
We modi f i ed Cenci t ' s
opt i cal noncont act 3D
r ange sur f ace di gi t i zer t o
hel p us pl an and eval uat e ,
f aci al pl ast i c sur ger y .
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Cenci t

Adesi gn t eamat Cenci t devel oped a noncont act 3Ddi gi t i zi ng syst em

t o acqui r e, pr ocess, di spl ay, and r epl i cat e t he sur f ace of t he human head.

Key r equi r ement s wer e al l - ar ound cover age of t he compl ex head sur f ace,

accur acy and sur f ace qual i t y, a dat a acqui si t i on t i me of l ess t han one second

( t he appr oxi mat e t i me a per son can r emai n mot i onl ess and expr essi onl ess) ,

and aut omat ed oper at i on, pr ocessi ng, and obj ect r epl i cat i on . The desi gner s

al so want ed easy oper at i on and oper at i onal saf et y i n a medi cal cl i ni cal

envi r onment . The r esul t i ng desi gn i s uni que i n i t s combi nat i on of compl ex

3D sur f ace cover age, accur acy, speed, and ease of use t hr ough f ul l y aut o-

mat i c oper at i ng and 3Dpr ocessi ng . 12 For t hi s r eason, we chose t o modi f y

t he Cenci t di gi t i zer t o meet our speci f i c medi cal appl i cat i on, f aci al pl ast i c

sur ger y.

Ot her r esear cher s have devel oped sever al di f f er ent t echni cal appr oaches
f or act i ve, opt i cal , noncont act r ange sensi ng of compl ex 3D di gi t i zat i on
sur f aces. Thei r t echni ques i ncl ude l aser moi r 6, hol ogr aphi c met hods, and

pat t er ned l i ght . Paul Bes13 of t he GMResear ch Labor at or y r ecent l y r e-

vi ewed 3D opt i cal act i ve r angi ng syst ems, used pr i mar i l y f or i ndust r i al ma-

chi ne vi si on .



One aspect of t he Cenci t syst emmakes i t di st i nc-
t i ve : t he i nt egr at i on of mul t i pl e st at i onar y sensor s,
whi ch you can ar r ange t o cover compl ex con-

t our ed sur f aces . Anot her benef i t of t he appr oach

i s i t s di gi t i zat i on speed- l ess t han one second f or

dat a acqui si t i on. Pr ocessi ng and di spl ay r equi r es

l ess t han 10 mi nut es on a Si l i con Gr aphi cs Per -

sonal I r i s 4D/ 20- GTwor kst at i on and l ess t han t wo

mi nut es on t he mor e power f ul 4D/ 240- GTX wor k-

st at i on. The Cenci t t eamdevel oped al gor i t hms t o

enabl e aut omat i c pr ocessi ng wi t hout oper at or i n-

t er vent i on. Appl i cat i ons f or t he syst em i ncl ude

bi omedi ci ne, consumer por t r ai t scul pt ur e, and an-

t hr opomet r i c st udi es . We modi f i ed t he syst em t o

assess t he f aci al changes possi bl e wi t h and r esul t -

i ng f r ompl ast i c sur ger y .

Desi gn concept f or t he
3Ddi gi t i zer

The desi gn t eam chose t o use st r uct ur ed i nco-

her ent l i ght t o pr oj ect a pr edet er mi ned pat t er n of

l i ght ont o t he subj ect , vi ewi ng i t wi t h an ar ea

i mager of f set f r omt he pr oj ect or . ° Thi s of f set i s

necessar y t o cr eat e a t r i angul at i on basel i ne . You

det er mi ne posi t i ons of cont our s on t he subj ect ' s

sur f ace by sol vi ng f or t he i nt er sect i ons of t he

known pr oj ect ed pat t er n sur f ace and t he r ays pass-

i ng t hr ough t he l ens oi t he i magi ng sensor ont o i t s

i magi ng pl ane . Knowi ng t he posi t i ons, or i ent at i ons, and ot her

par amet er s of t he pr oj ect or and i magi ng sensor and obser vi ng

t he i maged i nt er sect i on of t he pr oj ect ed pat t er n wi t h t he

subj ect ' s sur f ace, you can f i nd t he sol ut i on .

The syst em empl oys a st at i onar y, mul t i pl e- sensor f i xed ge-

omet r y, i l l ust r at ed i n Fi gur e 1, r at her t han usi ng a si ngl e mov-

i ng- sensor appr oach. The desi gner s ar r anged t he sensor s t o

cover t he sur f ace i n over l appi ng segment s f or sever al r easons .

Fi r st , wi t h no mechani cal mot i on r equi r ed of ei t her t he sensor s

or t he subj ect , t hey avoi ded t he hazar ds t ypi cal l y caused by

qui ckl y movi ng devi ces : excessi ve mechani cal r esonances and

vi br at i ons, def l ect i on caused by accel er at i ons and cent r i f ugal

f or ces, and t he pr obl ems of bear i ng pl ay, mai nt enance, adj ust -

ment , and wear . They al so avoi ded t he expense, wei ght , and

saf et y concer ns i nvol ved wi t h movi ng masses at hi gh speeds i n

cl ose pr oxi mi t y t o pat i ent s . Second, t hey chose mul t i pl e sensor s

f or t hei r f l exi bi l i t y i n posi t i oni ng t o r each por t i ons of t he sur -

f ace per haps not vi ewabl e by ot her met hods, such as a si ngl e

sensor r ot at i ng about t he subj ect i n a si ngl e hor i zont al pl ane .

Wi t hout t he const r ai nt s i mposed by a mot i on pat h, you can

posi t i on t he st at i onar y sensor s t o meet t he appl i cat i on' s needs .

