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Abslracl Reconstruclion of archaeological finds from fragments, is a tedious task
rcquiring many hours of work from lhe archaeologists and restoration personnel. Up
to now, computers have significantly simplified this work by providing tools for thc
data cncoding, storage, classification and visualisalion in somc cases. In lhis paper we
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l .  l r r t roducl iorr

t lp  to nos' ,  conlputer  a i t led rcstorar iorr
of  archacological  s i tcs and hisror  rc l l
n lonlru lcnts lns foct tscd on Ibrrr  arcas:
v isual  rcpreserr ln l ion of  h istor ical  s i tcs.
archiv ing arrd r  isui r l isat ion of  scanrrer l
o l r jccts,  i rnage prt . rcessing arrd rcstorat ion
of  f rcscos i tnr l  rcconslr r rct ion of  ct r t : r in
\ \c l l  s t i l tc l r lcd ol lcc ls b i r :c t l  orr  lc t r l r r rc
c lassi l icat iorr  Eranrplcs of  such rvor l :  can
tre found in t  I  j . [2]

Nol  r r rLrc l r  l r : rs  l rccu rk l tc  lorr .at t l  l l rc
gorr l  oI  autorni l t ic  rccor)st luct i ( ) l l  ( ) f
con rp l c t c  ob j cc t s  l i o rn  t hc i r  p : r r t s  C r r r r c r r l
a l g r r r i t l r r r , s  r c l 1 ,  l r cav i l y .  o r r  r  l l r s s r l i ca t i o r r  o l
ccr t : r in qual i tat i rc  lc i t lurcs of  thc
fragrnei l ts  arrd usc r lcscr ipt ion l lnguagcs t t . r
expl ic i t l l '  dcf ine the strucrure of  the I jnal ,
complete objcct ,  shich nlust  be knor l r r  a
pr ior i ,  as in [3] .  Thcsc algor i thms are ntr t
gcneral  anLl  are appl ic lb lc orr l1,  to spcei{ ic
t |pcs of  archi lcological  f ragtncrr ts t l tut
havc to be er tcrrs ivc ly '  lebcl lcd anr l
categor ised bcforchand.

ln this paper \rc propose a con)plL,tc
r) lethod lor  the fu l l  reconstruct ion of
archaeologie-al finds froln JD scanncd
frrgrnc.nts Thc rrhole proccdrrrc inrolvcs
lhc autonlat . ic  dclect ion of  candidate
fractr t red faccs,  thc one-by-onc f raglncnt '
nratching ar)d thc f inal  asscrrrh l ) ,
(c lustcr ing) of  t l le  I ragt i lcnts i l l to  c()n lp ld le
or p i l r t ia l l )  conrplc le err( i t ies . l 'hc

rcconslruct ion rc l ies rnain ly on the
Scoluctry of  t l le  f ragnlenrs as pror . idcd [ r1,
polygonal  nrodcls of  t l rc  rangc-scarrning of
t l re or ig inal  f ragnrerrrs.  An opr ional  ser of
constra i l t ts ,  such as nraler i i l l  or  st ructural
anr ibutcs,  can s igni l lc i lnt l f  in tprove the
orcral l  aceuracy and pcrforrn l r r ree I l runarr
rntc l  vcnl ion is  r rot  rcqrr i rcd brr t  carr  c l : r r  i f1,
thc l lnal  recorrstrucl i r r r r  rcsrr l t  l r ) ,
in tcract ivc ly i rnposing rcst l ic t ions on I l re
f i r ra l  conrbinat ion of  objccrs

Orrr  tcchnique has bL-cn dcsigrrct l  to
i rss ist  archaeologisrs t r r  t j I  tecor)s lntcr t ( ) l t
of  ntonrutrcnts or  snl : l lk ' f  f i r tds 

