca tio n  fo r th e  h o u sin g  secto r p a rticu la rly  in  lo w -d e n sity  reg io n s w ill be  

abridged. This b ased  on  the con sid eration  those factors su ch  as u rban  p op u lation  grow th , h ig h  cost of 

u rban  in frastru ctu res and lan d s con stra in ts  for fu tu re exp an sio n  in  cities in flu en ce d en sity  [3 8 ] .
R e sid en tia l b u ild in g s  d en sity : L a n d  u se  an d  n ig h ttim e  p o p u la tio n  d en sity  are  im p o rta n t 

con sid eratio n s for vu ln erab ility  stu d ies. In  other w ord s, d u ring  an earth q u ake, the h ig h est n u m ber of 
casualties occur at night. T herefore, the characteristic features of th is type of u ses are greatly  im portant 
as p re sen ted  in  th is research . C o n seq u en tly , a n  in crease  in  th e  n u m b e r o f res id en tia l u n its  m ean s 

re d u ctio n  o f o th er  u ses su ch  as o p en  sp aces fo r c ircu la tio n  an d  escap e . T h ere fo re , re d u cin g  d en sity  

and p ro v id in g  sp aces fo r free m o v em en t w ill red u ce v u ln erab ility  [75- 101] .
C o m m e rc ia l b u ild in g s  d en sity : C o m m e rcia l sp aces are  im p o rta n t b o th  fro m  a n  e co n o m ic  an d  

p h y sica l p e rsp e ctiv e . T h ere fo re , su ch  sp aces are  co n sid ered  stan d ard s fo r a ssess in g  eco n o m ic
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pro sp erity . In  co n tra st, o v e r  in cre a sin g  d en sity  in  su ch  sp aces  w ill in crease  v u ln e ra b ility  d u rin g  

earth q u ak es [9 9 ] .
D istan ce  to  re lie f cen ters: T h e  p ro x im ity  to  re lie f cen ters is an  im p o rtan t facto r d u rin g  an d  after 

the disaster (crisis). This issue is m ore critical to discussions on vulnerability  caused b y  earthquakes since 
m ost deaths from  burial under build ing debris or indirectly through fire outbreaks. H ow ever, the survival 

o f casu alties  can  b e  greatly  en h an ced  b y  p ro v isio n  o f ad eq u ate  rescu e  an d  re lie f stru ctu res su ch  as 
h osp itals, m ed ical centers and firefighting stations [38 ,97 ,9 8 ] .

D is ta n ce  to  d a n g er cen ters : T h e  e arth q u ak e s  ca n  lead  to  a cc id e n ts  su ch  as fire , lan d slid e , 
exp losion  of fuel tanks and d am s breaking  am ong others. Therefore, p roxim ity  to h igh -risk  areas such  

as fuel tan ks, w a ter tan ks, gas sta tion s, h av e trem en d ou s im p acts  on v u ln erab ility  [1 0 1 ] .

D istan ce to  op en space: The location  and d istribu tion  of op en spaces can  greatly  red uce potential 
v u ln erab ility . E arth q u ak es ty p ica lly  d am ag e  lo w  q u a lity  stru ctu res in  a sh o rt p erio d . C o n seq u en tly , 
bu ild in gs w ith  fu lly  occu pied  resid ents are m ore vu ln erab le  com pared  to  occu pants in  open spaces [80] .

D istance to street netw ork: The netw ork of streets is also an im portant factor in disaster m anagem ent. 

F u rth erm ore, classificatio n  o f the n e tw o rk  o f streets b y  w id th  is m ore im p o rtan t th an  the perform ance 
system  o f th e  n e tw o rk  in  the co n tex t o f v u ln erab ility  to  earth q u akes. In  the m icro-zon ation  schem e of 
Tabriz, w h ich  w as p repared  b y  con su ltan t en g in eers o f Tehran-Padir, the c ity 's  streets are d iv id ed  into  

tw o nam ely; first-grade street (collecting) and d istributing  streets) [38 ,97 ,9 8 ] .

Q u ality  of bu ild in gs d en sity : The quality  of n ew ly  constructed , repaired  or destroyed bu ild in gs is 
a m a jor in d icato r for v u ln erab ility  assessm ent. B ased  on  th is, p arts of zones 2 ,3 , 4 and n orth ern  parts 
o f the c ity  co m p risin g  zones 1 and 5 also  show ed  u n fav o u rab le  con d ition s [77] .

B u ild in g s  m ate ria ls  d en sity : T h e  se ism ic  re sistan ce  o f b u ild in g s  p lay s a k e y  ro le  in  p ro te ctio n  

a g a in st ea rth q u a k e s. M o st e a rth q u a k e  ca su a lties  are  d u e  to  th e  ru p tu re  an d  co lla p se  o f b u ild in g s. 
In  ad d ition , th e  d estru ction  o f b u ild in g s d u rin g  earth q u ak es m ay  also b e  d ue m an -m ad e p h en om en a 

su ch  as econ om ic stag n ation s and socia l co llap ses [98 ,99 ] .
A ge o f bu ild in gs d en sity : In  general, the age o f bu ild in gs cannot indicate the quality  regardless of 

th e  m ateria ls  u sed  as ob served  u sin g  th e  m eth o d o lo g y  of th e  K ern el m o d el. B y  in creasin g  the v alu es 

o b ta in ed  m o re  u n d e sira b le  co n d itio n s  can  b e  ex p e cte d . C o n seq u en tly , zo n es l an d  5 are  lo ca te d  in  
re la tiv e ly  w o rse  co n d itio n s . In  a d d itio n , zo n e  4  h as s im ila r co n d itio n s  w ith  o n ly  s lig h t co n n iv an ce . 

H ow ever, o th er areas h av e re lativ ely  fav ou rab le  con d ition s excep t in a few  cases [103].

B u ild in g s  flo o r d en sity : T h e  v u ln e ra b ility  o f b u ild in g s  in cre ase s  w ith  in cre a se  in  th e  h e ig h t 

an d  n u m b e r o f floo rs. A t p resen t, it  is n o tew o rth y  to  s ta te  th a t d esp ite  ad v a n ce m e n ts  in  b u ild in g  
tech n olog y , h ig h e r  a ltitu d e  d o es n o t d im in ish  v u ln erab ility . In  a n y  ca se , th e  n u m b e r o f flo o rs on  

b u ild in g s is also an im p ortan t facto r in seism ic v u ln erab ility  [78, 105] .

S ize  o f bu ild in g s d en sity : T h e  g eo m etry  o f land  an d  its prop erties need  to  b e  com p reh en siv ely  

assessed  d u rin g  ev alu ation  an d  segm en tatio n  o f lands. T he e ffect o f b u ild in g  sp ecifications d irectly  
in flu ence structure p erfo rm an ce , con stru ction  characteristics, an d  ro ad  n etw o rk s vital fo r vu ln erab ility  

in d ex  evalu ation . In  assessin g  earth q u ake  vu lnerability , th e  size an d  geom etrica l shap e o f the lands 

schem e are cru cial. Typically, vu ln erab ility  is low er for parcels o f land  w ith  large b u t regu lar shapes 

and sizes [74- 76 ].

3.3. T ransferring Layers to ID R IS I Softw are

In  this step, all the standardized layers produced in the previous stage w ere transferred to the ID R ISI 

en viron m en t. T h e  m o st im p o rtan t p o in t in  th is stage w as to  co n sid er th e  sim ilar e x ten t o f a ll layers. 
F o r th is p u rp ose , raster ca lcu la to r w as used , an d  sim ilar d isp lay  w as con sid ered  for a ll the layers. 

Th en , all o f th e  m ap s w ith  id en tica l exten ts w ere  en tered  in to  ID R ISI softw are in  th e  E N V I form at. 
The d evelopm en t of a hybrid  A N P -A N N  m od el requires a n u m ber of stages, as show n in F ig u re  5 .
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Figure 5. The framework of the hybrid ANP-ANN model. 

