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It has bear shown that mutual shadowing, which induces ● spatial corrdadoo
~ Uundnati and viewingdircctiomPbYSanire-t mk fnmod$~g
theBRDFof ● roughmrfacc consisting of large _ grains such as f- srcc
crowns [1]. ~ papa dcscribcaa Monte &lo aimufationof b mutusfsha-
dowing eff- Some new -Its of * aimularirmsand h ~g
modeling efforts arc dso ~ Fff example, simulation results show fhat
00s simpk S$mmptka tit $df~umk$atiotr~OwS ti prcfc~tially -y Sha
1- surf- of crowns u M rcafisric enough and may caw a wns=k
~ ~ modckd rcndta urd simu~on. ~mf~ wa hwm
modifiedw modd aaadingfy. Tlds was ~plishcd by makingthe ~1-
i~tiaphtmti *ofti~kiUtiti m&atitiwof M@ht
fromthcbasc ofthcaoW while sLiU=ounting fwthcfaa thatatthcbotspot
the _ity that aU illuminated points arc viewed k one. WIrh this change,
modeled rcsufts show better ~mcnt with the simutatioru W BRDFsmd
BWsm MeAm_dhm dtiofti sbwa~ri~atti~cof
the tiwl~ cspcckUyu large mith angles opwsitc to tke sun position Mtilcd
results do not afwaysmatchdris tivior. Fcr example,our morkkd BRDFsfw
da stands remain high and flat at high view zenith angles because once a cu.
rain view xurith is *c4 only sunlit crown is visibl% Sincc the propadons
don’t dsange with further inacasc of zcnik anglq the BRDF runains comw
~ remedy frr this is the introduction of a ~h I* in the rctfcctanm func.
tionforasusditcrowo.

~ODU~ON

* spatial correlation of mutual shading effects in viewing and itluminstim
dircaions phys an inspatam rok in the bowl-shap of the oh-cd BRDF of
discrcu el-nl canopies[1]. In our modc~ mutual shadowingMeet of primary
grains is dcscni 6sssfor two exwme casa 1) aUgrains m ccntcrukd at the
same height ~nifanr -T. and 2) they am randomlydismbutcd ova swh a
farge range of hcigh~ ~dom Case”) that any surfaceclement may get shaded
tie~dcntiy in illuminationand view btions. A stmcrurrdparamaa ~ u
used to d-ribs situations We-as these two extmm= ~o quantities were
found ire-t for tibmg dre mutual shadowingeffccl in the UnifcsmCcsc
(U~ PiMi md PVMV, whcrs M, isdefined as the mutrcdshadowingpmp-
tion of groinsurface in the view titiw Pv isdcfind as the Probabtiifyof this
thk -on f~ing illumination Pi and ~i = definedin tfrc.me way with
two dirsction in~harsgcd. fn addition, P. is defined as the propordon whichis
mutu#ly shadedin W dtitions.

In order to f~r validate our modci and bct~ undemmd the mmhanism, we
have done more MswrtcCarlo simukfions for diffacnt canopy smrctums and
ilfumimtionconditi From the simluationresults so far, we can conckrdc~

1. Fa UC on PP ~mipal Plane), k is quite amurarc w model P. =PiMi at
e, >Oi; and PO=P,M, at 0. <Oj, until the large zenith in the forwarddirec-
tion k tihd wti PvIUv>PiMi ~ti. ‘rhk ~gg=K hat WC.~ ktlY
tieI PVMVmd PiMi, rather - model dI Mi, Mv , Pi, Pv, km =~
difdcultka we had Wore w & avoidal.

2 ~ Mi boundarydctincdin our modd should bc “fuzzier”.
3. For UC on p- off-PP,a cosine functim of azimuthcan fitA= @pordon of
both ilfumirratcdand viewed surface) bctta than li~ functim previouslyusul
in our modd.