'arrd 
is

i r r t r 'gr l r lc t l  i r r  a s i r r r r r l l r t i0rr  ( . i l \ ' i r ( )nnrc i l l  t { )
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r r ro i i l  r r r r r rccessar l ,  cxpcr inrc l r l i l t io l )  \ i th
l r : tg i lc  arr i l  o l icn hcl \ ' ) , futgnrerrLs I )uc lo
the dctcr ior  a lcd statc of  luost
archacr l logic: r l  f in t ls ,  an aulonla lc( l
p l . rcc(htrc can not  a lu,ays tepl l rcc t l rc
archacolo{1,e,rpcr l  l {oNcvcr,  i t  prol idcs a
ruseful  cst i tnat ion of  val id f ragnrcnt

.  c t r r r r l l i r ra l iorrs.
l r  shoul t l  bc nrcnl iorrct l  t l rat  l l rc  rnct l rot l

is  ntr l  l i rn i tc . l  ( ( )  a lchacological  f inds as i t
docs not  rc l l 'on spcci f ic  archircological
i r r f , r r r rmt ion l r r t l  carr  thcrchrro hc l r l rPl ic t l
i r t  o lhcr  "1 lLrzzlc,nt i r tehi l rg"  applrcat ions
rcgarJi r rg sol id objccrs

2 .  i l l c l l r od  ( ) r  c r r  i e r r '

' f l rc  
rcconstnrc( ion pl ( )cedulc is  d iv i r tecj

inro rhrcc nrrr in stagcs ( f ig.  1.1.  At  the f i rs t
s lnge (preprocessing),  each rarv lxr l l ,gonal
nrL.sh of thc 3D-scarrnctl 6fiject is
l ) l t t i t io l )c( l  i r r to " faccls" ,  i  c .  arcas of
s i rn i lar  facc or icrr tat ion blsct l  orr  t l rc
poly 'gon conncct iv i ty  and t l te face norrnal
d ist r i t rur ion The l r ruupincss of  each facct
. rs rne: tsurcd using a dcpt l r  brr f fcr  approlrch
discusscd in sect ion 3 arrd thc rc latrvc l l ,
lnorc bLrrrrpy faccts are nr ; r rked as
c;rr rd idalc tcst  s ides l0r  thc pair  rv isc
nlr tching of  the ncxt  stagc

In t l tc  sccorrd stagc (of f - l inc
rccor)s l ruct iou),  thc ntatching error  is
c l lcul ; r ted l i r r  a l l  t l rc  candi t l l te thcets of
ever l  possi t r lc  pair  of  f ragnrents,  l ry

.  opt i rn is ing rhe surface s int i lar i r l ,  error
bct$ccu t . rvo f ragrrrerr ts s, i th rcgard t t t  t l re i r
re l i l t i \  e or  icntnt ion.  Each pair  of  f ragr lcnts
rs cxurnincr l  in  ordcr to deternr inc thci r
re lat i re or icnrat ion that  corrcsponJs t r )  t l rc
bcsl  f i t  an( l  thcrcforc thc nt in i rnal
ntatc l t i l tg cn or  pcr  facct  p l i r  T l rc
opt i tu isx l lon is  pcr  f t rnnct l  us i r rg : l l
app rop r i a t c l f  i l ( l i r J ) l cd  \ c r s i r ) n  o l '  s i n r r r l l r t c r t
; r r r r rcal i i lg  ' l  

hc csl i tnat ion () t  thc
c(r lnplenlent i r t )  sur l lce nratc l r ing c l r ( ) r ,
shich rvc qcck to ru in i r l isc.  c: r r r  pr t rhrct :
I t igh accur;rc. r '  r ! -sul ts  iu lL l  is  t lcscr ibct l  in
sccl i ( )n . l  '  

