BACKFACE CULLI NG FOR MOTI ON BLUR AND DEPTH OF FI ELD BACKGROUND Thi s
relates to graphics processing and, particularly, to notion blur and depth
of field wenderisngg2 5Motion blur is the effect where noecmgisediesi3gs appear
bl urred when captured with | ong canera exposure tinmes. Depth of field is

the effect thas rier. o , obj ect s
out of focus Mﬁfﬁﬁ@%ﬁ&?@@g% m%&%r&ﬁﬁ%tests IS
backface culling. Backface culling elimnates rasterization processing of
objects that face away fromthe capetacrAdurendering primtive can be
backface culled if its face normal makes an angle of nore than 90 degrees
with the 15 cafferda 8 @FsfectOrdr @Al IRTRFIHESY radtterRang primtiYes,
unnecessat;é/ I,0CessiNg. Ny, be. @rg%d%ield r%frﬁf,de” ng notion blur and
depth of field, an excessive anmount of i1nside or intersection tests can be
gener d ed, andidthierreflolne; iacctiratef frack hacer<uhdvringy tastsct20 apmeaeeded

al so for these contexts. For Vi tri angl es, where each vertex nobves
e LR TaRA

al ong a I9HEISE CHIEE GieH<S : R Ayt 8 Tontniy assuned to
be backf agddiah avers tdiey end i td M dmtetval 4 'lfaﬁéE"@r tapangl.e iss Packf aci ng
at the start of the notion and at the end. 25BRI EF DESCRI PTI ON OF THE
DRAW NGS Figirer Ifoaus famue chrd dloreore @nbodi iEgrtus FRREEC 2 is a flow
chart for ﬁﬁog%ﬁar enbodi ment; Figure 3 is a flow chart for yet another
enbodi rrenk%; 30Figure 4 is a schenmatic depiction for one enbodi nent.
DETAIL(ED DESCRIRTION thd miadigl enpwhietren e anhl vietd exedmyess [bandafdye i n 3D can
be backfacing (i.e._facing away fromthe canera) at the start of the

motion (dtUtTED), RHeh W - oMtd deh iy Rait teht Vagd m)backf aci ng at
the end cﬁréé@ss@%g{ Wk (HMdcs WnatSead s . ride assunpid.on that a
triangl e whose vertiices nove linearly in tine, is backfacing if the
backf aci mgerslest igtused gnitrivee atan Hee starkfarml @ndleat theltintieraal , is not
al ways carrect. Assu th we have a moving triangle, where the
vert] ces VG T IHUST y R A NTIE O P i 0 A & Th TR t0, e
denotks t heanwerd ieesy cadcwadid, atey <du Mei el thddemddde Aho mofikcive €] i p
space, using 2D honogeneous coordinates (2DH), so a vertex is defined as p
= (Px, PyripWCce NI §P I nted gotatk’l 1R i s then expressed as: (t) =
(1-t) (1) Gryan A v N0y thd ANgl & W £ N verdd eas (PokLdrl(dy . p2(t)). we
15 formthe matrix:

excessive amount of inside or intersection tests can be

generated, and therefore, accurate backface culling tests
20 are needed also for these contexts. For moving triangles,
where each vertex moves along a line in three dimensions, a
moving triangle is commonly assumed to be backfacing over
the entire time interval if the triangle is backfacing at
the start of the motion and at the end.
25 BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a flow chart for one embodiment;
Figure 2 is a flow chart for another embodiment;
Figure 3 is a flow chart for yet another embodiment;
and
30 Figure 4 is a schematic depiction for one embodiment.
DETATLED DESCRIPTION
A triangle where each vertex moves linearly in 3D can

be backfacing (i.e. facing away from the camera) at the



pOx pl xp2x M O0= pOx pl, p2x(2) pOm2w_ where we have omtted the tenporal
dependence for readability. The triangle can be backface culled if

det (M <O wuoteran4tére determi nant i s expressed as: 20det @EEY/GSPo/068B8kP2) (3)
Geonetrically, this can be interpreted as a (scal ed) signed vol une

co tation of the tetrahedron spanned by the origin and. the triangle.
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product ofndWo(2p i nesd yrdoMineveritd casd can e expandedas it = 1) .
Pl xP2=( (1-t)cal +trl) x ( (1-t)q2+tr2)=t2f+tg+h,(4£ where: f = (rl-qgl) x

(r2-92) o= g riegadt xghe (GRyMtxvalthaom = gl g 5jhags e tthiees

. SRS e | . : _ t
(o (0 Sy S 4 O TP RRRaRety Bt S8 et Hle (&) whore:
Sa = (Fo-goytud ,id =d eriqo)hatoloff ared ={d e yO)hd+goegald, = gardt (7)

Note that the coefficient d=go-h=cao (cal xq2) is the backface 10 test for
the triafgt®%t $20ES%A so, the value of the polynomal at t=1is

atb+c+d=ro- (rdxddle WHiChe analogoUsYind Scihg dackface d este atet=1.
Finally, note that the expression for the coefficient: a= (ro-qo) [ (rl-ql)
X (r2_q2)tﬂgq$ynove linearly within a frame, from time t=0 to t=1.