4. ~e -dun M (RC) hardfy exists for sphcmid shaped primary grains,
bc&suscthe top layer pfaysmom significantrole in determiningthe tmwl-sha~ A
wide range of_ stnrct~ can be ap~ximatcd as UC with good ~y.
A “~bability weightedovmlsp m“ is used to derive a new index ~ which is
markcsrraci~y momrobust than the one wc used bcfom.

5. Simdsdons show that for a given (lzrge) covaagq the varianceof Ac($) for a
given viewing zcniti angle may bc ● good indicator of the height variatim of
crown ccntcrs, M wefl as crown size. ~c targcr viewing zctitk angle, the bctta
this indicator will bc. sim the kss mmmon parts of crowns can bc viewedat SU
azimuth. A possible dvanlagc of this approach may be its relative indcpcdencc
to backgroundvariatim
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Our work ~ntcd hm is a further sup in prsuing geometric-opricsdmdliig
of BRDF OV= ● vegetation sanopy consisting of crowns [1], Sin@ we trsat
cmwna as opaque primary grains and smh @ns am atlowcd to overlap fmcly,
our model can bs used to dcutatc rha BRDF of any rough surface which can b
rnodcM with sisnUar& ovalappkrg opauc P* grains. A ~ible advao-
tagc of our model is that tie ~rial mrrclstion of the surface of such primary
grains is takcrr into ~unL In otfr~ gcointi-optical modefs of rough sorfw~
such su the BMkmars-Sptichino modelor the Torrance-Sprrrmwmdd (cited in
V]). wh~ b s~- is d=W as M%ndcnt amaft facets, smd the mutual
shadowing is ordy -W by a density dism%utionor norrnaf-vectordistribu-
tion along height the spatial arrcfarion amongUusc f=x arc ignored.

AKiOR~

Our Monte Carlo simulation pmgrsnr h gcnmrcs 3-D random locations of the
carters of sphaoids according to the given Pararrre- mean mwn radius R,
mean ~lght h of crown ccntcrs, ratio b of venkal axis ova horizontal axis of

the spkmid, and the dism%utionmnge of crown @ntcr in hcighLWCcssume it is
uniformly distibutcd fmm h 1 to h 2. We k- the ratios R /h and b constant fm
all ~ thus the higher a crown ccnw is, the larger the crown. ~cn, the pm
gmns *orrna a fincar Snrrrsfonnin the vti dirccrion so that aU the sp~ds
will fook fikc sphaca, the given zctith is also mmsformcdto 6’ at the same time.
~ is only for the cmvenicncc of mkufsrion, as we exptsincd in [1]. Lata
wrks arb afI done in this transformed3-D spa~.

Then the program cnfculatcs and storrs the ~ location, and orientation of flat
surface elemmts anforming to the surfe of =ch sphaoid using a given step
aim in a spheroid coordinate system aiginatcding at the ccnta of the crown. This
a-ptidrcd, the program crdculsm rhc surfaw normal of mch dcmcnt, and if
& &-pmducI <S,1 >of iLsnormal and illumination direction is negative, the
ekmart is cW16d as m ckmart “facing away fmm the sun.” Othcswisc, the
program calcukcs whctha it is in the illuminationshadow of any odr= sown.
This is achieved by lint dculating whahcr a surface elmcnt is inside (itcr-
scctcd by) othm crowns, and if not, a ray-tmcingalgorithm is used to ace whethcs
it is obstmctcd by otir crowns along the given direction (ii this U, the iUumi-
rsadondirection). Then tie whole crown surface is classilicd into four catcgoriti:
fxing away, free of mutual -rig, intcrsccscd,and mutual shaded.

Border effects am Wcd by pm~ring the shadows of the far edge to the Srw
edge. Tlsis is quivalcnt to rc~ting the crown wntcr disbibution partcm ks aU
ncighbouring pixels in our Pgraro.