Not  a l l  possib le p:r i r  s  ( ) [
f i l r r : n r c r r t s  c r r l c r  l h i s  l ) t occss ,  i t s  l l t i t n ) , i I c
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Figrrrc l. Tlre Fragrllcrlt rccotlstruclioll systctn architecture

rliscardctl rluc to incotrtpatible nratcrial,

structural or other proPerties, if such

informat ion is  avai lable a Pr ior i
Whcn all optitnal pairwisc (fraSmcnt

facet by fragrnent facet) rnatchittg crror

valucs have been calculated and stored, the

third stage (intcractive reconstnlction),

u l r ich is  a gcnct ic- l ike algor i thnr,  selects

those fragntent colllbinalions lhat

nrininrise an overall error At tltis stage,

external constraints, such as objcct

mater ia l  character is l ics or  a Pr lo l  I

structural knorvletlge, nlay cottltibutc lo

lhc correct  f ragntcnt  c lustcr ing

Tlrc next  lhtcc sccl iot ts  expurrd on the

t l l rec pans of  the ptoccss ol  Iccot ls t ruct l (n l

3. Olrject Segnrenlatiott

Prior to dcfining tlrc bcst rclativc

nratching orientation between two

fragrncnts, we should dctect the brokcn

facets of each fraglnent, i.e. the candidate

facets for Inalching.
As a preprocessing stage, every 3D-

scanned ntesh is partitioncd into areas of

adjacent nearly coplanar polySons'

corresponding to the 'facets' of the object

(Fig. 2b). The nrethod used for this

segnrentation [-ll is an itcrativc regton

growing tcchnique, which requires no

special polygonal mesh rcprcsentation

apart frolll lhe raw triangle data' Our

triangle-trased approaclt can easily be

cxtcndcd lo arbi t rary p lanar polygons.

Once tlte facets are de{ined, we proceed

by labcllirrg as potential facels for

Inatching those facels tlli lt exhibit I'reatcr
bumpitrcss (or coarsencss), as broken sides

tend to l re less smooth cvcn i f  they have

bccrt \\'eathered by tirne. Obviously'

Obiect Segmenlalion
and Feature Exltaction

Object Segmentation
and Feature Extraciion

I  by I  f ragmed
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cngravcd facets are sclectcd as u,c i l  l rut
thcsc are discardcd in the ncxt  stase
bccause the; .  pro(hrcc high rn l tchi r rg crr , r i .

A facet 's  bulnpincss can not  Lrc
accuratc ly mcasured using geomctr ical
informat ion (urr less t l re sur lace is
unifrrrmly santplcd) bccause cach facct
consists t r f  t r ianglcs of  v: r ry, ing arca
Irrstead,  rvc usc an i r r rage-bascd l tunrpir rcss
nlcasurc calculatcd on t l tc  e leval ion In: l r r
of the facet. The elevation nrap is a tn,o'-
d i rncnsional  array,  shiqh repiescnts rhc
distance of  the facet  f ronr a o larre
pcrpcntlicular to rhe average ftcet nonnal,
ntcasurcd at  equidistanr gr id poinrs (Fig
2d) This tnap can casi l l 'be obraincd f rom
the dcpth brr f fcr , ' i f  rhc faccr l r iarrg lcs t r re
rendcred wi th the v ies ' ing di rect ion
paral lc l  to rhc facer normal  (Fig 2c)

We dcf ine the bunrpiness nleasure
B*, for a facet R* ls:

B " =  |  
t  l v ' , i ^ r  l" ' N - r ^ " r r ' r ) l

' J . , t h  l / ' {
l b l u  |  ) , -

r r l r c r c  , 1 , , . ( r r , r )  i s  t l l c  c l c v i l t i r ) i l  t n : t l )  ( ) l

lacet  l l ,  ant l  Nr, , , , , ,  is  rJr t  nurrrbcr  of  n,r r r -

inf i t r r te ra lues in r /* ,  ( r r ,  r ' ) .  B*,  ref lccts the

atetage steL'p t ransi t i r rns per srrr f l rce f t rcct

Figure 2.  Surface segrncntar ion and coarse faces derecr ion (a)  Thc or ig inat  rncsh.  ( t r )
Part i t ioned rncsh surf lce (c)  Extract iorr  of ' thc c lcvat ion rnap of  a facct  ( t l ) : l .hc arca o[  t r rc
c lcvat ion ntap o\  er  u h ich the f t rcet  bLrnrpiness is  est i rnated