3.4. A n aly tic  N etw ork  P rocess (A N P ) A pproach

A n a ly tica l N e tw o rk  P ro cess  (A N P  ) [113] is a  m o re  g e n era l fo rm  an d  e x te n s io n  o f 

th e  A n a ly tica l H iera rch y  P ro cesr (A H P ) d ev elo p e d  b y  [114- 117] . A N P  rep resents h ierarch ical 
re lationsh ip s, w h ereas A H P  is b ased  o n  a h ierarch ica l structure. In  p ractice , n u m erou s d ecisio n  issu es 

are hard to form  into a hierarchical stru cture, as th ey  include in teraction  d ep end ence w ith  a bottom -u p  
approach. A N P w as rpp lied  to handle dependence am ong criteria and alternatives w ithout assum ing that 

they w ere independent [118]. The approach of A N P feedback results in  the substitution of hierarchies w ith
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netw orks. It a lso  accentuates in ter-d ep en d en t relationsh ips am o n g  d ifferen t criteria  fo r d ecisions [119] . 
T he A N P  analysis can  b e  rep resented  in fou r step s (A  to  D ), and is d escribed  in th e  n ext section .

3.4 .1 . S tep  A : A N P  M o d el C o n stru ctio n  and P rob lem  S tru ctu rin g

A  p ro b lem  sh ou ld  b e  w e ll p re sen ted  an d  d iv id ed  in to  a se t n e tw o rk  o f lo g ica l sy stem s. 
C o n seq u en tly , a  fra m ew o rk  th a t rep resen ts th e  n e tw o rk  ca n  b e  sp ecified  a cco rd in g  to  th e  d ecis io n  
m a k e r 's  o p in ion  u sin g  ap p rop riate  m eth od s.

3.4 .2 . S tep  B : P aired  C o m p arison s

In  A N P, like  A H P, the p ro b lem  is d efin ed  in  term s o f c lu sters an d  d ecis io n  e lem en ts w ith in  them  

a t m u ltip le  lev els o f ab stractio n . F o r exam p le , in  th is study, the first c lu ster is the goal (e .g ., creatin g  
v u ln erab ility  in d ex), an d  th e  second  is the d im en sio n s o r criteria  (w ith  e lem en ts o f social, econ om ic, 
en v iron m en ta l an d  p h y sical). T he th ird  c lu ster is th e  in d icato rs (co n ta in in g  the tw en ty  selected  

indicators). A  com p arison  am ong the pairs of d ecision  elem ents in each clu ster is m ad e w ith  respect to 
th e ir s ign ifican ce  fo r the con tro l criterio n . A lso , in ter-d ep en d en cies a m o n g  clu ster in d icato rs are  also  

in sp ected  p air-w ise . H en ce , as [115] su g gested , e ig en v ecto rs can  rep resen t the m easu re  o f e lem en ts ' 

influences on each  other; relative sign ificance is m easured  on  a scale  of 1 to 9, w h ere  the form er bound  
rep resents equ al sig n ifican ce an d  th e  la tter show s extrem e sign ificance. T h is m easu re  is b ased  on  one 
indicator, a  row  co m p o n en t in  the m atrix , o v er the other, a  co lu m n  co m p o n en t in  th e  m atrix  [115] . 

A  m u tu al v alu e  w as set for the p u rp ose o f reverse  com p ariso n , illu stratin g  the sign ificance o f the (ith ) 

e le m e n t as associated  w ith  the ( jth )  e lem en t. S im ilar to  A H P, th e  p air-w ise  co m p ariso n  v a lu es are 
assig n ed  in  the co m p ariso n  m atrix , and  a local p rio rity  v ecto r w as gain ed  fro m  th e  e igenvector, 
com puted  w ith  the fo llow ing  form ula:

A W  =  A m axW  (2)

M a trix  A  is a  p a ir-w ise  co m p a riso n  m a trix  w h o se  la rg e st e ig e n v a lu e  is d en o te d  as Am ax. 

W  d em on strates th e  e igenvector. E ig en v ecto r X  o f a co n sisten cy  m atrix  A  can  b e  d eterm ined  u sing:

(A  — A m axI )X  =  0 (3)

The Am ax  valu e is an  im p ortan t va lid ation  p aram eter in  A N P. T his m easu re  serves as a reference 
in d ex  fo r ev a lu a tin g  estim ated  v ecto r u sin g  th e  in form ation  b y  fin d in g  th e  C o n sisten cy  R atio  (C R ) .

C I  =  (A m ax — n)  (4)
n — 1

C o n siste n cy  in d ex  ( C I ) is u sed  as a m easu re  o f p a ir-w ise  m atrix  consistency . A ccep ted  V alue o f 

consistency , (C R ) ,  m u st b e  less than  0.1.

C R  =  C I  (5)

For sim ilar order reciprocal m atrices of any rand om  entries, RI  represents the average consistency 

in d ex . T h e  e stim a te  is a cce p ta b le  if  C R  <  0 .1 ; if n o t, u n til th is  ran g e  o f th is  m easu re  is n o t ach iev ed , 

a n ew  co m p ariso n  m atrix  is so u g h t repeatedly.

3.4 .3 . S tep  C: Su p er M atrix  C alcu la tion

P a ir-w ise  co m p a riso n  assis ts  to  ca lcu la te  th e  su p er m atrix , w h ich  is p artitio n e d  acco rd in g  to
clusters and their elem ents. The su per m atrix  consistin g  o f N  clu sters is presented  as fo llow s (Figure 6 ):
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Figure 6 . The super matrix consisting of N clusters.

w h ere , C k  rep resen ts  kth  c lu ste r  (k  =  1 ,2  . . .  n )  w h ere  th e  n u m b e r o f item s in  e a ch  kth c lu ste r 

is m k . T h e se  item s are  d en o ted  as ek1 , e k 2 . . .  ekm k . Id en tica l p a ir-w ise  co m p ariso n s are  u sed  to  find  

the p riority  vector, w h ere  each  co lu m n is the p riority  v ecto r d enoted  as ( W j) .  It indicates the elem ents' 
sig n ifican ce  in ith  c lu ster w ith  resp ect to an e lem en t in c lu s te r ,’ [1 2 0 - 1 2 2 ] .

3 .4 .4 . S tep  D : Selection

T h e se  step  g o als  are  u sed  to  a ssess  e ach  in d ica to r  in  o rd er to  ch o o se  th e  m o st su itab le  o n e  fo r 

final d ecision  m aking. The selection  criterion  is the w eights of alternatives w h ich  can  be obtained  from  
th e  syn th esized  su p er m atrix .

3.5. A rtific ia l N eu ral N etw ork

The: A rtificia l N eu ra l N etw o rk  (A N N ), a  co m p u tatio n al m o d el, has th e  ab ility  to  con clu d e 
non -linear associations am ong variab les in inp u t and ou tpu t datasets. It is founded on  a learn ing  route 
(training; calibration) and is able to provide estim ated values of output variables for input data [123,124] . 