Kqkrg tho classification of all surface ckmcnts of this crown mcordcd, tic
●bove @um is mpcatcd fa a given viewing dimcrion.-h surface element
is again c~fld Into four viewing ~tcgaks, resulting in 16 imrnbincd
categories. ~ total sorfacc ~ as pm*tcd to viewing dmtion. is amumu-
Isrtcdfw -h category.

Ftily, tie akvc procedure is _ for cvay crown, and wc get the totoal
arms of all 16 csttcgo~ of cmwrr surface in tie pixel at a given illumination and
viewing tition. The program then prin~ oul the total crown surface ~ su
w@~ ~ ~ ~ and tic pro~n of ama in =h category in this sotrd.

Inadatobcu undasrsnd -oth~than PPandprinci@ cone as in [1], the
pm- ~ ~ c~g~ m 8iVC~ simulation =ufts along an arbitrary
azimuth, -Ing vkwing zcrridrfrom W” - Aev to nadir, at step A8V. For the
~ of 30 crowns in a pixel, a Spark station ~ hut an hour to gcr the rcsuft
for a givm azimuth at A9,= 2” md crown surface sptiting to 90x90 elements.
When fhc numk of cmwsrs is 120, the slgoridrm will take about 8 hours on a
SW workstation for a given viewing azrnuds. In order to do mom simulations,
w have furrfrcr rewritten the pro- into C*, so that tie simulation can be mn
on a srspcrcomputi CormmricsrMachine (Chl) which has 64k pamllcl pmc~ors.
By simply ~ing the surf=e cknrcnts of a crown into parallel proc~as, the
computing time is reduced fmm 8 hom on a Spare to a fcw minu~ on CM.

~US f~, SCVCddiffc~t -c~r KU ~ve ~ u~ for simulatio~. Tlmc.
Snd S- pS’CVCntus from pxming ~1 tic ~SUII$ hem. WC will give ordy Onc
cxampk for -h of our conclusions hstcd previously.
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~ “dcfauil”parameter act is tic same one used in [1]. That is, ● density of 30
cmwna of 3-m radius PCS~ m2 area. a crown shape ratio b/R =1.5,
b/h = 0.18, and a ConsiWtCSnOpyheight h = 25m. V- Covmgc for this
example u 1- e-~ =0.61. ~c illumination mith angk is taken as
0/= 30°.

Figure 1 showsPVMV. P;M; and PO varying with zenith on PP. We can find
tit modeling PO~i Mi ss LWOends and PO=PVMV in middleon PP curve is
quite ~. so we almost -’1 tind U.cthird ~

H- wc MSYthti PvMv+PjMj-PO u the Cm on the top. ~ough thc
PvM,+PjMJ -P. dculatcd from model in [1] Catchesb tic fmttcmof this
top ewe, the ~ment n- to be improved. By analyak of sisndation results,
wc M wily identify the disagrccmcntas being that our assumptionfor fho “~{
ti~ is too stric~ and @ bundary is much fuuiu.

... . .
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fig. 2 showsA=(+) canbc bcttcstittcdby a msinc function& M a Iincar.
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Rg. 3 shows Ac (0) whenthe heightdk~~tion ~ge ~ zsm ~o%. fn com-
parison witi FIE.2, nmc skat the bowl shape dwacs witi heightvariation(e.g.

-.!-

sopfa~ crowns wifl cmm%utc thengrcaw randomncsa.
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The.u aimufatiorrscondrrn the d~cully in CIWIY&finiw a sop Iayw indcpcn-
dUIIto iffuminadonand viewing gcun~ whm the crownccntcrs arc sandomly
disoihtcd in height. On h ok hand, this may afso off= us a ncw approach to
rcvd @ 3-D structssrcof f- Of course it wifl & very difliculti the _
cQTclarionbcswcar the height variation and varimw of Ac ($) occuss u ~ge
Xcflith,Whcs’eSNR k rfscIOWOSL

h many natsuaf forests. there may & physicallyckardcfincd faycra. Such case
can & handled relatively wily by G-O model,by rccursi@y -g tfscBRDF
of lower lam as backgmursdof up tap. Sirnufadmalsosuggest tJral IIrc
dctinition of the top faycs has 10 consider both mcmgc aml variation m bcighL
~hi~tbc co~c, shcthickcrofmwns Canbc-asasirrgkfayw.
~ lower the @vcsagci the thii shctop layer willbe.

