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Design, Analysis, and Implementation of a Rasterization
Engine based on Tile-Based Rendering Architecture in 3D

Graphics
Student: Jhe-Yu Liou Advisor: Chung-Ho Chen

Institute of Computer and Communication Engineering,
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Tainan, Taiwan, R.O.C.

Abstract

3D graphic rendering system for desktop has been developed for a long time and
has the capability to show amazing 3D effect. However, this system is hard to be
integrated with mobile electronic products because of its large-area requirement, high
temperature, and high-power consumption. Due to the rapid development of embedded
system and hardware technology, and increasing demand of 3D graphic applications for
consumer electronic, how to design a low-cost 3D graphic accelerator has become an
important issue.

A typical 3D graphic accelerator can be divided into a geometry engine and a
rasterization engine by the different processing stages. In this thesis, a highly efficient
rasterization engine based on tile-based architecture is proposed. This engine has
incorporated the following architecture techniques: tile-boundary skip traversal,
barycentric coordinate, multi Z test, and 6D block texture cache. With these features, we
reduce the area cost and improve the performance of the rasterization engine we design.
The rasterization engine when synthesized with TSMC 0.18um technology can run up
to 200MHz. We also verify the entire 3D graphic accelerator net-list with OpenGL ES
application in Linux OS under a full system simulation platform constructed with
CoWare and QEMU.

Keywords : Computer graphics, Tile-based rendering pipeline, Rasterization engine
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1.1 Motivation
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% 2% Background and related work
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2.1 3D Computer Graphic
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2.2.2 OpenGL ES
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B Frame buffer
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2.5 Related work
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% 3% Rasterization algorithm exploration

AF g AP S 3 E ;8% 30 Rasterization i K iE 0 FA| T P higd
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3.1 Edge function and Traversal

.
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0o g3 A e i * Edge function % i {7 2] %7[18] -
3.1.1 Edge function test
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A2 o dedk e TR L ER - BXY)E N T LE R - e 0 A PRRT S S A

B = e(x,y)=ax+by+c » ¢ T 5 edge function -

e(Xy) iR & B mE hd e TS A AR ENE o Rz AN
ﬂoi%?ﬁ%’ﬁ%ﬁéﬁﬁﬁjo**?ﬁ%d%ﬁ&%&ﬁﬁwéﬁmﬁ
P BT w2 oA REER AY - Xt BT g b 2N E AV MR
BRE g GRERD AR oo g2 o d K BIPE TP ez 2 F

2% sl e

e(x,y) =0

®] 3.1 Edge function &2 T 5 7 | % 3 b 7%
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7 edge function. & » A LT g T B F S e A= AP0 B
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3.1.2 Traversal algorithm
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B. Skip traversal
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C. Zigzag traversal

B 3.64.zigzag traversals 427 &L Bl ° — BInA 8= & A)ch- BB 4o F 6 ¢ A
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B 3.6 Zigzag traversal

D. Bidirectional traversal
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B] 3.7 Bidirectional traversal
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3.1.3 Traversal method for tile-based architecture
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B 3.8 & tile 2. ¥ &35 = 4 A5 &7 boundary box

fi Btilez ¢ 43 1 boundary boxz f& » £ v 2T & 542458 > 38 (7 SKip

22
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B8] 3.9 Skip traversal with line skipping

3.1.4 The skip problem of tile-bounding skip traversal
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3.1.5 Performance of tile bounding skip traversal
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#\ i tile bounding skip traversal 35
Interpolation

AN SRS S

&

-
=z

4= &35 5 e fragment 2_ i » f‘jf‘u& B e 353% fragment sF R~ BB A
o TR GRS o

TEEEFTM BRI RO T}u{% TG AR KRR
3.2.1 Plane equation

Bk 5 %5 - Bfragmenti (X, y) = 2B 3.260= £ A0 > AP RPN EL

R0 A PRRR B2 82 BBV Vi Vo)ihz S R
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Lz £ 25ehT G 3 2N ax+by+cz+d =0 0 % xfragmentsi (X, y) & o~ g
AR o GRT Rz S GRAURRE AR Y TG 2 AEEE PR OA
AEE o

BTG AN ax+by+cz+d =0 AP E L o 3 N Gt e A b

@E(a,b,C)’i&{tLlaﬁjlééch '%j\qll'bllié’ﬁ}él?:vg ;!E‘-QFFB&LLJ-
\it“ﬁ?llﬁm@fé_o;\‘.]’rﬂ j’i%:ﬁ,_"[/m, B8 ,‘_Lt‘ B 3 ";E_U(VOVZ)’f\T'

uz Uz u x U x Uy)