T he s im p lest co n cep tu al d efin itio n  o f an  artificia l n eu ral n otw ork  is et m o d el w h o se  o u tp u t is som e 

lin ear o r n o n -lin ear com b in ation  o f the inp u ts [124] , T h e  m ath em atica l in te rp re ta tio n  o f A N N  in w ell 
e x p la in ed  b y  m a n y  reaearch ers [113, 125] . in  b rie f, A N N  eo n sists  o f lay ers  o f a  n u m b e r o f n eu ro n s 
o r n o d es th a t tra n sfo rm  in p u t d a la  in to  ou tp u t. T h e  m o st p o p u la r  ty p e  o f A N N  is th e  m u ltila y er  

P ercep tro n  (M L P ) n e tw o rk . A n  M L P  is m ad e up o f th ree  lay ers, in c lu d in a  in p u t, h id d e n  an d  o u tp u t 

layers, end the area b etw een  them  [124]. F igure 7 show s the arch itecture of M L P  used  in th is analysis. 
D ata  fro m  d ifferen t sou rces, su ch  as th em atie  sou rces, feed  in to  th e  in p u t tay er in  w h ich  th e  n eu ro n s 

exist. T h e  n eu rons rely  on  th e  q u an tity  o f inp u t data  soureesi T h is in p u t d ata  is v ig o ro u sly  p rocessed  
in  th e  h id d e n  lay ers , an d  in itia l o u tp u t lay ers an d  so on . Trial an d  orror d eterm in es w h a t w ill b  e th e  
n u m b es o f h id d en  layers and h o w  m an y  n eu ro n s e tc h  w ill h av e [125- 129] . A  n u m ber of ou tpu t layer 

neurona is d eterm ined  b y  tha application  and show n b y  the type of class analysis. E ach  h idd en neuron 

in teracts w ith  th e  w eig h ted  inp u ts, w h ich  it gam ed  fro m  the earlter in p u t lay ers ' lin ked  n eu ro n s [129]. 
A fte t determ ining she w eighted  sum  of inpuhs to each e id d en  n euren , a transfer function is used  to find 

the in itia tion  a t th e  cu rren t neuron . F igu re  6  illustratea the sig n al flow  fsom  in p u ts i.e ., x 1 . . .  x n  and  

un id irectianal nature, as show n by  arrow s. S im iitrly , ou tpu t signal flow? (0) of the neuron is also show n 

w ith  the flow  direction. The neu roo  ou tpu t signal 0 is otven  b y  the fo ltow ing relationship:

o =  / (n e o  =  f ( E ”= 1 wo a ) (6 )



Remote Sens. 2 0 1 8 ,10, 975 16 of 34

w h ere, Wj is the w eig h t v ecto r and the fu nction  f  (net) is referred  to as an activation  (transfer) function. 

T he v ariab le  net is d efined  as a sca lar net p ro d u ct of th e  w eig h t and inp u t vecto rs,

n et =  w Tx  =  vo1x 1 +  . . .  +  w n x n (7)

w h ere , T  is th e  tran sp o se  of a m atrix , and , in  th e  s im p lest case, th e  ou tp u t v a lu e  0 is com p u ted  as:

0  =  / ( n r t ) = {  1 i f
1 0  o th e rw ise

w h ere , 0 is called  th e  th resh o ld  level; and th is ty p e  o f n od e is ca lled  a linear th resh old  u n it [129] .

Figure 7. The architecture of ANN as a mufti-layered Perceptron (MLP) uoed in this study.

4. Results

4.1. A p p ly in g  A N P  f o r  T rain ing Site

F ig u re  8  presonts th e  estab lish ed  n etw o rk  w h ere  line first c lu ster d ep icts  the ov era ll ob jective  
o f th e  stu d y  th a t is the social, e c o n o m ic  en v iron m en ta l, ante p h y sica l v u ln erab ility  in d ex  creation . 

T he second  clu ster e lem en ts are (he fo u r m ajo r d im en sion s o f vu ln erab ility . T h e  third  lev el clu sters 
are th e  p rim ary  in d icato rs o f the fo u r d im en sio n s o f vu ln erab ility . Afteh a n e tw o rk  is estah lished , 

the pair-w ise com parison  is carried r u t  am ong the decision elem ents of ihe netw ork  in accordance w ith  
the experts' opinion. Then a super m atrix is form ed. The first super m atrix  for the proposed netw ork has 
three levels:
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Indicators o f V ulnerability

w h ere, the vector W2 1  show s the effect o f goal on V  d im ensions. The m atrix , W3 2  d enotes the influence 

of d im ensions of v u ln erab ility  on  the indicators of vulnerability , and the m atrix  W3 3  signifies the inner 
dep end ence (in terd ep en d en ce) betw een  the V  indicators. The m ethod of calcu latin g  the correspond ing 

lo ca l p rio rity  v e c to r  o r [W2 1  ] is illu stra ted  in  T able 4 . T h e  in d ica to rs  se lected  fo r th e  stu d y  are  g iv en  
b y  th e  lim it su p er m atrix  th a t p ro v id es a m e an in g fu l in flu en tia l w e ig h t fo r e ach  o f th e  2 0  in d ica to rs, 

in clu d in g  socia l, econ om ic, n atu ral, and p hysica l. T hese  w eig h ts, or WANPj,  are the e lem en ts in su p er 
m atrix  th a t b e lo n g  to th e  g o a l co lu m n . T h ese  e lem en ts w ere  n orm alized  and are sh ow n  in Table 5 .

Table 4. The pair-wise comparison between various dimensions of vulnerability.

Criteria Environmental Physical Social Economic [W21]

Environmental 1 0.89 1.38 1.15 0.24
Physical 1 .1 1 1 1.55 1.29 0.61

Social 0.72 0.64 1 0.83 0.08
Economic 0 . 8 6 0.77 1.19 1 0.07

Table 5. The relative importance of vulnerability indicators.

Vulnerability Dimension Indicators Ideal Normalized

PD 0.496 0.0511
Social HHD 0.337 0.0347

LPD 0.088 0.0091

EMD 0.373 0.0384
Economic UEPD 0 . 1 2 0 0.0124

CBD 0.040 0.0042

DRN 0.443 0.0456
DDC 0.494 0.0509
DRC 0.380 0.0392
DOS 0.494 0.0509
RD 0.842 0.0867

Physical BD 0.710 0.0731
ABD 0.368 0.0379

BMD QBD 0.781 0.0804
SBBD 0.295 0.0304

B 0.390 0.0402
BFD 0.661 0.0681

DF 1 0.1029
Environmental FG 0.797 0.0821

PS 0.598 0.0616
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Figure 8 . The ANP model for constructing vulnerability index.

4.2. C alcu latin g  V ulnerability  In dex  Score f o r  T rain ing Site

T h ere  are  tw o  sets o f d a ta , n a m e ly  th e  " tra in in g  sett" an d  " te s t  s e t" , w h ich  are  n e cessa ry  to 

p e rfo rm  A N N  a n a ly ses . "The " tra in in g  s e t"  is u tilize d  b y  th e  lea rn in g  a lg o rith m  to  crea te  a su itab le  

se t o f n e tw o rk  w eid h ts , p re c ise ly  illu stra tin g  th e  lin k s  b e tw e e n  in p u t an d  ou tp u t. Its p erfo rm d n ce  
is th e n  v e rified  o n  ohe " te s t  s e t"  o f d a ta  w ith  reco g n ized  resu lts , so m e th in g  riot p re sen ted  b efo re  to 
th e  n e tw o rk . P rep a rin g  su itab le  d a ta  fo r th e  tra in in g  site  p lay s an  im p o rta n t noie in  th e  a ccu ra cy  

o f th e  o b ta in ed  v u ln era b ility  m ap . A ctu ally , th e  first step  o f n eu ra l n e tw o rk r ' tra in in g  co n sists  o f 

co llu ction , a n a ly ris , se lectio n , an d  p re -p ro c e ss irg  o f th e  tra in in g  d ata . To e ffe ctiv e ly  a ch iev e  th is 
ob jectiv e , su itab le  p aram eter se lectio n  shou ld  b e  d on e  in th e  tra in in g  phase.

D u e  to  the n o n -a v a iltb ility  o f earth q u ak e  record s fro m  1780 an d  lack  o f en o u g h  sam pleng and  
d atabases at sites, the proposed  m ethod  in this research em ploys a new  train ing  strategy. A s explained  

in  rhe p rev iou s te c lio n , tire p u rp ose  o f ap p ly in g  th e  A N P  m o d el in  Shis stu d y  is to  oreate a su itab le 
tra in in g  d atabase fo r the neu ral n etw o rk . To ach iev e th is aim , to % c f  thoae ind icators w ith  the h ig h est 

w eigh t d riven  from  A N P  m od el (Table 4 ) w ere  transferrod t s  A rc G IS  to  create th t  b ase  m ap (Figure 9 ). 
Thereafter, 250  p o in ts w ere  selected  ran d o m ly  "rom  th e  b ase  m ap to  p ro d u ct a fin ai tra in m g  site m ap,



Remote Sens. 2 0 1 8 ,10, 975 19 of 34

and w ere subsequently  used  during; the train ing phase of the feedforw ard  M u ltilayer Perceptron (M LP) 

m odel, and also to m easure the accuracy of the trained netw ork. A fter being standardized , the obtained 

tra in in g  m ap, a lon g  w ith  20  layers m ap s, are tran sferred  to  ID R ISI softw are as the in p u t and  o f n eu ral 

n etw o rk  after conv ertin g  the form at.