In order to evaluate possible wular rctlcctancc componaw, wc timfra
modifiedtkc simulation Pgram so that the norm of cacIIaurfsrccckrnncs of At
can bs in soorc way -cd. At prcscnLwc weight each surfaceclcmcnt by the
mine of tho angle Mwccas the ncamof surfaceclcmcntand the idd norm ti-
don which may yield ~u~ rcflcctanm,and mumutatc W such elcmcrrts,d-
Iing h ratio of the weighted SUMova Ac the “wular indcxm,(Fig.4). ~is
may not be the M way to evaluate the speculareffect, but before wc have more
knowledgeabout such mpncnts of A crown, SUCIIan indexmay still give us
a hmLSimulation rcaulls shows tfratit may explainwhy at large xcnith anglm Ihc
bowl dgc rises much highcsthana tam~rtian rcfkctanw of cTownsurface auld,
~ialfy at tic axirnuUroppositeto the son.
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MODELINGAc

As rctiuf by tfscMonte -10 sirmdation,even in UC, the illuminationshadows
do nor afl falf ~low Mi boundary.~is makes accoratcmodctingmom difticulL
Modckd muti shadowing is sysscmatically1sssthan thsl simu&tcd in a wide,
impo~t ~gc, which k &idly govemcdby Mi pi in UC.

In ordK to improve the accuracy, we A to make *C Mi bundary fuzzy. In
[1], ~i irtdica@ the mm -bility of shc hcmisphcrcfxing the arm to be
mutually * by OthCSCSOWISS.A strict ~j bundary ma that cIl points
urrti the Mi boundary have a probabilitycquasto ons to gti mumafshadowing,
whileall points above the boundaryhave a probabilityof zero.h orda to rncdcl a

f-y boundary, wc srccd10mnsidcr the probabilityof a petit on lhc iffuminatcd
tiisphcro snore rcafisdcsdly.Wc have obtainedthe probabditythat a point z on
Ihc illumin~ haff of aphemitfalsurf- in UC will& fxcch mutual ahadow-
in~

Px =e-w’l (1)

wh~ ry is the shaded area on a honmnml pianc passing 2, cast by tic m of
sphmid above tic poin~ ~ is the couns density of spheroids. Knowingpz; wc

can Owm

PiMi = I-jp,m ~<s ,V>ds
1+<[ *V>)) ‘ (2)

whm ds is spkroidaf surf- clement facing both illumination md viewing
di.rccdonv:$ istheaurf=numdofd.

~ numrncat integration accordingto the ahvc fonmdss agrccawiti USCsimu-
lation results fairly WCU,scc Fig. 5. This bcttaagreementprovw ttrat Urcsmct
Mj boundaryis the major limitationof the formulasoscdin [II:

PiMi = (l<os(eM,_(9~~~COS$)))~ ; (3)
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PvM. = M,-(l*s(e;cO#~))~ , - (4)

whm 8MI k an angk indicating h * of ? *1 Mi ~- Howcvuw*
q. (3) ~ (4) Mvc My aught the W characti of thn dmution, and
nutid isrtcgrada is w as w and un~ Ie as simple approxkrradom
we@szmusc (3)amf(4)a.s Mic framcofcar m*Ung. The Mc idsa isto
deflno ● fuzzy factortoextendtheMf a, such an cxtcrstionshould Amt
some tic charac= of simulations and qs (1A(2), which suggests the wcaks.r
ti mutuaf -win% the fuszics tfusMl m, andviceV= kndfY,

such an appsudmationshould guaranw ths right at at ths ti~ Ths fol-
lowing simple modilicadon is finallyadopted aftsr the comparisas of a few possi-
blo ChOk