You can al so sel ect t he number of sensor s based on t he

sur f ace' s compl exi t y, t hus mat chi ng t he syst emt o t he pr obl em.

Gi ven t hei r choi ce of st at i onar y r at her t han movi ng ar ea

sensor s, t he desi gner s had t o addr ess a number of i ssues . To

achi eve t he speed r equi r ement , as wel l as t o r educe t he amount
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Fi gur e L Met hodol ogy f or det er mi ni ng 3Dpoi nt s i n space . To i dent i f y t hi s

3Dpoi nt i n space, we can use si mpl e al gebr a. Uwe knowt he equat i on of t he

pat t er n pl ane and t hat t he equat i on of t he r ay i n space i nt er sect s t he pat t er n

pl ane, we can f i nd t he poi nt of i nt er sect i on . Dr awi ng a l i ne f r om t he pi xel

l ocat i on f ound i n t he i mage sensor ar r ay t hr ough t he camer a l ens cent er t o

t he subj ect det er mi nes t he r ay i n space . I dent i f yi ng t he pat t er n number t hat

pr oduced t he pr of i l e t el l s us t he pat t er n pl ane.

of i mage memor y and pr ocessi ng needed, t hey deci ded t hat

each sensor shoul d di gi t i ze a sur f ace segment , not j ust a si ngl e

pr of i l e l i ne as i n t he past . Anot her i mpor t ant desi gn pr obl em

i nvol ved t he number and ar r angement of sensor s needed t o

cover t he ent i r e sur f ace of t he human head. To successf ul l y

i nt egr at e mul t i pl e sur f ace segment s, you must obt ai n segment s

accur at e enough t hat any t wo segment s when j oi ned pr oduce

unnot i ceabl e seams, or mer ges . Thi s i mposes a f ar mor e st r i n-

gent accur acy r equi r ement upon each sensor t han i s t he case

f or a si ngl e movi ng sensor , because t he si ngl e movi ng sensor

gener at es onl y one sur f ace . Thus, i n t he si ngl e- sensor case

nomi nal i naccur aci es go unnot i ced .

The pr obl emof di gi t i zi ng a compl et e sur f ace segment ( r at her

t han onl y one cont our at a t i me) f r oma gi ven sensor posi t i on

pr esent ed a number of pr obl ems t hat t he t eamsol ved uni quel y.

The benef i t s of t he sol ut i on ar e subst ant i al , wi t h a di mensi onal

i mpr ovement i n i magi ng and pr ocessi ng ef f i ci ency . Thi s i s one

key t o t he di gi t i zi ng speed achi eved.

Because many l i ght pr of i l es ar e pr oj ect ed at once, each i mage

cont ai ns many cont our l i nes . Toget her t hese l i nes def i ne a

sur f ace segment . Hi st or i cal l y, t hi s appr oach has encount er ed

t he pr obl em of uni quel y i dent i f yi ng each separ at e cont our i n

t he sensed i mage . Thi s i dent i f i cat i on i s necessar y t o cor r ect l y

sol ve f or t he 3D sur f ace . The concept empl oyed t o sol ve t hi s

pr obl em, i l l ust r at ed i n Fi gur e 1, i nvol ves usi ng a sequence of

sever al pat t er ns, each i ncl udi ng a por t i on of t he t ot al number
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Fi gur e 2 . Pr oj ect i on of a si ngl e pat t er n on a subj ect t o f or m a pr of i l e t hat i s

capt ur ed by t he camer a i mage sensor ar r ay.

of pr of i l es . When i nt er l eaved, t hese pr of i l es descr i be t he com-

pl et e sur f ace. The key t o i dent i f yi ng t he i ndi vi dual cont our s l i es

i n t he i nt er l eavi ng pat t er n, whi ch i s coded so t hat you can

uni quel y i dent i f y t he cont our s i n subsequent pr ocessi ng ( see

Fi gur e 2) .

A f ur t her advant age ar i ses f r om pr oj ect i ng a sequence of

pat t er ns, each cont ai ni ng a por t i on of t he pr of i l es : You can

space t he pr oj ect ed pr of i l es wi del y enough t o make t hemsep-

ar abl e i n t he sensed i mages whi l e pr ovi di ng dense sur f ace

cover age when you i nt er l eave t he sequence of i mages .

7 4

Syst emoper at i on
The Cenci t t eamf ound t hat t hey coul d di gi t i ze t he sur f ace of

t he human head by combi ni ng over l appi ng sur f ace segment s
f r om a t ot al of si x sensor posi t i ons . They space t hr ee sensor s
ci r cumf er ent i al l y ar ound and sl i ght l y above t he subj ect , wi t h
t hr ee mor e i nt er l eaved among t hem but
sl i ght l y bel ow t he subj ect ' s head . The sen-
sor s t hus f or ma zi g- zag pat t er n ar ound t he
subj ect ( see Fi gur es 2 and 3) . Thi s pr ovi des
cover age of ar eas ( such as eye r ecesses - and
under t he chi n and nose) t hat a si ngl e sensor
r est r i ct ed t o mot i on i n a pl ane coul d nbx
" see. " Wi t h t hi s conf i gur at i on t hey f ound`
t hat most pl aces on t he sur f ace of t he head
wer e cover ed by t wo or mor e sensor s, t hus
pr ovi di ng a subst ant i al amount of over l ap-
pi ng cover age. Thi s assur es a suf f i ci ent l y
compl et e di gi t i zed sur f ace f or t he var i et y of
subj ect s encount er ed.