At t=0, we denote the vertices q; and at t=1 we call them r;.
10 We work in clip space, using 2D homogeneous coordinates
(2DH), so a vertex is defined as p = (Px,Py,Pw). A linearly
interpolated vertex is then expressed as:
pi(t)=(l-t)qittr;. (1)
Given a moving triangle with vertices (po(t),p1(L),p2(L)), we
15 form the matrix:
po.  pl, p2,
M(t)=| p0, pl,  p2,|, (2)
po, pl, p2,
where we have omitted the temporal dependence for
readability. The triangle can be backface culled if
det (M) <0, where the determinant is expressed as:
20 det (M) =po- (P1*P2) - (3)
Geometrically, this can be interpreted as a (scaled)
signed volume computation of the tetrahedron spanned by the
origin and the triangle. Thus, we want to determine if
Po(t) - (p1 (L) xp2(t))<0 for te[0,1]. The cross product of two
25 linearly moving vertices can be expanded as:
P1xpo=( (1-t) @ +try) x ((1-t) @ttr,) =t’£+tg+h, (4)
where:
£f = (r1—-q)x(xr:-q),
g = (ri—qu) xqe— (ro=qz) xqu,
30 h = qxq,. (5)
Using this expression, we can derive the time-dependent

determinant:



15 is the determ nant test for the notion vectors of the three vertices,
and if they all lie in the sane plane, the cubic termis zero, i.e., a=0.
Thus, it Wwe 2ordos762hen the notion vectors span a vol une PeTABRDII0&E381 he
determinant will be a cubic function. 20We note that if the polynom al does
not have any ropots,.in te[0,1] and d<QO en the triangle can be safely
backface culle .t@)veﬁ Pﬁgﬁ)%ﬁ%l cﬁ&%&ipfuncti on is below zero at t=0 and
t=1, we can conpute the (l(acal qmmgwmtdmdtgﬂhi)nuns of the cubic polynom al,
and if we find a local maxinum25 within the interval te[0,1], we check the
val ue of the cubic poFyaéntlt fa@tichis point. If it is bel ow@ero, we can
safely bagkface cull the triangle. If the notion direction of the three
vertices are parallel, the backfacing function is linear. 30The coefficient
a is the determ nard -of (#hepirfangle’'s three notion vectors, which are
often small or near_parallel, Therefore, directly conputing the backfacing
function on power form (Eqfati8h6)Ecan be nunerical ly unstable. To
alleviate this probl em Mmeqxphegs.4he backfacing function on cubic
Bernstein form 3/3\ b(t)=b,(1- 03-1(9) i=0 with coefficients, bi, given
by: 5bo = qo (cLxg®)==th3 [go (cLxr2+rlxq2) +ro (cLxg2) b@/)= 1/3 [ro
(cal xr 2+r| xca +Cl ( ). b3 = ro crlxr ) . t, we
exploit t 8e(te0(2)gnk\l/aetx tfchﬁ I&gpér(foirz)])ecrJteyntofCE_tcf'Feﬁjl_gé Bi%hxg% in sz%]ies,b aé:r]lié%lgl:énpl y
checkio f wanr of ot hehcoeffdedents; bidi e{L s 2,3}e ArRapast titve. This is a
coarser test than testing against the true maxi mnum of the cubic pol ynom al,
but redud¥s ¥ HE Y351 of ERumet i T PIrEF ST (Fn* Fesuad I Not S hRITHel ¥est can
be refined by,J5 applyidg de. Gastelj au stieps § 0 fhe caeffigients and
testing the generated coefficients. A backface test for notion blur
on Ber nsteiprdorimn showtha Eaquriecilentbegi ns by testing a triangle at t=0
by conputing bo (bl o:(:Er 1_%} A ch_ec§ Xa(tr di %rﬁond 14 determ ne§8)20 whet her bo
is positive. If so,2the t ?atLléFb T4 5 6nBfaci ng (bl ock 16)'°’Ctherwi se, the
triang e is tiested @tmtmh by Conptdi nhd, md bl Ock/dB)ord fob,tlis fosdd i ve,
then the triangle is front faci ngl (block 22). OQtherw se, begin a | oop by
putting tH Vel it ity ookl 24 Hhdltoripts iy 25 i thidI Bekt 26) . A
check at .diano etermnes_df bi.i itdv f S ront facing
(bl ock 30). Ifr%ozt?é,gﬂ?’t elr'aétr']e' 5%(%] ibfhe%%'aﬁgénlé(bfnolc Mékg&qanﬂd%edi@orr%ln 34) and
t hen repordcttdies tapangl eva@sunpacki aththg{dd otke 3B terminant WAl lsket ch a
practical inplementation of the backface 30 culling test for triangles
where eacttRe t%‘}%%fé%' linearly in tinme in the pseudo code:

20 We note that if the polynomial does not have any roots
in te[0,1] and d<0, then the triangle can be safely backface
culled. Given that the backface function is below zero at
t=0 and t=1, we can compute the local minimum and maximums
of the cubic polynomial, and if we find a local maximum

25 within the interval te[0,1], we check the value of the cubic
polynomial at this point. If it is below zero, we can
safely backface cull the triangle. If the motion direction
of the three vertices are parallel, the backfacing function
is linear.