46°5'30"E 46°12'0"E 46<>18,30"E  46°25'0"K

45°59'0"E 46°5'30"E 46°I2 '0"E  46°I8,30"E  46°25,0"E

Figure 9. Training site map extracted from ANP model.

4.3. A p p ly in g  M u lti-L ayer  P erceptron  (M LP ) N etw ork  f o r  E arthqu ake V ulnerability  M ap  (E V M )

M L P  classifies th e  rem otely -sen sed  im ag ery  u sin g  th e  b ack  p ro p ag atio n  (BP) a lgorith m . 

The calcu lation  is based  on  in form ation  from  train ing  delta. M LP perform s a non-pyram etric regression 
analysis betw een input variables and one dependent variable, w h ich  is represented by  one output neuron 
in the n etw o rk  [130] .

To m o d el fhe u rb an  v u ln erab ility  to  earth q u ak e  h azard  in  Tabriz City, the M L P  w a  s ru n  in  hard  

c lassifica tio n  m o d e (th resh o ld  tran sfer fu n ctio n  fo r o u tp u t n eu ro n s), u sin g  ID R ISI Se lv a  softw are 
(Version 17.1) (C lark Labs, C lark U niversity  950 M ain  St., W orcester, M A , U SA ). A ccording tc  tine research 

goal, w e  u sed  c lassifica tio n  o p tio n  for the ou tp u t. T h e  2 0  in p u t layers w ere  th en  sp ecified  an d  th eir 

n am es enteoed in  tire grid . T h e  m a sk  im ag e con ta in s B o o lean  v a lu es co n ta in in g  1s in  all cells an d  0s 

elsew here. For train ing  data, the rrste r  file contain ing  the1 w eights o f tine selected  (14 indicators) -values 
w ere tn tered . The training process reduces the error betw een A N N  output and the real data by  adjusting 

the w eig h ts acco rd in g  to  the B P  a lg o rith m  [131]. F o r each  class in  the tra in in g  d ata , th e  n u m b er of 

training1 an d  testin g  sam p le  sizes are ran d o m ly  d iv id ed . T he actu al n u m b er o f p ixels used  for train ing  

an d  testing; is a lso  d eterm in ed  b y  th e  tatkr b etw een  th e  n u m b ers sp e d fie d  fo r the m ax im u m  tra in in g  

an d  testing; p ixels. U sin g  the sem e v a lu es fo r each  entry, it  d iv id es th e  p ixels a t a  1:1 ratio . In  gen eral, 

it is specified  ae hundreds to thousand s, rather than  a large n u m ber of p ixels p er categofy. In  tiers study, 
an  av erag e  o f 500  p ixels p er class w as u sed  for tra in in g  an d  testin g . T h e  tra in in g  p ixels are u sed  in  
training, and the testing p ixels are used to validate the results. The netw ork  topology  includes 1 h idden 

layer w ith  7 nod es, 20 input layer nod es and 5 ou tpu t layer nod es (Table 6 ).
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Table 6 . Network, data and training parameters used for ANP-ANN for vulnerability map in the IDRISI 
Selva software.

Group Parameter Value

Input specifications Avrg. training pixels per class 
Avrg. testing pixels per class

500
500

Network topology

Hidden layers 
Nodes 

Input Layers Node 
Output Layer Nodes

1

1 0

2 0

5

Automatic training Yes
Dynamic learning rate Yes

Training parameter Start Learning rate 0 . 0 0 1

End learning rate 0 . 0 0 0 6

Momentum factor 0.5

RMS 0.1534
Stopping criteria Iterations 1 0 0 0 0

Accuracy rate 9 0 . 0 0

The num ber of input layers is identified  through the num ber of im ages, and the num ber of outputs 
is the tra in in g  d ata  categories in  the tra in in g  file. T he n e x t several steps d eal w ith  tra in in g  p aram eters, 

an d  the critica l p art is th e  learn in g  rate , w h ich  is a  p o sitiv e  co n stan t th a t contro ls ad ju stm en t d o n e  to 
the co n n ectio n  w eigh ts. A u tom atic  tra in in g  and  d yn am ic learn in g  rate  w ere  u sed ; au tom atic  tra in in g  
ad ju sts  th e  learn in g  ra te  d u rin g  tra in in g . W ith  th e  u se o f d y n am ic learn in g , startin g  an d  en d in g  

learn ing rates m u st be entered . Entered learn ing  rates and m o m en tu m  factors are 0 .0 0 1 ,0 .0 0 0 1 , and 0.5 
respectively. Sm all learn ing rates tend to increase the tim e in the training phase, and large train ing rates 

produce poor results w ith  fluctuating  ad justm ents. The m om en tu m  factor is used  in this stud y to speed 

up the con v ergen ce p roced u re. A d ju stm en ts can  b e  m ad e w ith  the criteria  to  term in ate  the proced u re. 
T he accep tab le  error is m easu red  th ro u g h  ro ot m ean  squ are  (R M S) associa ted  w ith  th e  learn in g  of 

the netw ork.
T h e  ex tracted  R M S  in  th is  s tu d y  is 0 .1534 , w h ich  is a cce p ta b le  p e r  ID R IS I d e fa u lt v a lu es , 

w h ich  is 0 .5 . W h e n  an  acce p ta b le  erro r is d e fin ed  as v e ry  sm all, th e  co n v e rg en ce  is h ard  to  o b ta in . 

T h u s a d d itio n a l itera tio n s  m a y  lead  to  o v er-tra in in g . Sp ecified  itera tio n s  w e re  (10 ,000 ) a t w h ich  the 
tra in in g  p ro ced u re  w as te rm in ate d  (Table 6 ) . L astly , th e  sa m p lin g  sp e cifica tio n s o f th e  tra in in g  
an d  te stin g  d a ta  d e term in e d  th e  accu ra cy  ra te  p er category . A cco rd in g  to  th is  a n a ly sis , A N N  

record ed  90 .01%  ov erall accu racy  w ith  testin g  data. In  the final step  o f A N N  analysis, th e  earth q u ake  

vu ln erab ility  m ap (EV M ) w as prepared  b y  using  the trained  and tested  A N N  m odel and applying it to 
th e  d eriv ativ e  d ata  sets, and su bsequently , th e  E V M  o f th e  stu d y  area w as prod u ced .