Our appl i cat i on r equi r ed a f ul l y encl osed st and-

al one syst em. Af unct i onal encl osur e, shown sche-

mat i cal l y i n Fi gur e 4, pr ovi des r i gi d mount i ng

poi nt s f or t he camer as and pr oj ect or s . Ri gi d

mount i ng of t he st at i onar y sensor el ement s pr o-

vi des l ong- t er m accur acy and i nf r equent need f or

cal i br at i on ( t ypi cal l y, t wo or t hr ee t i mes a year i n

a commer ci al envi r onment ) . When t he syst em

does need r ecal i br at i on, we can accompl i sh i t wi t h

par amet er est i mat i on al gor i t hms t hat pr ocess a

known r ef er ence obj ect .

A " sensor " consi st s of a pat t er n pr oj ect or and a

sol i d- st at e vi deo camer a . The pr oj ect or s ar e se-

quenced by a modul e cal l ed t he Vi deo Acqui si t i on

and Cont r ol Uni t . The oper at or i ni t i at es a di gi t i z-

i ng sessi on wi t h a hand- hel d cont r ol l er t hat ,

t hr ough a smal l embedded host comput er , begi ns

sequenci ng of t he pr oj ect or s and acqui si t i on of t he

vi deo i mages . For t he syst em descr i bed her e, t hi s

t akes l ess t han one second, dur i ng whi ch t he sub-

j ect must r emai n st i l l .

Upon compl et i on of t he vi deo acqui si t i on, t he

i mages ar e nor mal l y downl oaded t o a st r eami ng

t ape f or t r anspor t t o a cent r al pr ocessi ng f aci l i t y .

Ther e- i n t he case of por t r ai t scul pt ur e, f or exampl e- t he

syst em pr ocesses t he i mage dat a t o comput e t he 3D sur f ace,

t hen r epl i cat es i t on a st andar d numer i cal l y cont r ol l ed mi l l i ng

machi ne or ot her r epr oduct i ve devi ce . Al t er nat i vel y, you can

pr ocess t he i mages di r ect l y usi ng a comput er or wor kst at i on

i nt er f aced t o t he embedded host comput er , as we di d f or our

modi f i ed syst em. Usi ng a Si l i con Gr aphi cs 4D/ 340- VGX wor k-

st at i on, i n l ess t han t wo mi nut es you can di gi t i ze a subj ect and

di spl ay on t he wor kst at i on a shaded pol ygon model of t he

pr ocessed 3D sur f ace .

The di gi t i zi ng, 3D pr ocessi ng, and t ool pat h gener at i on ar e

aut omat i c, r equi r i ng no human i nt er vent i on. You can pr ocess

gr oups of di gi t i zed subj ect s i n unat t ended bat ch mode, pr oduc-

i ng model s i f desi r ed, r eady f or 3D gr aphi cs di spl ay or r epl i ca-

t i on . The syst em achi eves aut omat i c oper at i on t hr ough

pr ocessi ng al gor i t hms devel oped t o per f or mal l oper at i ons t hat

ot her wi se woul d r equi r e i nt er act i ve mani pul at i on on a gr aphi cs

Fi gur e 3. The pr ocess used t o i dent i f y pi xel l ocat i on wher e t he pr of i l e edge was

f ound i n t he i mage sensor ar r ay. Li ght i nt ensi t y pr of i l es ar e eval uat ed i n each pai r

of an i mage sequence t o i dent i f y and l ocat e l ocal sur f ace var i at i ons.
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wor kst at i on. These al gor i t hms r el y heavi l y on st a-

t i st i cal est i mat i on as wel l as i mage pr ocessi ng .

I n many medi cal and i ndust r i al appl i cat i ons,

of t en pr act i t i oner s must mar k t he subj ect t o be

di gi t i zed wi t h r ef er ence poi nt s t hat ar e car r i ed

t hr ough t he di gi t i zat i on pr ocess and di spl ayed on

t he 3D sur f ace model . For exampl e, i n di gi t i zi ng a

subj ect f or medi cal or t hot i cs, t he t echni ci an must

f i nd and mar k on t he pat i ent t he l ocat i ons of un-

der l yi ng bony pr omi nences, t hen showt hemon t he

sur f ace di spl ayed f or t he or t hot i st 5 The Cenci t

syst em can accommodat e t hi s and ot her speci al

appl i cat i ons t hat r equi r e speci f i c i nf or mat i on and

measur ement s i n associ at i on wi t h t he di gi t i zed 3D

sur f ace .

3Ddi gi t i zat i on pr ocedur e

The pr oj ect or cont ai ns a set of coded ci r cul ar bar

pat t er ns f or pr oj ect i on ont o t he subj ect . These

pat t er ns ar e capt ur ed i n t he camer a i mage,

mensur at ed, and t agged t o i dent i f y each pr oj ect or

pr of i l e wi t h t he pr of i l es as obser ved i n t he camer a

( see Fi gur es 2, 3, and 5) . A sel ect ed set of poi nt s

bel ongi ng t o a pr of i l e on t he i mage pl ane i s sub-

j ect ed t o 2Dt o 3Dsol ut i on . The 2D t o 3Dsol ut i on

r ef er s t o an anal yt i cal pr ocedur e wher eby a poi nt on

COI DUMENTEO MTTON
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Fi gur e 5 . Bot h or i gi nal and compl ement ed pat t er ns ar e avai l abl e i n pai r s of

i mages f r om t he 144- f r ame sequence . By pl ot t i ng t he i nt ensi t y pr of i l es i n

each of t hese i mages ( bot t oml ef t ) , we can det er mi ne t he l ocat i on of sur f ace

pat t er ns . Summi ng t he pai r ed pr of i l es, we see t he i nt ensi t y pl ot as a f unct i on

of pi xel l ocat i on ( bot t omr i ght ) . The zer o cr ossi ngs, i nt er pol at ed t o subpi xel

pr eci si on, pr ovi de an accur at e, r epr oduci bl e means of l ocat i ng sur f ace

poi nt s i n 2D. Combi ni ng mul t i pl e2Dpr of i l es f r ompai r s of adj acent camer as

gi ves an accur at e 3D sur f ace est i mat e .