30 The coefficient a is the determinant of the triangle’s
three motion vectors, which are often small or near
parallel. Therefore, directly computing the backfacing

function on power form (Equation 6) can be numerically



WO 2012/ 047622 PCT/ US2011/053384 1 novi ngTri |l sBackfaci ng(const

TimeContTri & tri) f 2 bO= det(Mt=0)) 3if bO >0 4 return fal se
WO 2012/047622 PCT/US2011/053384
unstable. To alleviate this problem, we express the

backfacing function on cubic Bernstein form:

b(1) :ib,.@u—t)“ﬂ' , (9)

with coefficients, b:, given by:

5 by = qo* (q1xq2) ,
by
by = 1/3[ro- (@ixrotrixdy) +qo- (rixxs) ],

bz = ro- (rixxry) . (10)

1/3[do- (@ixrotrixqy) +ros (qixqy) 1,

Next, we exploit the convex hull property of the
10 Bernstein basis, and simply check if any of the
coefficients, b;,i€{0,1,2,3}, are positive. This is a
coarser test than testing against the true maximum of the
cubic polynomial, but reduces the risk of numerical
precision issues. Note that the test can be refined by
15 applying de Casteljau steps to the coefficients and testing
the generated coefficients.
A backface test for motion blur on Bernstein form,

shown in Figure 1, begins by testing a triangle at t=0 by

computing by (block 12). A check at diamond 14 determines
20 whether by is positive. If so, the triangle is front facing
(block 16). Otherwise, the triangle is tested at t=1 by
computing b, (block 18). If b, is positive, then the
triangle is front facing (block 22). Otherwise, begin a

loop by putting the value 1 into i (block 24), and computing
25 Db; (block 26). A check at diamond 28 determines if b; is
positive. If so, it is front facing (block 30). If not,
iterate until i equals n (block 32 and diamond 34) and then
report the triangle as backfacing (block 36).
We sketch a practical implementation of the backface
30 culling test for triangles where each vertex moves linearly

in time in the pseudo code:



55 b3 =det(Mt=1)) 6 if b3 >0 7 return fal se 8 conpute bl

WO 2012/047622 PCT/US2011/053384
1 movingTriIsBackfacing(const TimeContTri& tri) {
2 b0 = det (M(t=0))
3 if b0 > 0
4 return false
5 5 b3 = det (M(t=1))
6 if b3 > 0
7 return false
38 compute Dbl
9 if bl > 0
10 10 return false
11 compute b2
12 if b2 > 0
13 return false
14 return true
15 15 }

If the triangle vertex motion can be expressed as a
polynomial, we can generalize the previous test. We express
the motion of each triangle vertex as a Bézier curve of

degree n in 2DH:
20 p,(t) =Y biBi(t) (11)
i=0
The backface test then becomes:
det(M(z)) Po(D)- (P, (O)*xp, @)

= Zn:bSB; (t)-(Zn:blij (t)xzn:biBZf(t))

= LEOB (OB (b]xb})
1,],6=

= ZBiﬂj#f %b? (blj Xbi)
i,7,k=0 (z‘+j+k

Note that this is a Bézier curve of degree 3n, where the
control points are sums of scaled determinants of three

25 control points, one from each of the three curves describing
the vertex motion. A conservative backface test can again

be derived by using the convex hull property. As expected,
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we obtain Equation 10 for the linear motion case, i.e., when
n=1. A similar derivation can be performed for rational
splines.

The test has potential to speed up motion blur
rasterization of macro-sized triangles, or small triangles
with large motion, where one expensive backface culling test
can be amortized over a lot of saved inside tests. If the
number of inside tests is small in relation to the overhead
of the conservative backface culling test, it may be better
to skip the conservative test entirely, as backfacing
triangles will be correctly culled in the per-sample inside
test. Depending on the workload, the test could be enabled
when the triangle sizes or the motion surpasses a threshold
value.

Depth of field is a shear in clip space. This shear

can be represented by applying the matrix:

1 0 —Hul!J Hu
0 1 ~Iv/J Iy

S(u,v) = 0 0 1 0 |’ (13)
0 0 0 1

to the clip space coordinates of the triangle. H, I and J
are constants given by the location of the focal plane, the
camera aperture size and the near and far plane. The
location on the lens is given by (u,v). Applying this
matrix to a the three-dimensional homogeneous vertex (3DH),
Pi =(Py»Diy-Pi,-Py ) » in clip space results in a sheared
position, §,(u,v):

s, =p, —H/Jup, + Hup,, = p, +a.u,

Sy =Dy — 1/ Jvp,. +Dvp,, = p, + By,

Sz = Pis

Siw :piw

(14)

where os=H/Jpi,+Hp:w and B:;=I1/Jpi.+Ip:y are per-vertex values
dependent on the p;, and piy terms. To simplify notation

below, we let s;(u,v) and p:i(u,v) denote the two-dimensional

6



13 return fal se 14 return true 15 15 1 If the triangle vertex
notion can be expressed as a polynom al, we can generalize the previous
test. W wepoeds7é2he notion of each triangle vertex as &CBawsp@n/osissyve of
degree n in 2DH 20pi (t) = Eb'il131; (t) j=0 The backface test then

bggggﬁio lrgoentlo(glve(rgggu:goxget tillclgs,‘]%c%(nspisﬁcbi(ric} Bc))I{' t(lrgg x;SwEbcloim%orgetgtsX o% 0)

S;(u,v) and p, respectively, that is:

s (u,v)=p:t+ (iu, Biv, 0)=p;+1; (u, v). (15)

Note that:
5 1:x1;=uv (0,0, By—0opB:) =0 (16)
since ai:%;/%' The backfacing criterion then becomes:

det(M(u,v)) =s,-(s; x8,),
=Py '(p1 ><pz)"'lo '(p1 sz)a

(1°7)
+11-(p2><p0)+12-(p0><p1),
=au+bv+ec.
The coefficients are given by:
a = oo (pPixpP2)xtor (P2XPo) xtoz (PoXP1) x,
10 b = Bo(pPixp2)yt Bi(P2xPo)yt B2 (PoXP1) vy,
c = po (P1xP2) . (18)

We note that some expressions for a and b can be reused for
the edge equation setup. As can be seen, the backfacing
function for depth of field is a linear function in u and v

15 (Egquation 17). The triangle changes its facing when
autbv+c=0. Hence, the triangle will change its facing
somewhere on the lens only if there is a solution to the
following system of equations:

aut+bv+c = 0,

20 u’+v? < R?, (19)
where the last equation checks whether the lens position,
(u,v), 1is inside a circular lens with radius, R.
Geometrically, this is an intersection between a circle and

a line, which has a solution only if:

25 <R*. (20)

a’ +b’
Consequently, if we can prove that the above does not
hold, there are no face changes when moving over the lens.