( c )

( d )

Vt, /n ( r r ,  r ' )  is  thc conrrrrorr  LaPl i rc iarr
illrlgc ()l)crJtr)r

.4. I\ lalching Error Estirrration

. \ t  lhc sccond stagc,  wc scck thc bcsr
rnalclt lretrvecn tr,r'o fragnlents arrtl
c l lcul i l te r  correspondirrg rnatching crror
[5J.  l 'he t rvo f ragrnents are posir ioned in a
\ray that  tuo of  their  broken facets are
facing each orher (Fig.  3)

The matcl r ing error  for  each re la( ive
.  or ientat ion is  calculated by rncasur ing the

point  by poinr  d i f fcrence of  the curr .a lure
of  t l rc  t rvo surf : rccs,  ovcr a uni forrr r  gr i t l  A
nreasure based s inrply '  on the poinr  b) ,
point  d istance of  lhe t rvo surfaces r |ould
l rc, [  bc re l iahle,  as i t  r r .ould \ .arv
signi l icarr t l ;  even rr . i t l r  srn:r l l  a l ter l r i , :ns r i f
thc surfaccs '  re lat ive posc

l l re nr l tchrng error  is  tncasured using
the dcprh bul fcr .  ro achi* .c uni forr i
s : r r r r l l l i r rg I rnuginc thc t lcpth [ rLr f fc l  as I
p l lne (n,r ' )  p lacc( l  l )c twccn thc t rvo objects
(Fig 3a).  

- lhc 
cun' i r t r t rc  ut  a surf lcc point

( l l . r ' ]  c i l n ' bc  r cg l r dcd  as  t he  g l r d i en t  o f
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F-igure 3. Panial fragment matching (a) Tle object sctup for the matching error

ca | cu la t i on . (b )T l r eeno rop t im i sa t i on -ove r t he [ i vedeg reeso f f r eedom(2 t rans la t i onsand
3 rotat ions ) .

implcnrentetl Enhanced Simulatcd

Arureal i r rg (ESA) I6 l '  which produced

good results (average opttnrum pose

dctect iorr  rate a l  807o, u 'h i le c lassic SA

Irad a succcss rate of approximately TOVo)'

The ESA algorithrn is a varialion of the

original Sirnulated Annealing method

proposcd by Kirkpatrick et al [7], which

inautputotat adaptive convcrgcnce attd

feature vector perturbation steps, as well as

a searclt space parlitioning stratcBy.

The utatcrial inforrnation, if available'

can significantly improve the matching

process-. lf two fragments consist of

different raw ntaterials (e.g. different types

or age of nrarble), this pair would be

discarded before entcring the pairwise

nratching stage. Other lextural

information, such as the direction of

nrarble veins can contribute to the

nratching process. The matching effor can

be u'cightert accor<Jing to the deviarion of

the avcrage vein direction vectors between

tlre two fragments The average direction

vectors are estinrated by measuring the

vein di rcct ions in vat iot ts locat ions on the

nrarble objcct  a l rd intcrpolat ing the values

appropriatelY [81.
Pairs can also be discardcd due to othcr

constraints, such as knowing that the two

fragrncnts belong to different larger

the dcpth buf fer  at  th is point ,  wi th rcgard

lo l r  and r ' .

T l tc  restr l t ing matching error  €"  for  two

l Jce t s  l s :

I tt( lad,fu,r'). D,/,(u,r') l ..,= 4{tl-;-"-;-l*
1aa,1,,. r't * 0/,lrr,v)l l,rs
I  Ju 0v 1, ,

whcre r/, and r/, are the dcpth buffers for

the two surfaces, S is thc buffer region

u'here the two facets overlap and Ar is the

colresponding area of overlaP.

lrr order to find the optitnal matching

position, the matching enor nlust be

nrinimised over a set of paralnetcrs 6

dcf in ing the two f ragnlcnts '  rc lat ive posc'