Fi gur e 4. The scanni ng appar at us i s cont ai ned i n a hexagonal chamber t hat

ser ves t o pr ovi de st r uct ur al i nt egr i t y, excl ude ambi ent l i ght , and house much

of t he syst emel ect r oni cs . Si x camer a- pr oj ect or pai r s ar e l ocat ed about t he

subj ect at di f f er ent el evat i ons . These uni t s oper at e i n synchr ony under t he

cont r ol of t he Vi deo Acqui si t i on Uni t .

t he i mage pl ane ( 2Dpoi nt ) i s t r ansl at ed t o a poi nt i n space ( 3Dpoi nt ) . I n

t hi s pr ocedur e t he ci r cul ar pr oj ect ed pr of i l e i s pr o-

j ect ed usi ng t he cal i br at ed par amet er s of t he pr o

j ect or , maki ng a cone i n space ( see Fi gur e 6) . A

poi nt of t he cor r espondi ng pr of i l e on t he i mage

pl ane i s used al ong wi t h cal i br at ed camer a par am-

et er s t o f or ma r ay i n space . The i nt er sect i on of t hi s

r ay wi t h t he cone gi ves t he 3D poi nt i n space . Thi s

pr ocedur e r epeat s f or al l poi nt s of al l pr of i l es t o

pr oduce a set of 3D poi nt s l yi ng on t he sur f ace of

t he scanned subj ect .

The det er mi nat i on of 3D poi nt s i n space f ol l ows

f r om t he sampl i ng geomet r y . Once you f i nd t he

pi xel l ocat i on f or a gi ven pat t er n, you can sol ve t he

r ay equat i on and pat t er n pl ane equat i on si mul t a-

neousl y t o f i nd t he 3D poi nt of i nt er sect i on .

The met hod r esampl es t he 3D poi nt s ont o a

uni f or mCar t esi an or cyl i ndr i cal gr i d. The l ocat i on

of each gr i d poi nt i s i nf l uenced by t he wei ght i ng of

each nonuni f or mpoi nt wi t hi n a speci f i ed di st ance

of t he gr i d poi nt . The met hod t hen sums and aver -

ages t hemt o gi ve a f i nal val ue .

The pat t er n number i dent i f i cat i on f or det er mi n-

i ng t he mat chi ng pat t er n pl ane equat i on i s an i m-

por t ant pr act i cal i ssue . Si nce ever y pat t er n l i ne i n

ever y set of pat t er ns i s uni quel y i dent i f i abl e, t he

f ol l owi ng combi nat i on of obser vabl es makes t he

pr of i l es ( pat t er n l i nes) di st i ngui shabl e :

PI XEL
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Fi gur e 6. The camer a- pr oj ect or geome" A pul sed f l ash- t ube pr oj ect or

i l l umi nat es t he obj ect sur f ace wi t h ei ght di f f er ent pat t er ns of t i ght and dar k

t i nes st or ed i n di f f er ent oct ant s of a r ot at i ng pat t er n di sk. A char ge- i nj ec-

t i on- devi ce camer a vi ews t he sur f ace at a f i xed or i ent at i on, q, and synchr o-

nousl y sampl es 256 x 253 el ement f r ames . We use adj acent camer a and

pr oj ect or pai r s t oget her so t hat t he ei ght pat t er ns and si x pr oj ect or s ar e

vi ewed by t hr ee camer as each t o f or m8 x 6 x 3 =144 f r ames .
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1 . I dent i f y i n whi ch set of pat t er ns a pr of i l e l i es,

by knowi ng whi ch pat t er n number s cor r e-

spond t o t he i mage sequence number .

2 . I dent i f y t he di r ect i on of t he pr of i l e boundar y

edge, t hat i s, whet her t he pr of i l e edge' pr o-

gr esses f r omdar k t o l i ght or l i ght t o dar k .

3. I dent i f y t he t ype of ar ea, t hat i s, l i ght or dar k,

t hat l i es at t he cor r espondi ng physi cal posi -

t i on i n each of t he r emai ni ng t hr ee pat t er ns.

4 . I dent i f y t he sequence of pat t er n number s
cor r espondi ng t o t he sequence of i maged

and mensur at ed pr of i l es.

The pr ocess of mensur at i on andp, D t o 3D sol u-

t i on i s car r i ed out f or al l camer a- pr oj ect or pai r s

( see Fi gur e 4) t o f or msur f ace pat cheg, ~s " seen" by

t hese pai r s. The syst emt hen combi nes ,t he sur f ace

pat ches usi ng 3D t r ansf or mat i ons and 313 r esam-

pl i ng t o f or ma compl et e sur f ace r epr esent at i on of

t he scanned subj ect ( see Fi gur e 7) .