Intuitively, the triangle will not change facing over the
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at the middle of the lens (u=v=0), Figure 2, block 42. If

c>0 (Figure 2, diamond 44), the triangle may be frontfacing

for some

time at the center of the lens, and therefore our

test is terminated since the triangle is not

(conservatively) backfacing for all lens positions (Figure

2, block
and test

46) . Otherwise, compute a’+b’ (Figure 2, block 48)
whether c?<R? (a?+b?) (block 50 and diamond 52).That

is, the triangle can be conservatively backface culled

(Figure 2, block 56) when:

c<Q, and

2

2 2 2

c 2> R (a +b) (21)

Otherwise, the triangle is front facing (block 54).

By multiplying the moving vertex in Equation 1 with the

shear matrix, 8§, in Equation 13, the resulting vertex

displacement from motion and depth of field, o(u,v,t), is

obtained

O; (U, vy t)

= S(u,v)p:(t)=S(u,v) ((1-t)qittr;),
= (pix ()t () u, piy () +B: (L) v, piw (E) ), (22)

where o; (t)=H/Jp,, (t)+Hp,, (t) and B;(t)=I/Jp,, (t)+Ip, (%)

are linear functions 1n ¢t.

The

corresponding backface test from Equation 21 is now

expressed as:

det (M(u,v,t)) = 0g* (01%03)

a(t)utb(t)v+c(t). (23)
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(13) 0010 00 1) to the clip space coordinates of
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The coefficients a(t), b(t), and c(t) are cubic
functions in t.

The triangle can be conservatively backface culled
when:

c(t)<0, te[0,1] and

2 2 2
c (E)>R (a (t)+b (t)), tel0,1]. (24)
Otherwise, the triangle is front facing (block 54).

A conservative test can be obtained by using interval
arithmetic. We denote an interval as §=1§§1, where & 1s its
lower bound and ¥ is the upper boundary. The idea is then to
minimize the expression to the left of the greater than sign

in Equation 24, and to maximize the expression to the right.

This results in:
_2 2 2 _2 2 _2
¢ >R (max(a ,a )+max(b”,b )), (25)

where we used E<:0:>nmxgi22):22) So, if ¢<0 and Equation
25 hold, the triangle, moving in time and over the lens, can
be conservatively backface culled. The cubic polynomials
a(t), b(t) and c(t) can be converted from power form to
Bernstein form, and then we use the convex hull property of
the Bernstein control points for conservative culling,
similar to what we did previously for motion blurred
primitives..
If we approximate the lens with a square with side

length R, we get a coarser test given by the equations:

au + bv + ¢ = 0,

lul< R, |v|I< R, (26)
which is a line against box test. Again, we start by
testing whether ¢<0, i.e., whether the triangle is
backfacing on the center of the lens. Then, if the four
corners of the (square) lens all are on the same side of the
swept line, we can conservatively cull the triangle. These
four conditions are given by:

max (tR(atbh)+c) < 0. (27)

t he
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Wil change I ere on 't eris 'on y Tt ere a solution to
the fiol | owt ghsesd emid  Eigrad | rodss t&l&"tbval'c‘cofaﬂse, but fast

approximation of a’(t)+b’(t) is given by:

max(a® +b”) < max(a’,a )+max(b>,b ), (28)
which essentially is a Manhattan distance approximation.
However, we will instead bound the cubic functions
15 wusing first-order Taylor models, since the correlation in
the linear terms can be preserved, which in turn can give
tighter bounds. We also note that the t’ and t’ terms of the
polynomial a(t) and b(t) are very close to zero for most
triangles. This implies that the a(t), b(t) and c(t) terms
20 in Equation 23 are approximately linear, but it also means
that care must be taken to avoid precision issues. By using
first-order Taylor models, we ensure stability when the t3
and t? terms are small. For an arbitrary cubic polynomial,

this is done as shown below:
25 k' +k,t* +k t+k, =k, t+k, +1, (29)

where T is a remainder interval, which bounds the quadratic

and cubic terms:
fk :[_|k3|_

We use this to conservatively express a’(t)+b?(t) as:

(30)

30 a’()+b*(t) = (a;t+a, +1,)° +(b,t+b, +1,)° . (31)
The upper bound is given by:

a> +b? +2max(0,a,a, +byb,)+a’ +b> +raw, (32)

10



20u2+V2 < R2,(19) where the | ast equation checks whether the | ens position,
(u,v), isinside a circular lens with radius, R Geonetrically, this is an
i nt er sectwonoauween a circle and a |line, which has a seCuttseniosi3gsif: c2
25 < R2(20) a2 +b2 Consequently, if we can prove that the above does
not hold, there_are no face changes when noving over the lens. Intuitively,
the trianglera td-’ngts changedradivg tover itrhehd erpnaifnddre itieanglle o, pl ane
equation (in three dinensions) does not intersect with the shape of the

| ens. and H,nal Nptenshatt Rat ailft)t hadt pilangkees Liacarnérmil Lish & ¢ gned
with the view vector,_we have piz = piz and Piw = Piwf 5 and therefore

ai =ui andvhtd8jgiwshd ch’+b’edds s Fasrt0.01ThiZ%s imeansiathatn ftdcitngasd.l not
change over the l.en s. expect ed. TQ termne if a static triangle
can be batkfite ¢ Isbe ﬁ(fv%cegttaer%t i $h SOt ?t??lgulf meorbac%%scteelsrf atus at the
10 at % heodd ddl ec ofadthertens (evs)k fhgues s blocknd ZLdifter X (Higure 2,
di anond 44), the triangle may be frontfacing for sone tine at the center of
the | ens,l&hd %%é?‘%?%@g?%rakf%‘é%- is terminated since the triangle is not