To obtain all relative poses, one of tlte

fragments is allowed to rotate around its

centre of mass (lhrce degrees of fieedom)

and slide along thc brckcn faccl (lwo

rlegrees of frccdorn) (Fig 3l-t)

Rorations and translations are limitcd to

angles at td d isplacemetr ts c lose to the

or ig i r ra l  p lacenrcl l t  of  the f iagrncnts '  Thc

,r l , tecr  nccds to pcr form a lb l l  c i rc le

h) l i l t lon only at t l t r t td thc axis t l tat  is

pcrpcncl icular  to lhe malching st l r faces'

Thc error  is  nr i r r in l ised ovcr d t ts ing a

global  search nelhod l l l  o l l r  systenl  we

Object 1



struclurcs,  or  s igni l icant  d j f fcrcnec in thc
arca ol - l *  o l r rokcn faccls.' l  

hc t r l tc-b)  one nl : l tchinq stagc c: tn t : rkc
sc\cral  rn i r rutcs.  espcci i r l ly  for  large.
urrurorrped f ragrrrent  scts 1 ' l rercfore.  rh is
proccdurc is  pcr forrr rcd ol f_ l inc and the
nr in inrrr rn nrarching errors f r l r  cvery facet
conlbinat ion of  a l l  f ragrnent l ) i r i rs  are
s l o r cJ  i u  a  l ook -up  t ab l c  (F i g  l 1  As  t l r c
nratching processes are ntutual ly
i ru lcpcndcrr l ,  r l t is  stage is  l r ighly Iar ; r l le i
a l r t l  t r iv i : r l ly  i r r rp lcnrcnt : r l t lc  ( )n l l
d i s l r  r l r r r t c t l  s l  s l c r r r .

5 . ' l ' l r c  l i t r l l  l t c co r r s l n r c l i o r r

l i r r  thc f inal  asscntbl ) ,  of  rhc f ragrrrcrr ls ,
rve seck to rn in i l r r isc a e lohir l
r{o,tstructiut error by clroosiilj arrd
cl r rsrcr i r rg the apprtrpr iate cornbinat ions oI
f ragr l rcnts f l rc  cornbinat ion of  o l l icct
f r : rgrrrcrr ts is  govcrnct l  by a nurrr l rc i  of
lrasic ntles:

i. .A fragnrcnt can be ailached, or
bourtd, to as many other ol)jccts as
the nunrbcr of  i ts  faccts label led as
brokcn.

ti Thc l)()ud l)ct\r'ccn trro liagnlcnts is
urr iquc,  i  e.  onl1,  onc laJcr of  r
f ragntent  can be bound lo another
f ragnrcnt .

i i i  Sonrc f ragntents tnay not  bclong lo a
val id assembly.

iv  Fragrncnt  pairs that  y ie l tJ  snral ler
nlatclting crr()r nrust be favoured.

In our systetn,  thc g lohal ly  opr i rn isccl
asscnbly of rhe fragnrcnrs is perfrrinred b1.
a kcrncl  that  gcneratcs and rcarranees thc
bonds in real- t i rnc.

Every val id cornbinat ion of  t ragnrent
l i rcels is  assigncd a f i rness value- that
ref lecrs the sui tabi l i t l '  o f  the f ragrncrr t  pair ,
which rhe facets bclong to, to fornr a bond
ustng lhese faccts A sct  of  such
corubinat ions,  u ' l r ich cqnl i r r r l r  to t l tc  l l rs t
t*o ru lcs.  forrr rs a str i rdthat  repl ;escl) ls  thc
cl l rTcnt ly  acl ive bonds ant() l ts  thc
fragnlcnts This srr ing is  i te i r r ivc l l ,
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r r ruta lct l  i r r rd i ls  l l tncss val t res arc adjr rstcd
ul t i l  c()nvcrgcnce is  achier ,er l .