The dat a f r om si x camer as has a subst ant i al

amount of over l ap. To achi eve a seaml ess mer gi ng

of t hi s dat a, our met hod t r ansf or ms each camer a' s

dat a f r om i t s l ocal coor di nat e syst em t o a gl obal

coor di nat e syst em. I t t hen r esampl es t hi s dat a ont o

a uni f or m gr i d t hat uses gr oups of f our adj acent

poi nt s i n a l i near i nt er pol at i on met hod. Thi s pr o-

cedur e r epeat s f or each camer a . Fol l owi ng t he

r esampl i ng, we agai n have a subst ant i al amount of

dat a over l ap, handl ed i n our modi f i ed syst emby a

const r ai ned aver agi ng of t he over l ap dat a . You

can f i l l any hol es ( mi ssi ng dat a) appear i ng i n t he

sur f aces by appl yi ng t he r esampl i ng pr ocedur e at

ever y poi nt wi t hi n t he hol e and usi ng t he f our

near est poi nt s, one i n each quadr ant .

I mage pr oduct i on

I n our modi f i ed syst em, t he 3D dat a set pr o-

duced by t he Cenci t scanner i s r esampped i n t he

f or mof a cyl i ndr i cal gr i d ( see Fi gur e 8) . The gr i d

consi st s of 256 sl i ces, each cont ai ni ng 512 r adi al

dat a poi nt s equal l y spaced i n azi mut h. Thi s dat a

set cont ai ns hol es and mi ssi ng dat a segment s, f r om

r egi ons obscur ed f r omt he camer as i n t he sur f ace

di gi t zi ng pr ocess or t hose wi t h l owr ef l ect ance.

We t r ansf or mt he dat a set i nt o a voxel f or mat t o

use i t wi t h Anal yze6 sof t war e ( see Fi gur e 9) . The

voxel dat a set i s a 256 x 256 x 160 bi nar y vol ume.

I n ot her wor ds, t he t ot al vol ume consi st s of ap-

Coded i mage f r ame
sequence f r om vi deo

acqui si t i on syst em

Acqui si t i on syst em
sequence i dent i f i cat i on

Mensur at e pr of i l es
i n i mages

Access cal i br at i on
par amet er f i l e

Comput e 30 cont our s
m 3- space

r esampl e

Mer ge vi ews
and

t o uni f or m gr i d

30 sur f ace dat a

Fi gur e 7. Dat a pr ocessi ng scheme f or r econst r uct i on bf 3D sur f ace coor di -

nat es f r om2Di mage sequence.
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pr oxi mat el y 10 . 5 mi l l i on i dent i cal

cubes, wi t h t he pr esence of t he sur -
f ace wi t hi n t he vol ume def i ned by a

bi nar y val ue f or each cube. I f t he sur -

f ace passes t hr ough a cube, i t s val ue i s
1 ; i f i t does not , t he val ue i s 0.

We scal e sur f aces t o make t hei r
si zes consi st ent wi t h ot her i mages of
t he same t ype of subj ect . We do t hi s
by gi vi ng each dat a set an i dent i cal

voxel si ze f or a gi ven i mage t ype .
When we have consi st ent i mage si zes,

we can i nt er pol at e i mages t o f i l l i n as

many of t he mi ssi ng dat a poi nt s as

possi bl e .

Qual i t y and
accur acy

To eval uat e t he qual i t y and accu-
r acy of t he di gi t i zed dat a and r esul t i ng

Voxel Gr adi ent

Dept h Shaded

FCanci t

st r uct ur ed 1
l i ght

scanner

Or t hogr aphi c

pr oj ect i ons

Mensur at i on

Panor ami c

vi ew

3D dat a set

Ar chi ve

Fi gur e 9. 3Ddat a set pr ocessi ng. The Cenci t scanner pr oduces a 3D
dat a set consi st i ng of sur f ace coor di nat es . We t r ansf er t hese dat a
vi a Et her net t o a Sun Spar cst at i on f or pr ocessi ng wi t h t he Anal yze
sof t war e syst em f r omt he Mayo Cl i ni c . Abi nar y vol ume of 256 x

256 x 160 ani sot r opi c voxel s i s comput ed f r om t he or i gi nal 3D
i r r egul ar l y spaced sur f ace coor di nat es . We scal e and i nt er pol at e
t hese dat a t o i sot r opi c voxel s at 256 x 257 x n r esol ut i on. We use
t he mul t i pl anar obl i que r econst r uct i on t ool i n Anal yze t o det er -
mi ne t he t r ansl at i ons and r egi st r at i ons needed t o r egi st er t he sam-
pl ed dat a set wi t h a pr evi ousl y st or ed r ef er ence vol ume . Thi s mi ght

be a pr e- op vol ume used i n compar i son t o a post - op r esul t , f or
exampl e. A r ect i l i near t r ansf or mat i on pr oduces a r egi st er ed 3D
dat a vol ume t hat we can ar chi ve and vol ume r ender as needed.

November 1991

VI DEO

' I' s * It i s

, - yl i ndr i ca! Pr oj

Fi gur e 8. Vi deo i mages ( si x f r oma set of 144) ar e shown at
t he t op, one f r omeach of t he si x camer as . We can r epr esent

t hese as i sot r opi c voxeb and r ender t hemusi ng a voxel gr a.

di ent i n or t hogr aphi c pr oj ect i ons ( l at er al and f r ont al vi ew-

mi ddl e l ef t ) or cyl i ndr i cal maps ( mi ddl e r i ght ) . We can

r ender t he r econst r uct ed 3D sur f ace dat a as or t hogr aphi c

( f r ont al and l at er al - bot t oml ef t ) or cyl i ndr i cal vi ews.

i mages, we t est ed t he di gi t i zat i on pr ocess and t he scanner .

Our f i ndi ngs f ol l ow.