(conservati vely). backf eQgcflosr <fi|\/le ans tpfpéig&%ﬁi(cﬁ'{sg -rrgt%glrgci&{ ock 46).

Gl
O herwi se, conmpute a2+]g2 Fi gure 2, ILI ock 48) a est e c2<R2
(a2+b2) (bl ocknd0 arfd tdi+anonyl 52) bFhatledsusihe Egiuangbe 8an be

conservatively backface culled (Figure 2, block ;6% when: c¢<0, and 2222 20c
> R (a +b )(2159%%% S& TS i andgt S5 Oontt ¢ &WPSL?%%W%AF).
By nmuld i pdadinghddedmying vesdiexqdgriEati amd md hddesheair mdging S, in

Equation 13, the resulting vertex displacenent from notion and depth of
field, o(¥y\a9ting 25 0 edt oilf,s81)eE S U:Rg Pty =S4, v) ( _
(35128 iR IR weludbaal (il il (22) where oo
in t. 30Tdwenmorires pontihgbdickf ades testidfurom Equat) on Nkt s snaviheck
at diamond 64 determines whether max[c(t)] is greater than
15 zero. If it is, then the triangles are reported as front
facing, as indicated in block 66.

Otherwise, at block 68, the max[a(t)?+b(t)?] is computed
and bounded, as indicated in block ©68. Next, a test is done
to determine if the minimum of c? is greater than

20 R’max[a(t)?+b(t)?], as indicated in block 70. If so, at
diamond 72, the triangle is reported as front facing, as
indicated in block 74 and, otherwise, it is reported as
backfacing in block 76.

We will derive a backface culling test for motion blur

25 where rasterization is done in screen space. For screen-
space rasterization, a common backface test is given by the
sign of the screen-space area of the triangle. A projective
transform maps lines to lines, so the motion vectors are
still lines after projection. However, the acceleration

30 along the line is different due to perspective

foreshortening. Let us define two edges of the projected

triangle as:

11



expressed as: det (M( u, v, t) )= 00- (olx02) = a (t) u+b(t) v+c (t) .(23)
The coefficients a(t), b(t), and c(t) are cubic functions in t. The

triangl e wanoted4c@nser vati vel y backface cul |l ed when: 5cPCraASomepBsd] and
2222 ¢ (t)>R (a (t)+b (t)), te[0,1].(24) O herwise, the triangle is front
facing (block 54). A conservative test can be obtained by using interval
arithmetic. W, @Zgope(t)aa Pm@er(yg} éaspz@t)_-_61’9.o(f\)\hoerei s its 10 |omer bound and
T. is the upper boundeny.pTtre’ i eza ps,(Hhep t(® m nim ze the expression to
the left of the greater than sign in Equation 24, and to maxi m ze the

expr essi diwiae tttes rd ghied Thiea reasulriey ite expiessdRl Z2{max(a 2 -a2 ) max(b 2
,b2 )), (25) 15 where used c<Om(c2 ,c )=c ). So, if c<0 and Equation
25 hol d, the t‘flft?;lngfél,(t)rf‘(ﬁvz\ftﬁg intine and over the lens, can be
conservatively backfapg cuylled, The cubic pglynom als a(t), b(t) and c(t)
can be converted frﬁr’B_p _rJngrﬁ(tTBg{)_ns%ﬂ’form and t hef® use the
convex hull property “6f »t hE BelAst e/t cHht r ol poi nts for conservative
culling, simlar to whap,we dind, prevously. oy notion blurred primtives..
If we approximate the Tens wt sguare with side length R we get a
coarser test given by the equat'iols: “25au + by + ¢ = 0, lul< R Ivl< R (26)
which is a i nee@gal nstatboxdiesterAgai s Merst@itobyo £ est {mg.avvether 0<0,
i.e., whether the triangle is backfacing on the center of the |lens. Then,

i f thed four 30 dr N3 oFs the {fudied Pamstatd et o tHe USRI of the

P ¢ vont, oA ConeRial | el Gl L Ne. ARl S L pngt t ons
plaﬁe, but the vertex positions are no longer linearly

interpolated in t and the triangle can change facing at most
three times.

10 Furthermore, the magnitude of the denominator pp pi p2, 1S

irrelevant for the area test, so if we know the signs of the
w components after clipping, the denominator can be skipped,
resulting in a cubic polynomial, similar to the homogeneous

case, as expected.

15 On the other hand, if we assume linear motion in screen
space, the area function becomes a quadratic polynomial, so
even in this case, the moving triangle can be backfacing at
t=0 and t=1, and still be frontfacing somewhere in between.

Our techniques apply to real-time and offline

20 rendering, and to both stochastic point sampling and
analytical visibility methods. The rendering errors
introduced by the previous technique can easily be detected
in extreme cases, but in the majority of cases, these
generate reasonable images, where the error is hard to

25 detect.