n r  t l rc  l rcgi r r r r ing of  thc f r r l l
rcconstntc l i ( ) i l .  a l l  cor t rb i r | i r l i0ns i t rc
i n i r i a l i s cd  r r i t l r  a  f i t ncss  o [  05  ( l i t r r c ss
nrngc is  00 to 1.0)  arrd eve11. f ragrrrcrr t
apl)ears in t l re conrhinat ion st t inp at  lL,asr  i

.  oncc ' lhc 
corrr l r i r ra l iorrs , , . i r I  srr ra l l

painvise rnatching error nlust be favoured
(rulc iv) .  For every objcct  f ragnrcnt ,  the
cornhinl t iorr  n, i th thc snral lcst  nralchine
crrr l r  i t  l lchrngs to,  u. l rosc f i teets h l rvc r r , i
l r c cn  r l r c ; r i l y , r r sc r l .  i s  i nsc r t t _ . r l  i r r  t l r t :  s t r i t r r r' I  

hc l i rnr .ss o l  a l l  in i l ia l  pairs is  incrcusct l .
I  hc f i tncss of  a pair  is  ar l justcr l

i t (e() t ( l l tg to t l ic  g l t i r ; r l  crror  l l r : r t  l l rc
cUrtc l t t  Inst i lncc of  t l re corrr l l inat i (xt  s l l inp
pt l )d l tccs.  1hc glo l la l  crror  is  thc sunr o l
l l lc  n) i t tchi t rg crror  valr rcs of  t l rc  indiv i r lual
cornbinat ions I f  a st l ing of  cornbinat ions
l , ic lds grei r tcr  error  than lhe prcvious orrc,
the str i r rg is  t l iscardcd arrd the f i rness of  a l l
corrrb intr t iorrs is  dccreased, ot l rcrs, isc thc
fitlrcss is incrcascd.

Penrutat ion of  the conrbinat ions is

. 
perfot rrred b1' crossilg_ovcr the
panic ipants of  sontc p:r i rs  of  crrnr l l i rur t iorrs.
l  l rese cont l l inat ions arc sclcctct l  anrong
t l tc  Icss l l t  f ragrntnt  p i r i rs' fhe 

algor i thm rcrrn i r rates u,hen ahc
f i t r rcss values are stabi l iscd s i lh in a snral l
rangc for a sufficien( rrrrrrrbr,r oI ilerations.
I )ue to t l re s inrpl ic i ty  r r f  rhe algor i r l r rn ant l
the prccalculatcd crror values for tlrc pairs,

.  thc.  b inr l ing of  t l te f ragnrcnts is  very fast' and can he performed at intcractivc ratcs.
Figure 4 prcscnts a four-stcp cxaruplg 1yf

thc algor i rhnr 's  bchaviour for  a srnal l  icr  of
four l ragrnents * ' i th a Iota l  o l 'ser  cn lbccrs
In stcp l ,  t l rc  cornbinat iorrs are in j r ia l iscd
arrd cvcr l ,pair 's  f i tness is  ser to 0.5.  Duc to
thc filct that lhe fitness is 0.5 for all currcnt
patrs,  r \ \o val i r l  pairs arc rant lour l l ,
sc lcctcd arrr l  their  panic iprnt  faccrs
nrutrra l l ; ,  in terc l ranged to forrn t l rc
conrbir rat ions of  stcp 2 Thc ovcral l  crr r l r
o[  thc sccout l  srcp is  h ighcr rharr  t l tc  l l rs t ,
rcsul t ing , . in a dccrease of  t l rc  currcnt
cornhinat iorrs '  f i tncss value Tlre a lqor i t l rnr
t l ren t lucLtrucks,  preserr . ing thc rrcrr l f i t r rcss
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Figure 4, An example of the full reconstruction stagc algorithnr

values.  In stcp 3,  the lasl  two cornbinat ions
are lcss fit and ale thcrefore selected for
tlrc crossover

lf two olrjccts belong to different
s(ruclures attd tltis fact is known a priori,
the appropriate combinations would havc
lrccn discarded al an early stage and
tlrerefore lhe conrbinations associated with
thcsc fragnlenls would never appear in the
conrbinations string. Apan from that, the
uscr rnay bias the result by declaring via
the user irrterface that lwo objects cannot
conoect to cach other or musl be glued
togethcr by force The correspondirrg
conbinat ions wi l l  never or  a lways appear
in the cornhinat ions str ing,  respect ivc ly