Di gi t i zat i on accur acy

We f ound t he accur acy of t he di gi t i zat i on pr ocess t o be on

t he or der of 0. 01 i nch or 0 . 25 mm, as assessed by sever al

di f f er ent met hods . Measur ement s made on known r ef er -

ence obj ect s i ndi cat ed er r or s of t hi s magni t ude . Cal i br at i on

er r or r esi dual s i ndi cat e a si mi l ar er r or magni t ude. Fi nal l y,

si nce al l sensor pai r s ar e cal i br at ed separ at el y, t he er r or seen

i n over l appi ng dat a f r omdi f f er ent sensor el ement s pr ovi des
a good i ndi cat or of er r or .

I mage accur acy

We t est ed t he quant i t at i ve accur acy of t he i mage by com-
par i ng t hr ee i mages of a pl ast i c sur ger y pat i ent ( see Fi gur e
10) . The i mages wer e made a f ewhour s bef or e ( pr e- op) , 24
hour s af t er ( i mmedi at e post - op) , and t wo weeks af t er sur -
ger y ( l at e post - op) . Sur ger y consi st ed of a br owl i f t , f acel i f t ,

nose t r i m, and chi n i mpl ant .

We chose sever al st andar d sur f ace anat omi c poi nt s or
l andmar ks on t he f ace, based on our expect ed abi l i t y t o
r el ocat e t hemconsi st ent l y on t hi s pat i ent and on di f f er ent
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Fi gur e 10. The l ef t col umn cont ai ns r aw unpr ocessed 256 x 256 vi deo i mages. The t op
r owi s pr e- op, t he mi ddl e r owi mmedi at el y post - op, and t he bot t omr ow l at e post - op. The
r i ght t hr ee col umns showvoxel gr adi ent vol ume r ender i ng of t he Cench f aci al sur f ace
dat a. Cyl i ndr i cal sur f ace dat a was conver t ed t o 256 x 256 x 156 x 1 bi t , wher e x + y =1. 27
mmand z =1. 6 mm. Thi s pr oduced a set of cont our sl i ces . One- voxel - t hi ck cont our s do
not pr oduce sui t abl e vol ume r ender ed i mages, so we added a one- voxel t hi ckness t o t he
i nsi de of t he cont our . Thi s al l owed adequat e vol ume r ender i ng.

pat i ent s ( see Fi gur e 11) . To t est our abi l i t y t o l ocat e poi nt s
consi st ent l y f r omone i mage t o anot her , we l ocat ed t he poi nt s
on t he f aci al mi dl i ne t wi ce, once f r oma r i ght 45 degr ee angl e
and once f r oma l ef t 45 degr ee angl e. Because t he poi nt s wer e
al l on t he same i mage, no r egi st r at i on er r or exi st s t o consi der .
The onl y sour ce of er r or ar i ses f r omt he oper at or ' s i nabi l i t y t o
per f ect l y l ocat e anat omi cal mar ker s on t he i mage .

The si ze of t he mar ker l ocat i on er r or depends on t he anat om-
i cal poi nt bei ng l ocat ed . The ment on ( t he bot t om of t he chi n;
see Fi gur e 11, poi nt 6c) i s t he most di f f i cul t poi nt t o l ocat e,
par t i cul ar l y i n t he hor i zont al ( x) di mensi on . The l ocat i on er r or
f or t he ment on i s smal l er i n t he' dept h ( y) di mensi on and
compar abl e t o ot her anat omi cal poi nt s i n t he ver t i cal ( z) di -
mensi on . Locat i ng t he l abi al e super i t 4 ( t he cent er of t he upper
l i p; see Fi gur e 11, poi nt 5c) al so pr oduces some er r or , but not
as much as wi t h t he ment on. The hor i zont al er r or , agai n l ar gest ,
was r oughl y compar abl e t o ot her anat omi cal r egi ons i n t he y
and z di mensi ons .

The si ze of t he er r or was gener al l y l ar gest i n t he hor i zont al
di mensi on, r egar dl ess of anat omi cal poi nt . Wi t h al l anat omi cal
poi nt s and al l t hr ee st ages ( pr e- op, i mmedi at e post - op, and l at e
post - op) i ncl uded, t he mean hor i zont al er r or measur ed 3 . 0
voxel s, or 3 . 8 mm( 1 voxel = 1 . 27 mm) . The mean dept h er r or

was 1 . 3 voxel s, or 1 . 7 mm( 1 voxel =

1 . 27 mm) , and t he mean ver t i cal er r or

was 1 . 2 voxel s, or 1 . 9 mm( 1 voxel =

1 . 60 mm) . Pr oduci ng an i mage wi t h

gr eat er voxel densi t y woul d pr obabl y

hel p r educe t he er r or , bot h by maki ng

i t easi er t o l ocat e compar abl e ana-

t omi cal poi nt s and by r educi ng t he

physi cal di mensi ons of each voxel ,

t her eby r educi ng t he consequence of

a one- voxel er r or .

The mean er r or , excl udi ng t he hor -

i zont al di mensi on, i s about one voxel .

The si ze of t he hor i zont al er r or pr ob-

abl y r esul t s f r om t he way we di s-

pl ayed t he i mage t o t est r epeat abi l i t y .

Rot at i ng an i mage 90 degr ees hor i -

zont al l y wi l l have t he gr eat est ef f ect

on our abi l i t y t o l ocat e poi nt s hor i -

zont al l y . Al t hough t he most pr act i cal

way t o do a r epeat abi l i t y t est , t hi s

exagger at es t he amount of er r or . The

t ypi cal er r or f r omi mages pr ocessed

i n t hi s f ashi on pr obabl y measur es

sl i ght l y mor e t han one voxel , or a bi t

l ess t han 2 mm.