The computer system 130, shown in Figure 4, may include
a hard drive 134 and a removable medium 136, coupled by a
bus 104 to a chipset core logic 110. A keyboard and mouse

120, or other conventional components, may be coupled to the

12



max(R(ab) +c) < 0.(27) Note that the expressions a,b and c are cubic
polynomals int. Unlike the interval analysis test given for the circular

| ens, we warnpiw@reeach of the four equations, conpute tireTasedfiosizent s for
a single cubic equation and bound it, 5 therefore retaining the correl ation
bet ween t ]dc?ower coefficients for tj ght er_bounds. Thi S.

ef fici entCH It HotT O Wi af e Hoh-19 hearT Eoet Ti BsS HYaY C?\llét%lte

sketch a {f actd cptadiid £r@ndatd o of 14 he, hackfaee cad | i tiesd doim motl on
bl urred and def ocused 10 triangl es. W first note that a coarse, but fast

appr oxi medy o f IS tH0G siyi v %@bodiznezltrmx(ﬁlez graprpigs nax(a2 , a
+ b 2 St
?apppgii( |Oocnéjs%%r\(/\e€%2r%v£hafﬁseé%ls®da%léb uk%{jl\%ihe cu chlf un%t@irgns 15 using

first-or ctmfﬂéawl]o]réi nodeis f&meauﬂ‘eejcolrjrlelr@dydjemfbuﬁﬂeedlmeaa Hes ne can be
preserved, which |n turn can give tighter bounds. W also note that the t3

and t2 teths ot @ He- Pothoti e ea )’ 'andIrb(Cfr)e a?r%b?f@f@/erbq'osae PG for
nost triangl&ssshisid Ml ese thaty the @{tdaddd ! Imandi cddde toI1H 20 i n

Equation 23 are approximately linear, but it al so neans that care must be

t aken t o ravaies precisinon $i9siles. lra/tmmwrf ikt gy derdaltay | 0¥ IMRdel s, we
ensur e Stabl|lté/ Wnen the t3 and t2 terns are small. For an arbitrary cubic
pol ynom at }% i's"done as shown bel ow. 25k3t 3+k2t 2+k1t +k0 , 'z, "' ki t +ko

+i k, (129) wher em i1ge acdefmed Mdersd Merval impihdnedn thouings, tdree quadh atdrcc and
cub| c ternms; ik - [431 11(21"k31+11(211(30) We use this to

conser vatGRRs ynaeikﬁ?ees%t%rﬁchlﬂbﬁrﬂj st t VR IITHTEA0 FPR DS +bo
-HL )2 . Jhe;ypper bound-§ s GlyanYy @82 mdin Sertdiy +29RX(0, 80a1 +bobi) +ao

+ Do +ra2b2, where rawis a li1near function in the remainder intervals
.a. and atnildote ndredry fwath(1r) @rd drel)ies efdemagorin -Thus, in
one embodiment, the code to perform the sequences of Figures
15 1-3 may be stored in a machine or computer readable medium,
such as the memory 132 or the graphics processor 112, and
may be executed by the processor 100 or the graphics
processor 112 in one embodiment.

Figures 1-3 are flow charts. In some embodiments, the

20 sequences depicted in these flow charts may be implemented
in hardware, software, or firmware. In a software
embodiment, a non-transitory computer readable medium, such
as a semiconductor memory, a magnetic memory, or an optical
memory may be used to store instructions and may be executed

25 Dby a processor to implement the sequences shown in Figures
1-3.

The graphics processing techniques described herein may
be implemented in various hardware architectures. For
example, graphics functionality may be integrated within a

30 chipset. Alternatively, a discrete graphics processor may
be used. As still another embodiment, the graphics
functions may be implemented by a general purpose processor,

including a multicore processor.
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whi ch gives raw=0, so Equation 32 is exact in that case. W use the
backface test for notion blur (on Bernstein 5 basis) to determ ne the
backf ace woabies4ad22t he center of the | ens as descri bed &bOws2011/053384 The
final test is given by the conditions in Equation 34, where a2(t)+b2(t) is
bounded usi ng ation 32. Referring . to Figure 3, a sequence for

ol ement I ng - 4O HHOR SOt B 16T Borh TR 1 1 A and Mot i on bl ur
begi ns byefiestimoh@ tdi angl edlodhecentgiaoftithe 4 enssc asuidwi cated in

bl ock 62 of Figure 3. This is done by conputing and boundi ng the naxi num of
c(t). Nexicata ekt EtCloizhvord 624 ajet @ sl W her 1 vack[6(t)] is greater

than 15 z 1t 1S, t riangl e ri t cing, as
i ndi cat ed&{rﬁn 4%10% GV%l.Sth e éékﬁoeélv{nﬁ Se, la{ Jﬁr{%lci&gcg,ufﬁae@rsrla%(a{%{]tcﬁeib(t)21

i S conmputietb lasmck houmnided, e rasoniph cat edi i bl ok B8 sdextinweeriteisini s done to
determne if the mninmumof c2 is greater than 20 R2nmax[a(t)2+b(t) 21, as

i ndi cat edT_Wrb@%&@ar@f}qe%oefc SO 725 @9%%{%@% i%gre]ﬁbr 2d as
front facifghqasdid £at edhd mdlock 7 and rot hgipi e, tid dsnd eported as
backfacing in block 76. W will derive a backface culling test for notion
bl ur 25 whereliestier i Zati Greimo donetlia worteeri spacksaforescr een- space
rasterl Zaé[%f)undtuarecsommn cbr}aé:rkgéatceritsetslcs Smaglzc\ﬂaeen ib st:,[ihce tselcgninOfoi':[ heer
screen-space area of the tTi ang? e.°A projective ttanst orm aps [ines to

| i nes,0 s | Ddrvecditiesr aflearstild dd nescuafd erens@jaesdriton. However, the
acceleration 30 along the line is different due to perspective

f or eshor teMi LT (AUt hestid Bges Y thie ropeaserd iyt @ wo
2012/ 047622PGId UR20%1d 053384, ¢ RiLL)noW 5 on P2(t) pow ei =, e2t)= pl(t)