A fte r p ro d u cin g  th e  E V M  fro m  the A N P -A N N  m eth o d , th e  resu ltan t m ap  w as tran sferred  to 

G IS  en viron m en t. T hen , th e  raster m ap  w as con v erted  to  v ecto r fo rm at an d  d isso lv e  fu n ctio n  w as 

processed  to  ca lcu late  the v u ln erab ility  o f Tabriz C ity  (Table 7 ). Tabriz h as b ee n  b road ly  classified  in to  
five  zon es, in clu d in g  v e ry  h ig h , h ig h , m o d erate , low , an d  v e ry  lo w  classes co n cern in g  the o ccu rren ce  

o f fu tu re earthqu akes. T he results ind icate  th at 1.19%  o f the to tal area is fo u n d  to  b e  h ig h ly  vu ln erab le. 
H igh, m oderate, and low  vu lnerable zones represent 5.60% , 34.11% , and 52.74%  of the area, respectively 
(see Table 7 ). V ery low  v u ln erab ility  w as record ed  for 6 .3 5 %  o f th e  to tal stu d y  area. B y  ad d in g  

m u nicipality  zones m ap to E V M  of Tabriz City, the level of vu ln erab ility  in variou s zones w as obtained 

(Figure 10 and Table 8 ). The seism ic vulnerability  of nine zones of Tabriz indicates that m ost parts of this 
city  are located  in  lo w  an d  m ed iu m  d am ag e ran ges. H ow ever, som e p arts o f Tabriz fa ll in  seism ically  

m o d erate  to  h ig h  h azard  areas. So u th  an d  so u th east reg ions o f Tabriz C ity  are in  lo w  to  m o d erate  
vu ln erab ility  cond itions, w h ereas som e parts of the zones 1 , 4 ,  and 5 in the northeastern  part are un d er 

critical vu ln erab ility  cond itions (F igure 10).
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Z one 5 is classified  as h igh ly  v u ln erab le , hav ing  16.14 % v ery  h igh  and 14.26%  high  v u ln erab ility  

areas. Z o n e  4  is th e  seco n d  m o st v u ln era b le  z o n e , w ith  1 .08%  an d  2 5 .7 5 %  in  v e ry  h ig h  an d  h ig h  
vu ln erab ility  categories, respectively. Finally, zone 1 w ith  5 .74%  v ery  h igh  and 9 .80%  high  vu ln erab ility  

classes is the third  m ost critical area in  Tabriz C ity  (see Table 8 ). O n the other hand , zone 7 w ith  (57.55% 
low  and 3.65%  v ery  low  v u ln erab ility  exh ib it the low est vu ln erab le  zone. Z one 3 w ith  58 .20%  low  and 

22 .1 0 %  v e ry  lo w  v u ln era b ility  is th e  seco n d  lo w e st v u ln era b le  zo n e . A fte r th a t, zo n e  2 , w ith  68 .30%  
an d  10 .14%  in  lo w  an d  v e ry  lo w  v u ln era b ility  c lasses , is  ca teg o rized  a s th ird  lo w e st v u ln erab le  zon e 

(see Table 8 ).

Table 7. The level of vulnerability in Tabriz City according to ANP-ANN model.

Vulnerability Area (km 2) Hectares Percentage (°/o)

Very High 3.05 3015.35 1.19
High 14.33 1433.05 5.60

Moderate 87.29 8729.49 34.11
Low 134.96 13,496.37 52.64

Very Low 16.25 16215.14 6.35
Total 255.894 25,589.40 1 0 0 . 0 0

46°5'30"E 46°12'0"E 46°18'30"E 46°25'0"E
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Figure 10. Final earthquake vulnerability map extracted from ANP-ANN model.
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Table 8 . The level of the vulnerability of municipality zones according to ANP-ANN model.

22 of 34

Zone Vulnerability Area (km2) Hectares Percentage (%) Zone Vulnerability Area (km2) Hectares Percentage (/)

1 Very High 1.177 177.99 5.74 2 Very High 0.167 16.79 0.44
1 High 3.04 304.13 9.80 2 High 2 . 2 2 222.38 5.80
1 Moderate 7.20 720.69 23.23 2 Moderate 5.87 587.55 15.32
1 Low 17.97 1797.46 57.94 2 Low 26.19 2619.24 68.30
1 Very Low 1 .0 1 101.99 3.29 2 Very Low 3.88 388.92 10.14

Sum 31.02 3102.26 1 0 0 . 0 0 Sum 38.34 3834.88 1 0 0 . 0 0

Zone Vulnerability Area (km2) Hectares Percentage Zone Vulnerability Area (km2) Hectares Percentage

3 Very High 0.05 5.15 0.14 4 Very High 0.29 29.72 1.08
3 High 1 . 2 2 122.99 3.29 4 High 7.06 706.21 25.57
3 Moderate 6.09 609.03 16.28 4 Moderate 9.86 986.83 35.73
3 Low 21.77 2177.86 58.20 4 Low 9.92 992.85 35.94
3 Very Low 8.26 826.83 2 2 . 1 0 4 Very Low 0.46 46.59 1.69

Sum 37.41 3741.85 1 0 0 . 0 0 Sum 27.62 2762.20 1 0 0 . 0 0

Zone Vulnerability Area (km2) Hectares Percentage Zone Vulnerability Area (km2) Hectares Percentage

5 Very High 0.75 75.70 16.14 6 High 0 . 1 0 10.48 2.56
5 High 0 . 6 6 66.87 14.26 6 Moderate 1.69 169.41 41.41
5 Moderate 1.26 126.62 27.00 6 Low 2.24 224.57 54.90
5 Low 1.99 199.52 42.54 6 Very Low 0.04 4.61 1.13
5 Very Low 0 . 0 0 2 0.27 0.06 Sum 4.09 409.07 1 0 0 . 0 0

Sum 4.68 468.97 1 0 0 . 0 0

Zone Vulnerability Area (km2) Hectares Percentage Zone Vulnerability Area (km2) Hectares Percentage

7 Moderate 1 0 . 8 8 1088.19 28.80 8 Moderate 15.21 1521.90 43.68
7 Low 25.52 2552.61 67.55 8 Low 18.47 1847.70 53.04
7 Very Low 1.37 137.96 3.65 8 Very Low 1.14 114.30 3.28

Sum 37.78 3778.76 1 0 0 . 0 0 Sum 34.83 3483.91 1 0 0 . 0 0

Zone Vulnerability Area (km2) Hectares Percentage

9 Moderate 29.17 2917.45 72.86
9 Low 10.84 1084.37 27.08
9 Very Low 0 . 0 2 2.13 0.05

Sum 40.03 4003.95 1 0 0 . 0 0
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M e re ly  k n o w in g  th e  s ize  an d  area  o f th e  v u ln e ra b le  z o n e s  ca n n o t in d ica te  th e  im p a ct lev el 

o f th e  p ro b ab le  ev en t. H en ce , p o p u la tio n  d a ta  o f  th e  m u n ic ip a lity  zo n es o f Tab riz  C ity  w a  s u sed  

fo r a ssess in g  th e  im p a c t o f th e  v u ln erab ility . T h ere fo re , th e  a m o u n t o f p o p u la tio n  v u ln era b ility  

(P V ) in  v a r io u  s z o n e  s o f "Tabriz C ity  w a s  o b ta in ed l as illu stra ted  in  F ig u re  a i .  T able in sh ow s 

th e  co m p a ra tiv e  v u ln e ra b ility  o f th e  zo n es  in  T ab riz  C ity  b a se d  o n  th e  d a ta  p ro v id ed  b y  E V M  an d  

p op u lation  vu lnorability  (PV). The m ost vulnerable zones aae clustered in zones 5 , 4 ,  and 1 of Tabriz City, 
respectively. O verall, theae three zones are considared as highly  vulnerable areas; the m ain reason is their 

geograp hical location  a long; the N orth  Tabriz F au lt (N TF). In  addizion, there is a  h iS a  p ercentage o f the 
m arginal settlem ent, inform al settlem ents, and old textures in these zones. The dom inance of residential 

density com pared to the olher land uses (30%  of the total land uses) and the h ighest density of population 

(low ezt edu cation  and income;) are other factors in these h igh ly  vu ln erab le  areas. Particularly, the north 
of zone 1  is a critical vu ln erab le  area to future earthqu ake hazards.

Population 

Map

f l H r A  s d d,ssolve H
(Function) ~  (Function)

m p i v  v  ^

Earthquake 
vulnerability 
Map (EVM)

Figure 11. The procbdure ob determzning population vulnerability.

T h e  m o st d om in an t typ e of sbructure in the city" of "Tabriz is m ason ry  b rick  b u ild in g s, d istributed  
fro m  e ig h  to  low?, ini zon es 5 ,4  an d  1, resp ectiv ely . O v er 50%p o f b u ild in g s  in  zo n es 5 an d  1 ase m ad e 

o f m aso n ry  b rick s, and m o st o f tham  h av e b een  constau cted  w ith o u t co n sid erin g  seism ic regulations. 