6. Syslem Irrrplemenlalion and
Tesls

'I'he nratching has been inrplemented in
a rntrdular  $ay so that  the of f - l inc part ia l
rcconstil,rction can $'ork indcpendently on
many nrachirres s inrul tancously The fu l l

0 5

reconstruclion is performe d via a uscr
interface that allows for the visualisation
o[ fragmenl clustering and nlanual
intcrvcnt ion in thc process.

Duc to t l rc  fact  that  t l rc  nr in inr isat iorr
scheme of the one-by-one fragntent
matching stage requires that the matching
error be estimated for hundreds of
different fragnrent poses, the
corresponding depth buffer maps of the
facets to be rnatched nrust be acquired at a
fast rate. Therefore, we used OpenGL for
thc hardware-acceleratcd rendering of the
fragment facets and tlre acquisition of the
depth nraps. Typical one-by-one matching
error estinralion tirnes are bctween l5 and
40 seconds for the average pair (5,000-
15,000 polygons per fragrnent), while the
full reconstruction stagc requires only 0.3-
2 seconds for l5 to 40 fragrnent sets.

We havc tested our algorithnr for the
one-by-one rnatching with lnore than 50
lragments (both scanned otrjects and 3D
nrodels) at various rendering resolutions,
frorn 32x32 to 256x256, depentling on the
nresh detail Sonre of the original scanned

0 1 5

sleP a
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Full rocor)sttucllotr t lnts: 0 B soc
Avoraeo lx l  rns lch lng  t in lo :31  soc

l , ' lg t t rc 5.  Frr l l  tccorrs l r r rct ion ol  : r lcst  sc l  conrpr is i r rg of  objccls o l  var iorrs lypt .s

Full reconslruction tlnlo: O 55 soc
nvorago lx l  matc l r lng  l i rne :27  sec

l i igrr rc 6.  f i t l l  rccorts l t t tc l iut t  of  a lcst  sc l .  l , i r rks t l isplaycr l  as t las|ct l  l i r rcs arc sol t
(cot l l l )u lcr  gcncratct l )  l inks rv l r i le  t l tc  t tornral  l i r rcs ( lorvcr  r ig l r t  pair )  arc f tarr l  (cxtcrrru l )
I i n ks .

tr

picccs prodrrcct l  d ig i t iscd nrcshcs tv i { l l  l tp
to 60,(XX) ( l i i ln [ i los pcr  { i t rgrrrcnt  As nurs l
of  thcsc lcst  obiccts rvcrc l ru i l t l i r rg b locks
rv i i l tout  t lccor; t l ivc cr tg l rv i l tgs.  rvc corrhl
s i r lc ly  rcr lncc '  t l tc  t l i l t r rg lu t ' r r r r r r l  o l  r r rosl
l ragt t tcnts bgf , r iv  10,(XX),  t l r r rs sPcct t i r rg r r l r
l l rc  r t ta lching l ) loccss.

I l r r r rn i r rg tcs ls wi l l l  thc s:urrc lx t i rs  uf
l i i t g t t t cn l s  ; r l  v i u i o r r s  n t cs l r  r c so l r r l i ons

slrorrcd lh l r t  thc ouc-t ly-orrc rnule l r i r rg
sucecss Ia lc u, t rs srrs l i r i r tcr l  i t t  i l l )o l t t  t i ( ) , i i ,
i r l t t : t  tc ; rsot l th lc srr l )sc( l l tenl  t r rcs l t
s i r u ; l l i l i e : r l i ons  ' l l r c  

k r ss  r r l -  r r r c s l t  r l c t l r i l
,  i r rcrc i rscd t l lc  avet i tgu rr r lnbcr r r f  i lcr : r l i r rns