Pow(t)p2(t) Pow(t) Tw ce the signed area can now be expressed as: A(t)= ei
(t)x e2 (t), POxXle Rhe pfeser® inRaxt RO hdPowpRiw &R sePRvedP2w POwW p2wpo X
pl + powpi X + piwp2. Xx..po, = PowPi wP2w Recal | that .each vert IS a
Punct ! on o1 Cedibtd oo 5 TR 1o T T Y e HE Bkt okt ¥t i n
SCr eerp Space 48 avCubigpgadd onad dumetdon iduisi Fheidnd angle nmoves in a

pl ane, but the vertex positions are no longer linearly interpolated in t
and t he t¥3%amyleran thangeet aci iy 6t stndet ddral nfgse appended

claims cover all such modifications and variations as fall

within the true spirit and scope of this present invention.

14



10Furt hernore, the magnitude of the denom nator pow ol wp2w i s irrel evant
for the area test, so if we know the signs of the w conponents after

cl i ppi ng,woOhe12den@ai nat or can be skipped, resulting in &Ctaiseei1psdphnon al ,
simlar to the honbgeneous case, as expected. 150n the other hand, if we
assune |linear notion in screen space %Hh)@ area function becones a quadratic
pol ynom al, so even in this case, tth ?ng triangl e can be backfaci ng at
t=0 and typlat angl stdddede Srontfaci ng somewhere in between. Qur techniques
apply to real-tinme and offline 20 rendering, and to both stochastic point
sanpl i ng and ahal yth cethadiminRtys st hods. The rendering errors introduced
by the previous techni : i1y tec In e S ut in
the majority of cascgegs]d,eq#ﬁlergle g%gér a%le&feogioana%ﬁe%%%rgﬁg ﬁe\?%flhcee%rror is
hard t® 2, dettectangle unddweycionpuieti @y Silem 1830 &howvin ¢ h Fgude a#hd my
include a hard drive 134 and a renpvabl e nmedi um 136, coupled by a bus 104
to a chipset core I¥Yied 190,58 ke 5Bar TUSESR T otfo g?ar@%/face

conventi onal cofponet s;1dmy be coupled to the chipset core |ogic via bus
108. The core logic may couple to the graphics processor 112, via a bus
105, and the rhi n dthehosttlpradods sora 100! | i oned e otl reemin e graphi cs
processor_.112 y_al so be coupled by a bus 106 to a frame .5 buffer 114. The
frame buffer’ 1@ anac%/e eer%lonuaprfucguo %yv%r%lu%eﬁﬁp to & |ns%feayw%ecrree’en€ 18. In
one enbodidrEntye s Gf apii€ sdgpacessSofidil? dmede Gammibd i =ddireadedsd by
multi-core paral]|el processor using single instruction nmultiple data (SI M)
ar chi t ectur’gnApiof the Cisel S £XFIMRA T npl Ftfent &1On- e HEE PRt i nent

code may e S1OMech i dsaeSUl$ 3Dl £ sem Gonduct g, magnetic, or optical
menory, including the nmain nenory 132 or any avail able nenory within the

gr aphi cs processor . TtRhussthard one elbiodi 2rents 1 udiene ot ¢ oniperforrhg he
sequences_of Figure 15 1-3 may Trbe stto.r ed in a machi nejoor correout er. readabl e
medi um  sUCH 88" the Hemdty 452 Br He YrapHits® priocdsdsr "I12C artthay be
execut®d yridie nyeeessoio ddhored he @ aphies progessoin 142 4 fhone

enbodi nent. Figures 1-3 are flow charts. In sone enbodi nents, the 20

sequences depitt ed Tif S G | O Tkt 3 ety hed | Enfentied i1 eltiwar e,
sof t war e’srrlgfcfll fd £ mnag eﬂﬁar?aéé)féf"’axf emhodi gent . & nonrd ransid oLy conput er

r eadabl e um such as sem conductor nenory, a nagnetic nmenory, or an
optical menorex maydre lusethitloy strorteimenst ructi ons and nmay be executed 25 by
a processor to inplenent the sequences sho in Figures 1-3. The

gr aphi cs procedsi ngﬁ%d?‘n%%so%e JiHE)eg Jﬁévgﬁelfcﬂl%ﬁ%teeﬁwjer}%nttkéed in

vari ous hargined € s .6l deict Wase r Foreexanl e, udinaphiies Sunctional ity may be
integrated within a 30 chipset. Aternatively, a discrete graphics

pr ocessordefgr e qseld.a Asrisaigle ot i Grertul kere. graphics functions

may be i npl enment ed e P pr § ] multicore
b pcessort oot o4 e R Al MEET: PLRPER g NS B

enbodi mentdviarg "an ancdi srentharesn fhatn@ fpar tdiowlax Featpoet Struct ure,
or characteristic described n connection with the enbodi nent is_included
in at |east on%e° 5 i é?ﬁa‘ﬁ?%% i%ﬁ ‘g]r?dcﬂ“rﬁas]srécdh\llﬁhtriﬁ G’E13_r1eemb]rré]sré‘¥1tlfl: rfventi on.
Thus, > appeal@ances: ofndhe PUaae; "one epbadi nen v ypd han, enbadigrent* are
not necessarily referring to the sane enbodi nent. Furthernore, the

particul aref®atures, structures, or characteristics may be instituted in
ot her 10 swtaéjj e fﬁ{érs%qukpoe& g@a&a'gih j)a#éﬁ?%ﬁ{% uorgdi gnt%ljlélustrat ed
and all such fornms may be enconpassed w thin e tlains of” the present
appl i catigdlynomial of an equation for the determinant using bounded

arithmetic.