T h ere fo re , a  p a rticu la r  p la n  is req u ired  to  reco n steu ct b u ild fn g s in  th ese  areas. T h e  n u m b e r o f 

h igh-q u ality  steel and concrete bu ild in gs in  Tabriz C ity  is low?. The largest nu m ber o f steel and concrete 
build inga can  be found in  eon e 5 , and m o st of these bu ild in gs have a low  quality  of constru ction  w ithou t 

observing; she requ irem ents of the standard . "Therefore, it is n ecessary  to com ply  w ith  the requirem ents 
of the constru ction  stand ard s or new  build in gs. In  term s of geotechnical and seism ological p aram eters, 

zones 5 and 1 face inappropriate situations. O w ing to a com bination  of factors, inclu ding the h igh  level 
of P G A , the possibelity of h igh  s lid e , and proxim ity  to seism ic faults (N TF), these zones are susceptible  

to seism ic dam age. O verlap p in g  E V M  w ith  P V  indicates that the low est vu ln erab le  zones are found  in 
zones 7, 3 , and 2  o f Tabriz C ity  (se e  Table 9) .
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Zone Vulnerability Households Population Percentage Zone Vulnerability Households Population Percentage

1 Very High 18,409 73,291 19.97 2 Very High 2130 8524 2.83
1 High 23,054 86,647 23.61 2 High 13,642 50,333 16.73
1 Moderate 25,874 92,800 25.28 2 Moderate 6884 40,226 13.37
1 Low 30,862 111,987 30.51 2 Low 52,006 159,478 52.99
1 Very Low 640 2333 0.64 2 Very Low 7548 42,382 14.08

SUM 98,839 367,058 1 0 0 . 0 0 SUM 82,210 300,943 1 0 0 . 0 0

Zone Vulnerability Households Population Percentage Zone Vulnerability Households Population Percentage

3 Very High 470 1929 0.72 4 Very High 2647 10,553 3.30
3 High 9583 33,376 12.50 4 High 51,908 185,501 58.06
3 Moderate 14,695 47,415 17.76 4 Moderate 17,562 69,485 21.75
3 Low 48,256 143,159 53.63 4 Low 13,416 52,047 16.29
3 Very Low 1408 41,080 15.39 4 Very Low 508 1892 0.59

SUM 74,376 266,959 1 0 0 . 0 0 SUM 86,041 319,478 1 0 0 . 0 0

Zone Vulnerability Households Population Percentage Zone Vulnerability Households Population Percentage

5 Very High 7436 31,441 35.99 6 High 358 1132 3.82
5 High 5351 22,755 26.05 6 Moderate 6391 20,718 69.84
5 Moderate 4768 19,860 22.74 6 Low 2233 7816 26.35
5 Low 3298 13,294 15.22 SUM 8982 29,666 1 0 0 . 0 0

SUM 20,853 87,350 1 0 0 . 0 0 82,210 300,943

Zone Vulnerability Households Population Percentage Zone Vulnerability Households Population Percentage

7 Moderate 132 1570 8.58 8 Moderate 90 488 66.67
7 Low 4803 13,822 75.58 8 Low 32 145 19.81
7 Very Low 62 2896 15.84 8 Very Low 18 89 12.16

SUM 4997 18,288 1 0 0 . 0 0 SUM 140 732 1 0 0 . 0 0

Zone Vulnerability Households Population Percentage

9 Moderate 2 0 2 2 7586 1 0 0 . 0 0

SUM 2 0 2 2 7586 1 0 0 . 0 0
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4.4. In vestigatin g  the A ccu racy  o f  the O btain ed  R esu lts

M o d el v a lid a tio n  w as p erfo rm ed  in  o rd er to  exam in e  the v a lid ity  o f th e  d ev elo p ed  earth q u ak e 
v u ln erab ility  a ssessm en t an d  the ov era ll v u ln erab ility  o f the Tabriz C ity  a t m u n icip a lity  zones. 
A  w ell-con stru cted  m od el shou ld  rep resent the d om ain  o f in terest fa irly  accurately. It  shou ld  b e  noted  

that there is a probability  thaC such  accuracy m ay not be achieved w ith  the stan d ard icrd / d assified  data. 

H ow ever, it  ia p referab le  th a t th e  m en tion ed  d o m ain  is acq u ired  in  th e  o u lp u t o f th e  m o d el b ecau se  it 
represents a flexibility  of the m od el and its com p atib ility  w ith  a  h u m an p erspective, w h ich  w as proved 

in this study.
Accordingry, to vali d a tr the hybrid  A N P -A N N  m od el find ings, E V M  results w e rr  com pared  w ith  

the resu lts ob ta in ed  b y  PV. Scatter-p lo ts w ere  ap p lied  fda the resu lts o b ta in ed  fro m  b o th  m eth o d s 

(F igures 12 an d  C3). T h ese  scatter-p lots m d icate  th a t th ere  is a  strong  p o sitiv e  re la tio n sh ip  b etw een  

the m o st v u ln erab le  zon es (in clu d in g  zones 5 ,4  an d  1) an d  lo w est v u ln erab le  zones (m clu d in g  zones 

2 ,3  an d  t )  o 1  th e  E V M  an d  PV. A d d itionally , S p earm en  correla tion  coefficientp b etw een  th e  m opt and  

lo w est vulnerablp  zoneo w ere calcu lated . Tables 10 an d  I t  sh ow  the statistical resu lts fo r b o th  outputs. 

A  correla tion  to r ft ic ie n t o f 0 .976  an d  0 .940  (statistica lly  sig n ifican t aS 0.0C lev efr) b etw ee n  m o st and  
low esr vu ln erah le  zones in d icates th a t b o th  outpuSs are co m p atib le  w ith  th e  lev el op v u ln erab ility  in  

the identified  zones .

0 5 10 15 20 25 30

Most vulnerable Zones according EVM

Figure 12. The scatter-plot between the PV and EVM according to most vulnerable zones.

Figure 13. The scatter-plot between the PV and EVM according to least vulnerable zones.
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Table 10. Correlation between the EVM and PV for the most vulnerable zones.

VAR00002 VAR00003

Pearson Correlation 1 0.976 **
VAR00002 Sig. (2-tailed) 0 . 0 0 1

N 6 6

Pearson Correlation 0.976 ** 1

VAR00003 Sig. (2-tailed) 0 . 0 0 1

N 6 6

** Correlation is significant at the 0.01 level (2-tailed).

Table 11. Correlation between the EVM and PV for the least vulnerable zones.

VAR00001 VAR00002

Pearson Correlation 1 0.940 **
VAR00001 Sig. (2-tailed) 0 . 0 0 5

N 6 6

Pearson Correlation 0.940 ** 1

VAR00002 Sig. (2-tailed) 0 . 0 0 5

N 6 6

** Correlation is significant at the 0.01 level (2-tailed).

5. D iscussion

V ulnerability  is m u lti-d im ensional d ifferential, and varies across physical space and w ith in  social 

groups. In  ad dition , it is sca le-d ep en d en t w ith  regards to  space and units o f analysis such  as indiv id ual, 

h ou seh old , reg ion , or system  w ith  d ynam ic ch aracteristics  and d riv in g  forces of v u ln erab ility  ch an g e  

o v er tim e. V u ln erab ility  a sse ssm e n t is a  b ro ad  co n c e p t th a t ca n  b e  d iscu sse d  in  sev era l d iffe ren t 

contexts. H ow ever, it is not a variab le  that can  be m easured  d irectly ; rather, it can  be assessed  indirectly  
according  to  a set of d im ensions. For assessin g  u rban  vu lnerability , it is necessary  to consid er all m ain  

d im en sion s of v u ln erab ility  in clu d in g  en v iro n m en ta l, p h y sica l, and socio -econ o m ic [131, 132] .

P hysical factors are usu ally  m aterially -oriented , arising from  the field of engineerin g , architecture, 
an d  lan d  u se  p lan n in g . V u ln erab ility  fro m  a p h y sica l p e rsp e ctiv e , d esp ite  its b ro a d  sco p e , 
re fers  m a in ly  to  th e  co n sid era tio n  an d  su sce p tib ilities  o f lo ca tio n  an d  b u ild in g  en v iro n m en t. 