PJMi = (l+OS(O~J(l-(6J4;CO*)/X)))~. (5’)

9*-rr+u4.ma.sd .1* .,9 @u Hsmu59wnm m
Zenithon PP

PRACTICAL HEIGHT DISTRIBUTIONCASES

fn [1], we have mdckd @istic -s as Unar cvrnbirrationof c.xmrnc-sUC and
RC. Tlu in~lation weight ~ used there k soirrcwhatintuitive and arbi~,
Though it agrus with simulation rcsul~ ~ly well so far, it ~nds on the
height distribution range only, and has totiy ignoredthe effect of cowrage. ~ia
may cause some theoretic inmnsistcncy or significantw in some special~.
~us w * to get a mors mathematically sound solusim

In otir m achisve this, we 6rst nd to obtain a r(/s J) simifar to th r7 above
but m which also includes the viswing shadow and overlap function at height z
of ● spheroid =nti as height h. Since pfans z is aflowcd m inra-sect the
sphaoi~ M cx~on wi~ bs v~ Scdiou ,

With this appmximatiors.airnifarfyto q. (1) and (4) in [1] we can o~ a sha-
*wtitir(h~) =ri(h?Brv(k~w(hJ).
Olvcn ti hslghl distribudonof anrcm, tho vsrla.donof avmgc overlap funcdon
O(2) at Z may bs ~ly Importantfm us to bttcr understand ths dff~.

-fsctwH UCandpractkafcbs tiUC, atrsardrc topsofcro~

ri(h,2)=r,(h~)=o(hA),

lfrcsihsadonkjuslukalwaysisathotsmwtithcsame quality hoi&
when z gcN b-, O (h Y ) in r(h g) will &t smdk. HOWWUk Pmif.
ity of a mwn surf= ting ilfuminatcdafso gcis smafks and hence this snsafbs
O (h ,z)tiffpfay kss aigniflant role in & BRDF. ~us tie bowl.ahapcan be
un~ in thCS5MSWSySSIhC~ WkO Ordy tOpS OfWWSUwhich SSdSfy
rj=r.=O dominasc.Byk sams@s.n,we may kr50ducc uss mbdky

Weighti tip Function”at W vbwing fmdcscriimg practid - Wo
dsfin~

P
~h’O(h)e-uh)rJ(*) dk(h )

= no (0,0)jhs’c-~~)r’(h)dx(h) ‘ (Q

whm ri (h ) is definedsimilarlyas O(h), l.e, the av~c shadowing w at
level h. of all drc crowns which may cast shadow m that level. %(h) is the
=Urmdation disoibutim of mwn munk. If wc further uume d k(h )/dh is
ccxutantwiddn range h 1tohz and s.crooutsids, we may use a simple approxima.
tiOW O(h)= O (0,0) e<hrhyD , w~rc tie correlation depth of a single
~wn at @ Awing k D = RCO[(8i/2). ~~ ~.(d)~ k MdyticdIY

sold

P

w{ l+-w,-(hr-hlYD
=

?J [+ (h2-hi)lD 1*-U’ “
m

~s equationis dmple bt il ~Ny rsflc.ctsalmast atl factors which d-.
mine the anopy smscturs and illuminationgcorrsq, though the vafucs daivd
I?om it arc~ tig7riJ3antiycliff-t fromthm ffom [1] for afl our simubdons
andfor asvcn fomat sites wb our BRDFmodel tidadcss is in ~

mfcrcm
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FommatcIy, asWC havc *rvcd from ths simuIadonrssufts,P. is vw closs to
MVPV hho~totiirmdveryck&P~Mi outikomm~+
implies M wc m dcrcrrninc r(h J ) by ei only ti -pi m nadii by o.
OnlyOUtifrOm_Onths Othuhalfon tiPPWitc to sun, thsovcr-
fap-of r(h J ) wiUbe a circk.
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