30 9. The method of claim 2 including approximating a
lens with a square.
10. The method of claim 1 including determining

whether a triangle can be culled by first checking backface

status at the middle of a lens and only if the triangle is
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Whil e the present invention has been described with respect to a limted
nunber of enbodi nents, those skilled in 15 the art wll appreciate nunerous
nodi f i catwoneizmds2eari ati ons therefrom It is intended Phatuskig/oapended
clainms cover all such nodifications and variations as fall within the true

spirit and scope of thi resent invention. CLAINMS Wat is. clained is:
17 A met ot CgHpHi i Hg:Lhe center of the gfina Riqeeqdina ity tng
det er m nant1 Ofp MeFtd €LSc S 10N A HdH@Ng erdpder 9ol nghotidan tbﬂitbrn@iam depth of

field, and based on said sign, deciding whether to backface cull the
triangl e.potentiably Thesettod of claim 1 including deternining the sign of

a determ nant of v i tri | e where, for 10 each vertex, the
depth of fi el dﬁe‘ff:‘%% aW(Cﬁjfla%Jetlfsepéréegenisgld%;'y a function of two |ens
coordimates u and \a gnbddmesvertexdamnd indimg epresenired bya add et i roam of

tinme. 3. The method of claim2 including determnin he sign of a
det er mi ndhit 61 VTS ¥s dn-at 319 EnghESiEr e i 1B \}%]rﬁ%ﬁ“rfg Hecor di ng

to a pol yhomalid uned ] ahddh tdd®he sign, 4o &-mt hadafel@ m 3 incl uding
determ ning the sign of a determ nant of vertices on a triangle where each
vertex noveskfderarull ithe itwelangle; and5. The nmethod of claim 3 including
determ ning the 20 asi nmoorf Beorunsltee' ncocoseﬂ' cirenctesssaonrd using the sign to
determne if a triangle can ‘be backface cuf Ied * 6. The nethod of
claim@® including deierappangud & nmodvding 1T ivangte ican changes faciang for
single viewpoint. 7. The nethod of claim 2 including determ ning
if a 25 statd GiFRAHG P THEYES facing for any viewpoint within a |ens.

8. The nethod of clgidn g dnclydi nge houndi ng t %i&@%@'ﬁ%@@éopft@n equation
for the determ nant using bounded arithnetic. 309. The nethod of claim2

i ncl udi ngdepprioxiarathiag @l ens aMddrearsiquarte.of vertilks Te aret hod of claim
1 includi,ng determ.nnin et her .a triangl e .can, be .culled first checking
backT ace SUAUS mt HE e ST & e and oIS T the 171t 7S

backfegi nghratod heeweniertof dhe | ensst oceeding Wid dherdiddcdackf ace

test, otherwi se reporting that the triangle is potentially visible. 11. An
appar at USSTEONPrat e 58 Proe e-Sorot of TteTHh R the &iighdF1 e det er mi nant

time.

14. The apparatus of claim 13, said processor to

determine the sign of the determinant where each vertex
20 moves according to a polynomial function in time.

15. The apparatus of claim 14, said processor to
determine the sign of the determinant of vertices of a
triangle where each vertex moves linearly in time.

16. The apparatus of claim 14, said processor to

25 determine the sign of Rernstein coefficients and use the
sign to determine if a triangle can be backface culled.

17. The apparatus of claim 14, said processor to
determine if a moving triangle can change facing for a
single viewpoint.

30 18. The apparatus of claim 13, said processor to
determine if a static triangle changes facing for any

viewpoint within a lens.
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of vertices of a triangle undergoing notion blur and depth of field and,
based on the sign, to decide whether to backface cull the triangle; and a
menory cowpl2et/i4o622ai d processor. 1012. The appar at us ofPCEluszoniDi33sher ei n
said apparatus is a graphics processor. 13. The apparatus of claim
11, said processor o determne the sign of a determ nant of vertices of a
Lriangl e wher e o T or PRI Thet Hopt hhbr 99 81 FEIEAC TS AP e
representgd o ddmcdi oy ofn taw, d ensy cror dimates: dr@ith e angh tde vertex

notion represented by a function of tine. 14. The apparat us of
cl ai m 13,PBHIBF pracesstnt 1@ determ ne the sign of the determ nant where
each vertex 20 noves according to a polynomal function in tine. 15.

The apparatus of claim 14, said processor to deternmne the sign of the
determ nant of vertices of a triangle where each vertex noves linearly in

tinme. 16. The apparatus of claim 14, said processor to 25
determ ne the sign of Bernstein coefficients and use the sign to determ ne
if atriangle can be backface cull ed. 17. The apparatus of claim 14,

sai d processor to determine if a noving triangle can change facing for a
single viewpoint. 3018. The apparatus of claim 13, said processor to
determne if a static triangle changes facing for any viewpoint within a
| ens. 19. The apparatus of claim 13, said processor to bound the
pol ynom al of an equation for the determ nant using bounded arithnetic.
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