E n v iro n m en ta l v u ln e ra b ility  in c lu d e s th e  fra c tio n  o f th e  s lo p e , g e o lo g ica l fe a tu res , d ra in a g e  an d  

d istan ce  to  th e  fau lt. T h e  socia l d im en sio n  is m u lti-faceted  an d  cro ss-cu ttin g . It  fo cu ses p rim arily  on  
th e  so cia l o rg an iza tio n  an d  co llectiv e  asp ects  ra th er th an  in d iv id u als . Lastly , e co n o m ic v u ln erab ility  
d escrib es the su scep tib ility  o f an  e co n o m ic system , in c lu d in g  p u b lic  an d  p riv ate  sectors , to  p o ten tia l 

(o r  d irec t) d isa ste r d a m a g e  an d  loss. F u r th e rm o re , it re fers  to  th e  in a b ility  o f a ffected  in d iv id u a ls , 

co m m u n ities , b u s in esses , an d  g o v ern m e n ts  to  a b so rb  o r cu sh io n  th e  d a m a g e  [132] . In  th is research , 
a new  hybrid  fram ew ork  of A N P -A N N  m odel w as established  for earthquake vu ln erab ility  assessm ent 

b y  co n stru ctin g  a com p osite  social, eco n o m ic, en v iro n m en ta l, an d  p h ysica l v u ln erab ility  in d ex  and  

ap p lied  to  Tabriz C ity  as a case  study. R esu lts d em o n stra te  th a t it  is a  ro b u st ap p ro ach  to  co n stru ct 
a  com p osite  v u ln erab ility  in d ex  u sin g  th e  fo u r ca teg ories o f v u ln erab ility  factors. T he ap p lica tio n  
o f the v u ln erab ility  in d ex  d eriv ed  fro m  vario u s asp ects  o f earth q u ak e  hazard  an d  v u ln erab ility  is 

m o re accu rate  th an  u sin g  o n ly  p h y sica l an d / o r so cio -eco n o m ic ch aracteristics  o f u rb an  areas a t 

local [55,133,134] . The outline of the hybrid  A N P -A N N  m odel d eveloped in this contribution  is flexible, 
as it is an integrated approach to earthquake vulnerability  assessm ent. D ue to its robust nature, it can  be 

b road ly  applicable to an y  u rban environm ents on d ifferent geograp hical scales and m ap p in g  units.
T h e  id en tifica tio n  o f v u ln erab ility  an d  u n d erstan d in g  o f re lated  m eth o d o lo g ies help s 

the d ev elo p m en t o f p o licies  an d  actio n  p lan s fo r m itigatio n . T h e  assessm en t o f m ain  criteria  of
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v u ln erab ility  in d ices in  re latio n  to  earth q u ak e  risks im p ro ves research  stu d ies o n  n atu ra l hazard s. 

The assessm ent proced u re of social, econom ic, environm ental, and physical vu ln erab ility  w as found to 
b e  m ore reliable. H ence, the results can  enhance u rban p o licy  and scientific based  d ebates as a possible  

key-elem ent for urban public policies. The m ain advantage of the research w as its sim plicity  in  applying 
the ap p ly in g  the in d ices, w h ich  cou ld  b e  a so lu tion  for d ifferen t stakeh old ers in  v u ln erab ility  stud ies. 

Thu s, v u ln erab ility  assessm ent fits into the general approach  o f in form ed  d ecision  m ak in g  w h ich  links 
academ ic research, policy, and practice [133]. Since all indicators have neither equal im portance value nor 

p lay  an effective role in vulnerability , assessin g  vu ln erab ility  cannot be  review ed on ly  b y  an individual 
in sp ectio n  o f each  e lem en t. T h erefore , all e lem en ts m u st b e  con sid ered  s im u ltan eo u sly  to  ach iev e 

the correct results.

The E V M  derived  from  the hybrid  m odel can  provide substantial in form ation  for the d evelopm ent 
o f th e  city. In  ad d ition , the E V M  is strateg ic to  p lan n in g  d esig n  o f fu tu re lan d  in frastru ctu re, crises 

con fron ta tio n  p ro ced u res, an d  p u b lic  p ro tectio n  serv ices o f th e  state. F o r exam p le , the E V M  can  
provide inform ation  on the p roper location for the construction  of v ital infrastructure (such as hospitals 

o r fire serv ices) d u rin g  crises. C o n sid erin g  that, m o d ern  co n stru ctio n  tech n iq u es can  p ro v id e  solid  

anti-seism ic bu ild ings. O ne of the m ost im portant issues in selecting the location for the construction  of 
a new  infrastructure is to provide free access during crises situations. Based on the inform ation provided 

from  the E V M  for the case stud y (Tabriz C ity), such  locations can  be selected  at the p erim eter of the city 
and along m ain  roads entering  the city center w ith o u t crossing h igh-risk  sections. In  addition, the E V M  

can  be used  by  the public protection  services for the d efinition of p roper concentration  and distribution 
points to correctly  cover h igh-risk sections. Currently, the selected concentration points sufficiently  cover 

the perim eters of the h igh-risk  sections, althou gh  their d istribution  is n ot u n iform  across the city.
A cco rd in g  to  th e  E V M  g e n era ted  b y  M L P  fo r Tab riz  C ity, zo n es 5 , 4 , an d  1  a re  reco g n ized  as 

the m o st v u ln erab le  areas. T hese  zones w ere identified  as the m o st crow d ed  areas w ith  h igh  bu ild in g  
and p o p u latio n  d en sities. In  ad d ition , the absence of sp atia l p lan n in g  in the con stru ction  of b u ild in gs 

in  th ese  zo n es  h as w o rsen ed  th e  co n d itio n . T h e  p e rce n ta g e  resu lts  in  te rm s o f v u ln e ra b ility  sh o w  

th a t th e se  z o n e s are  in  g re a tly  u n d e sira b le  co n d itio n s ; h e n ce , th e  im p o rta n t ru le  o f p la n n in g  b efo re  

co n stru ctio n  is in ev itab le . S ta tis tic s  rev ea led  th a t m o re  th a n  4 0 0 ,0 0 0  p e o p le  in  T ab riz  C ity  liv e  in  
in form al settlem en ts located  in the three zon es w ith  u n d esirable  co n d itio n s. T he in form al settlem ents 

a ro u n d  th e  a fo rem en tio n ed  zo n es are  ch a ra cteriz e d  b y  p o o r co n d itio n s  b a se d  o n  crite ria  su ch  as 

lan d  cover. O th e r  facto rs in c lu d e  th e  ag e , m a te ria l, an d  d en sity  o f b u ild in g s. In  th e  co n te x t o f lan d  

cov er, m o re  th an  52%  o f th e  reg io n  is a t th e  ra te  o f + 75% . In  te rm s o f b u ild in g  ag e , a ro u n d  48 %  o f 
th e  b u ild in g s  in  th ese  zo n es a re  m o re  th a n  2 0  years o ld , w h ich  is ra th er u n d e sirab le . In  th e  case  o f 

b u ild in g  m aterials, around 5 5 %  of the bu ild in g s are constructed  w ith  poor m aterials such  as bricks and 

iron stru ctures, increasing the v u ln erab ility  of these zones to earthquakes. H ow ever, th is is n ot the case 
in  th e  so u th ern  p a rt o f zo n e  1, w h ere  o ccu p an ts  resid e  in  d esirab le  co n d itio n s. E ssen tia lly , th is  zon e 
is co n sid ere d  a p lan n ed  area  w ith  d iffe ren t co n d itio n s . In  th is  m an n er, th e  e x is ten ce  o f sy stem a tic  

p lan n in g , su ch  as cre a tin g  a m p le  g re en  sp aces an d  m o d e rn  u rb a n ism , h as im p ro v ed  th e  sa fe ty  o f 

th e  reg io n . B ased  o n  lan d  co v er s ta tis tics , o v er 80%  o f th e  re g io n  is a t th e  ra te  o f - 7 5 % .  In  case  
o f b u ild in g  d a te , n e a rly  70%  o f th e  area  is n e w ly  b u ilt-u p , w h ere as , in  te rm s o f  m ate ria ls  u sed  fo r 

b u ild in g , about 8 0 %  of build in gs in  the region  have appropriate m aterials (steel and concrete structure). 
T h is has m ad e th e  reg ion  less v u ln erab le .