, .  l i r r  thc ESA corrvcrgcrrcc l rut  l l r is  wus
cot tntcrhal l r r rcct l  [ r1,  thc r lcr . rcasc i r r  l l rc
t r l r lc l r i r rg crror  c i r lcul l r l ion l inrc t l r r t :  to
l )e l lc l  rcn( lc t  i l l l  p t . r  l i l  r r l r r r r . r :

I  l r c  pc r  l r r r  r r l u r cc  o l  t hc  l u l l
tcc()nst t r tc l iUi l  s t i lgc ts tc ; rsOtr l tb lc
Urrsupcr r  iset l  rcc()nstr  uct iun 1s i t l r  r rc i t l rcr
c0 l t s t r i t i r t l s  no r  usc r  i t r t c r r e t t l i 0 t r ,  r c s r t l l r . r l
I n  e ( , i l ce l  r c c ( , i l s t t uc l i 0 I  0 l  t t r t r r c  l l r iU t  5 l ) ' i
o l  t l t c  o r i g i r r a l  t r l l c c t s  l l r e  p r ' r l o r r r r r r r cc
c i r r r  [ r r -  s i g r t i l i ea r r t l f  i r r r p rovc t l  b i ,  i r r r l x r s r r r g
c ( )ns ( r i t i n t s  ( i r l ) l ) t r , \ i l t r i r l c l y  (X l ' l i  s r r c t css
r i l t c ) .  o r  r cso l v i r r g  l n r l r r g r r i t r c s  l r 1 ,  l r r l r r ; r r r
i t t t c r vc ' r r t i on  I n  c : r scs  r r l t t ' r c  t t : r ny ,  s t r r l l r r c s
r r c t c  s i r t t i l r r r  l o  c r r c l r  r r l l r c r  i r n t l  t l r c
l l r l t l t i t r g  c r t o t  l t t t i l t l i o t t s  s t t r ; r l l .  so l r t c
l r i lgnlc l r ls  l -ur lcd t t r  r r t i r le l r  l r r  l l rusc cascs.
i t  so r r l d  l r c  d i l l i c r r l t  t ( )  c \ cn  nu r r r L r i r l l ; '
i l r i r tc l r  l l lcs( '  l t  i lg i l lcnl \

I  r r  ; r l lorr  l i l  cx l )c l intcnl i r t i ( ,n i r t t t l
I t u rn r ra l  i r r l c r ve t t l i o l t .  f r : r g rnc r r l s  \ \ c t c
: r l l ouc r l  l , r  l r t  l x r u r t r l  l ogc l l t c r  \ \  i l l t  " l r ; r t r l '

l r r r k s  I l ; r r r l  l r t t k s  i r r  t r r r r l l r s l  t ( l  t l t c  s ( , l l  ( l l

l u l go t i t l r t r t  Bcnc ra t cd  l i r r k s ,  a r c  e l l ( ) l L c ( l  l ) y
s tn l ( ' t u r i l l  c r i l t ' l i i t  o r  l r ; ,  r r r : u r r r a l  l i r r k i l r p  r  i a
t l l c  r l ( c r l i r c c  

' i l r c sc  
l i n ks  ha rc  l l r c  l r r g l r cs t

l j t n css : r r r t l  t l t c y  a r c  i r l r v t r ys  i nc l r r r l e t l  i l t  t l r c
t o r r r l t i r u r t i o r r  s l r i r r g  a r rd  t l r c  l i r r a l  r c s r r l t .
l ; i g r r r c  5  t l i sp l ays  t l t c  r cs r r l t s  o l  i r n
t u r s r rPc rv i sc t l  t ceo i l s t t ua t i i l i l  l r r r L l  l i g r r r c  ( r

: l torvs the l inal  rccorrstnrct ion Ior  a s l r ra l l
t c s l  : , ( ' t  \ \ l l c r c  t x r t l r  h l r r r l  a r r t l  so l r  l i r l k s  r r r c
t t sctl
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