To compar e t he l ocat i on of ana-

t omi c poi nt s i n space, we must r egi s-

t er t he i mages as cl osel y as possi bl e .
A number of f act or s compl i cat e t hi s

pr obl em. For one t hi ng, t he angl e of

t he subj ect ' s head usual l y changes

ar e not si mpl e r ot at i ons, because t hedur i ng t he scan . These

change i n each di mensi on moves ar ound a di f f er ent cent er . I n
addi t i on, i t i s di f f i cul t t o pi ck good r egi st r at i on poi nt s, because
t he r ot at i on al t er s t he sur f ace descr i pt i on. Thr ee good r egi st r a-
t i on poi nt s i ndependent of t he sur f ace- t hus i mmune t o al t er -
at i on- woul d al l ow exact r egi st r at i on . Wi t h a t ypi cal dat a set ,
however , t r ul y cor r ect r egi st r at i on i s i mpossi bl e . Mor e el abo-
r at e pr ocedur es, al t hough pr obabl y mor e accur at e t han si mpl e
ones, wi l l st i l l have some l evel of er r or . Wor st of al l , we cannot
know exact l y t he magni t ude and di r ect i on of t hese er r or s .

We used a si mpl e r egi st r at i on pr ocedur e . The ot obasi on
i nf er i us ( t he poi nt wher e t he ear l obe j oi ns t he f ace ; see Fi gur e
11, poi nt 1r ) ser ved as our r ef er ence poi nt because, of al l poi nt s
on t he f ace, i t s posi t i on seemed l i kel y t o be t he l east al t er ed by
sur ger y . Al so, i t i s pr obabl y t he easi est t o l ocat e exact l y on
di f f er ent i mages. We r egi st er ed r i ght and l ef t si de measur e-
ment s by addi ng or subt r act i ng t he change i n posi t i on f r omeach
measur ement on t he appr opr i at e si de. We r egi st er ed mi dl i ne
measur ement s by addi ng or subt r act i ng t he mean of t he r i ght
and l ef t si de changes . Thi s r egi st r at i on pr ocedur e pr obabl y
compensat es qui t e wel l f or si mpl e posi t i on changes, r easonabl y
wel l f or l at er al head t i l t , somewhat l ess wel l f or hor i zont al
r ot at i on, and not ver y wel l f or ver t i cal t i l t .
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The

f ai l ur e t o compensat e f or ver t i cal t i l t made

an

addi t i onal r egi st r at i on pr ocedur e necessar y

when

exami ni ng ver t i cal change al ong t he pr of i l e

.

We

not i ced an appar ent upwar d t i l t of t he pr of i l e

i n

t he i mmedi at e post - op i mage

.

The second r eg-

i st r at i on

was done i n onl y t he ver t i cal di mensi on

.

We

used t he nasi on ( t he j unct i on of t he nose and

f or ehead ;

see Fi gur e 11, poi nt 2c) as t he l andmar k

because

t he cl ose conf or mi t y of t he ski n t o a

pr onounced

under l yi ng st r uct ur e at t hat poi nt

makes

i t s l ocat i on t he l east l i kel y of poi nt s on t he

pr of i l e

t o be af f ect ed by sur ger y

.

We adj ust ed t he

val ues

of bot h post - op i mages so t hei r val ues at

t he

nasi on wer e i dent i cal t o t he pr e- op measur e

.

Medi cal l y

r el evant r esul t s

The

dat a showt wo cl ear cases of si mpl e edema

or

f aci al swel l i ng

.

The hor i zont al l ocat i ons of t he

pr eaur al e

( t he j unct i on of t he upper f r ont par t of

t he

ear and t he f ace

;

see Fi gur e 11, poi nt 3r ) and

t he

super ci l i ar e ( t he poi nt on t he eyebr owwher e

t he

f or ehead j oi ns t he t empl e

;

see Fi gur e 11, poi nt

4r )

change i n such a way t hat t he t ot al wi dt h of t he

head

at t hose poi nt s i ncr eases i n t he i mmedi at e

post - op

measur ement

.

Then, i n t he l at e post - op

measur ement

i t decr eases t o appr oxi mat el y t he

or i gi nal

wi dt h

.

The r esul t s ar e mor e consi st ent f or

t he

pr eaur al e t han f or t he super ci l i ar e

.

The

r esul t s show sl i ght r egi st r at i on er r or s, pr obabl y due t o

hor i zont al

r ot at i on, but t hi s has no ef f ect on t he measur ement

of

t ot al wi dt h

.

We woul d expect some poi nt l ocat i on er r or s, but

not

l ar ge enough t o be r esponsi bl e f or t hese changes i n wi dt h

.

Al so,

bot h t he di r ect i on and magni t ude of t he changes ar e

consi st ent

wi t h t he expect ed physi ol ogi cal ef f ect s of t hi s t ype

of

sur ger y

.

At

l east t wo poi nt s on t he pr of i l e conf or m t o a pat t er n of

sur gi cal

change i ni t i al l y modi f i ed by edema

.

Fi r st , t he ver t i cal

l ocat i on

of t he pr onasal e ( t he t i p of t he nose

;

see Fi gur e 11,

poi nt

3c) moves mar kedl y upwar d i n t he i mmedi at e post - op

i mage,

t hen sl i ght l y f ur t her upwar d i n t he l at e post - op i mage

.

Because

t he pat i ent ' s nose was shor t ened and r eshaped, t hi s i s

t he

most l i kel y cause of t he change i n ver t i cal l ocat i on

.