In  zo n es 5, 4 , an d  1 , it  is e v id e n t th a t b u ild in g  co d es, p o lic ies , an d  z o n in g  re g u la tio n s are 

neglected  due to exp an sion  in  areas p rone to seism ic activity. It  shou ld  be noted  th at bu ild in gs are not 

d esig n e d  to  b e  ru in ed  u n d e r th e  p ressu re  o f an  e arth q u ak e . T h ere fo re , it  is p e rtin e n t to  en fo rce  an d  
observe build in g  cod es (or policies) d uring d esign , to ensure stronger and safer build in gs. In  ad dition, 

b u ild in g  cod es can  b e  ad ju sted  d u rin g  th e  d esign  and co n stru ctio n  o f b u ild in g s to  en su re  h ealth  and 
safety  in  com m u nities. The pu rp ose of seism ic provision s in  bu ild in g  cod es is to p ro tect p eo p le 's  lives 

and en su re th e ir sa fe ty  d u rin g  e v acu atio n  from  ru ined  or d am aged  b u ild in g s. H en ce, th e  aim  o f th is
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n e w  d esig n  is to  ev a lu a te  su rv iv a l o f b u ild in g s  a g a in st a  m o d e ra te  e a rth q u a k e  w ith o u t n o tice ab le  
d am ag e, and a m a jo r earth q u ak e  w ith o u t co llap sin g .

In  order to be w ell-p repared  for an earthquake, the ad option  and enforcem ent of m o d ern  b u ild in g  

cod es is a  cru cia l factor. B u ild in g  cod es p ro v id e  th e  m in im u m  accep tab le  stan d ard s for reg u la tin g  

the design, construction  and m aintenance of bu ild ings required to protect the health , safety  and general 
w elfare  o f resid ents. M o d e rn  cod es are u n ified  d o cu m en ts estab lish ed  b ased  o n  scien tific  k n o w led g e 
an d  en g in eerin g  p rin cip les, as ratified  b y  tech n ical exp erts. C onversely , som e actions shou ld  b e  taken  

to  p rev en t fu tu re  d isasters. E a rly  resp o n se  to  n a tu ra l d isasters  an d  socio -econ o m ic vu ln erab ilities  are 
cost-effectiv e  an d  m an ag eab le ; it  is tim e to  tak e  action . T h e  p o st-d isaster p eriod  is a  g oo d  tim e to 
com m ence disaster and vulnerability  reduction program s. These policies are based  on tw o factors: public 

aw areness and political w ill to enforce policies.

6. Conclusions

A  n ew  h y b rid  fra m ew o rk  o f A N P -A N N  m o d e l w a s  e sta b lish e d  fo r e a rth q u a k e  v u ln era b ility  
a ssessm e n t an d  ap p lie d  to  Tabriz  C ity  as a case  study. R esu lts  d em o n stra te  th a t i t  is a  ro b u st 

approach  to constru ct a com p osite  v u ln erab ility  in d ex  using  fou r categories of vulnerability , inclu ding 
so cia l, e co n o m ic , p h y sica l, an d  e n v iro n m en ta l facto rs . T h e  o u tlin e  o f th e  h y b rid  A N P -A N N  m o d el 

d eveloped  in  th is contribution  is flexible, and it can  be used  for any u rban  environm ents w ith  d ifferent 
g e o g ra p h ica l sca les. In  th e  h y b rid  A N P -A N N  m o d el, A N P  w o u ld  b e  co n d u cte d  to  e x tra c t tra in in g  
d ata  for th e  netw o rk . T h is  extracted  tra in in g  d ata  are then  entered  into  a n e tw o rk  m o d el u sin g  A N N  

to  p ro d u ce  E V M . T h is  w as m a d e  p o ssib le  b y  ta k in g  in to  co n sid e ra tio n  th e  co m b in ed  stren g th s o f 
tw o  m u lti-c r ite r ia  d ec is io n  an d  sta tis tica l m e th o d s : ( i )  T h e  A N P  p ro v id ed  th e  fra m ew o rk , to  take 

in to  co n sid era tio n  th e  h iera rch ica l as w e ll as n e tw o rk  stru ctu re  (in te rd ep en d e n cie s  o f v a r ia b le s ) o f 

th e  co m p le x  p ro b lem  a t h a n d , th ro u g h  w h ich  th e  re la tiv e  an d  ap p ro p ria te  w e ig h ts  fo r  th e  d iffe ren t 

v ariab les selected  to  d ep ict m ain  d im en sion s of v u ln erab ility  w ere  ca lcu la ted ; (ii) T he re latio n sh ip  of 

v a r ia b le s  in  in p u t an d  o u tp u t d a tasets  th a t is n o t lin e a r  co u ld  b e  d etected  th ro u g h  artific ia l n eu ra l 
n etw ork  (A N N ) m odeling  that uses a learn ing (tra in in g) process to estim ate valu es of ou tpu t variables 

in  in p u t d ata ; (iii) T h e  m o d e l v a lid a tio n  sh ow ed  th a t th ere  is a  s tro n g  p o sitiv e  re la tio n sh ip  b e tw ee n  
th e  m o st v u ln erab le  zon es and least v u ln erab le  zo n es of th e  E V M  and PV.

The results of its application in  m unicipality  zones in  Tabriz C ity  h ighlight the finding that the m ain 

aspects d iffer greatly  in term s of c ity 's  su scep tib ility  to earth q u ake hazard s. T h e  resu ltant E V M  and its 

o v erlay  w ith  P V  p rovides a fo u n d ation  for an aly z in g  spatial varia tion  and  id en tify in g  the h ot-sp ots o f 

vu ln erab ility  and p oin ting  ou t zones that need m ore in-d ep th  attention. T he results show  that the m ost 
v u ln erab le  zones are clu stered  in  zones 5, 4 , an d  1  (n o rth eastern  tract) o f Tabriz City. O th e r zon es in  

the rest o f the city  exh ib it re lativ ely  low  to m o d erate  levels o f earth q u ake vulnerability . R eview s o f the 
d ev elo p m en t p lan s an d  m aster p lan  o f th e  stu d y  area in d ica te  th a t the exp an sio n  o f Tabriz C ity  w as 
to w ard  th e  N o rth  Tabriz F a u lt (N T F ), an d  a h u ge  v o lu m e  o f m arg in al areas an d  in form al settlem en ts 

are located  in the v icin ity  of the fault. U nplann ed  construction  in the form  o f m ass-h o u sin g  and lack  of 

m o n ito rin g  o f con stru ction s in  in form al settlem ents p o in t to  a lack  o f a tten tion  b e in g  paid  to  the fau lt 
risk and its consequences. M oreover, the existence of narrow  passages and their irregularity in zones 5, 4, 

and 1 , com paction of urban fabric in these zones, poor quality of build ings m aterials, lack  of open spaces, 

an d  lack  o f access to  re lie f cen ters h av e  ad d ed  to  the critica l n atu re  o f the situ ation . T h e  p ro n ou n ced  
reg io n al v aria tio n s in  v u ln erab ility  to  earth q u ak e h azard s in  the Tabriz w arran ts  sp ecia l a tten tio n  b y  

b o th  local au thorities an d  the nation al g ov ern m en t to  recon sid er cu rren t natu ral d isaster m an ag em en t 

strateg ies. T h e  A N P  an d  A N N  M o d els  ca n  b e  b ro ad ly  rep licated , an d  are ap p licab le  to  o th er u rban  

regions around the w orld  for sustainab ility  and environm ental m anagem ent.
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