The

sl i ght

ver t i cal di f f er ence bet ween t he i mmedi at e and l at e post -

op

i mages pr obabl y r esul t s f r om bdema, whi ch was pr esent

i mmedi at el y

f ol l owi ng sur ger y and di sappear ed bef or e t he

l at er

i mage was made

.

Second,

t he ver t i cal l ocat i on of t he t uent on ( t he bot t om of

t he

chi n

;

see Fi gur e 11, poi nt 6c) moves mar kedl y upwar d

bet ween

t he i mmedi at e and l at e post - op i mages, t hough t her e

i s

no change bet ween t he pr e- op and i mmedi at e post - op mea-

sur ement s .

The ski n under t he subj ect ' s chi n was t i ght ened as

par t

of a gener al f acel i f t , and t hi s i s al most cer t ai nl y t he cause

of

t he upwar d change i n t he l ocat i on of t he ment on

.

The

absence

of a change bet ween t he pr e- op and i mmedi at e post - op

November

1991

Fi gur e

11

.

Anat omi c l andmar ks used i n measur i ng accur acy

.

1r

.

ot obasi on

i nf er i us ;

2r

.

t r egi on

;

3r

.

pr eaur al e

;

4r

.

super ci l i ar e

;

Sr

.

endocant hi on

;

6r

.

chei l i on ;

1c goni on

;

2c nasi on

;

3c pr onasal e

;

4c subnasal e

;

5c l abi al e

super i us;

6c ment on

.

i mages

pr obabl y r esul t s f r omedema compl et el y maski ng t he

sur gi cal

change

.

The

goni on ( t he cent er of t he eyebr ows

;

see Fi gur e 11, poi nt

l c)

al so shows some ver t i cal change

.

Because i t i s a di f f i cul t

poi nt

t o l ocat e pr eci sel y, t he changes mi ght r esul t f r oml ocat i on

er r or .

However , t he pat t er n of f i r st upwar d and t hen downwar d

gonon

movement , endi ng up sl i ght l y above t he or i gi nal posi -

t i on,

i s consi st ent wi t h a f acel i f t wher e edema i ni t i al l y exagger -

at ed

t he amount of ski n t i ght eni ng

.

The

posi t i ons of t he subnasal e ( t he poi nt cent er ed j ust bel ow

t he

nose

;

see Fi gur e 11, poi nt 4c) and l abi al e super i us ( t he

cent er

of t he upper l i p

;

see Fi gur e 11, poi nt 5c) al so show

changes .

These l i kel y r esul t f r om sl i ght di f f er ences i n t he way

t he

pat i ent hel d her mout h dur i ng t he di f f er ent i magi ng ses-

si ons.

However , t he di r ect i on and si ze of t he changes i s al so

consi st ent

wi t h bot h a sl i ght t i ght eni ng of t he ski n and a shor t -

eni ng

of t he nose

.

Concl usi ons

We

adapt ed t he Cenci t scanner , devel oped f or f aci al por t r ai t

scul pt ur e,

t o use as a medi cal i magi ng syst em

.

We appl i ed i t s

speci al

capabi l i t i es- r api d, saf e, noncont act 3Dmeasur ement s

i n

a f or myou can di spl ay and mani pul at e on a comput er gr aph-

i cs

wor kst at i on- t o t he quant i t at i ve assessment of f aci al pl ast i c
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sur ger y. Our r esul t s demonst r at e t hat t he Cenci t syst em' s accu-

r acy i s adequat e f or quant i t at i ve st udi es of f aci al sur f aces .

We cont i nue t o pur sue our i nvest i gat i ons on sever al f r ont s .

Our cur r ent wor k f ocuses on i ncr easi ng t he accur acy of f aci al

sur f ace measur ement s . I mpr oved r egi st r at i on i s one of t he most

i mpor t ant needs, so we ar e expl or i ng compl ex al gor i t hms t hat

use t he ent i r e f aci al sur f ace i n t he r egi st r at i on pr ocess. Si nce

l ocat i on of anat omi cal poi nt s on di f f er ent i mages al so const i -

t ut es an i mpor t ant sour ce of er r or , we ar e l ooki ng i nt o ways t o

descr i be por t i ons of t he f ace wi t h mat hemat i cal model s . Thi s

woul d l et us l ocat e anat omi cal poi nt s mor e obj ect i vel y, on t he

basi s of quant i t at i ve; measur es, r at her t han subj ect i vel y, as we

do now. These i mpr ovement s wi l l gr eat l y i ncr ease t he syst em' s

usef ul ness i n f aci aCr esear ch appl i cat i ons .

The Cenci t syst em mi ght al so pr ove usef ul i n sur gi cal pl an-

ni ng. Cur r ent l y, i t pr ovi des a way t o r ecor d andvi ewa 3Df aci al

sur f ace i mage acqui r ed noni nvasi vel y . Thi s assi st s pl anni ng

mor e t han or di nar y phot ogr aphs . I f t he syst em coul d modi f y

i mages i n r eal t i me, as many engi neer i ng CAD/ CAMsyst ems

do, t he sur geon coul d easi l y exper i ment wi t h al t er nat i ves . Al -

t er at i ons vi ewed i n combi nat i on woul d i ncr ease t he sur geon' s

abi l i t y t o f or et el l t he cumul at i ve aest het i c ef f ect of mul t i pl e

subt l e modi f i cat i ons . The pat i ent coul d vi ewt he pot ent i al out -

comes as wel l , and become a bet t er i nf or med par t i ci pant i n t he

deci si on. Pl anni ng f or f aci al pl ast i c sur ger y can t hus become a

mor e t hor ough andi nt er act i ve pr ocess.
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