Uy
(V 1) 4ol 3160 i N = (Vy vz|' vz vx|' |vx vy ﬁ&'?."l:‘f‘\:‘!

ax+by+cz+d=0

Va(x2,¥2,22)

Vi(x1,y1,21)

Vo(x0,¥0,Z0)

B 3.16 T > 258 ~ = £ 5872

]

Il %
BHRTe SN L - BV HIE d fwfﬁ%\ T AW LI A PE TR

dipBA g APEF AR A ERA TS RARRE 2o RN
TR R-T G B ANy L
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ax+by+cz+d =0
=>—-Cz=ax+by+d
a b d
=7=—X+—Y+—
-c -c° -c
b a
dz, =—,dz, =—
—-C —C
z2=2,+dz, -(X=X%p)+dz, -(y—Y,)
EhAPERoE T e b iE- Bz B %ﬁ'a IR AT 9y F A SRR
RS Z EoRFAPSHZ AR G TR e PRy ZE AP R R
LEAPDEY - BB 2 @0 T IR SR AR TR GRR P R

P

FAEG HE EFRARPAGE S AP EFRMER AR Y TG R
A TAFANE > BEegpd oo X T O AR HZ £ B

RS 0 3 EEIRRR G E AR TG S T R A

3.2.2 Plane equation with fixed-point calculation

AAd 0321 ¢ gt - AR FO AN E A PR Bt
R BR WIIL ARG R o TR AR R O TR S AT
£ 3750 B & 7 8k gie(fixed-point) sk ~ ~ i& (7 M FE R PR P iE 0 NI — B R AT o )
BA7 = b 2 NR Rt BT A7 AT DR 3
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B 3.17 7 5 . BLEcH AR R 7 &0 1 &7 traversal £2 interpolation p¥ & # 2548 3% o
b DA T BB A 2T AL AR BB R A o

Lt og

$ 2 BFHESR T 4 & Fedge functionssfrr B 7 X0 @ 18— 2 A kA=

& 25 b cnfragmentig § = = &N TR R D e @ gl AN Z &8 F D
fragment > fr*‘u*ﬁ Vi e w4 E = (overflow) iAo 4ol 3.18¢ w4 S E

Tf'_% B o

ERE TR gAz kT g Hn® U EEd B Rl A d S o AP
BRI S o BARFART §RER T A A - R fFZ £% Bl
fragment » & » 4 Fr eh edge function @ 3 2 SR 5§ RpE 0 BES fARk € 17 p
PR TR U PR G E e AR ¥ - BN REIFEE 0 fL s barycentric

coordinate interpolation -
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3.2.3 Interpolation using barycentric coordinates

Barycentric coordinate 3 "« i R ehR L0 F 8 figif o £ 3 Edp B AR
BRdp EE - B2 RV AP ER AR o 0 R ARk % 44 5 areal coordinate ¢

TN L Rk o Fo ARG 2B e AR £ B

hf K IEEHE 0 AoFl 3.19Y SUVWE S - B et ko Ao Bt o d A&
EEFONE Y - AR T LS o RBE 3197 LEihd kg o R
P e v e B S (04,03,0.2) -

Bl 319 B gkt kv = B2 v gt

Ji

o mfhendl > L REBE MRS RS hZ £ 20 47 24
BT A R e o] 3207 PREEVIV, ez £ AR T 2302 4

ﬁ.ﬂ;

AANAL Ao Ag) e 40% = + > A PEE AU vt E"f”?j‘lu BT L 040 ‘E'l% e

;00 P(u,v,w) :W

A

V. 'ff,’ EIJ,_ f[# % K

P x P APRS S B o 3

A+A+A =A =u+v+w=1-
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F_%‘]SZOP,EZ-\!:'—';’E“ g\*!:vm’l'rl ’::\"’i-rl/ ’Fﬁ»ﬁ%‘ﬁmf‘,«,@x“

FRAE-A PR EA R £35ae L 2 A E @ % ¢hfE 2 (cross product) o 1

1
A 5ol A ZE[(PX —Vox )My =Voy ) = (P =Viy )V, —Vix )] o itk A fF“IT‘&—F"

PUH EEI R E g A ehz & A mmﬁﬁ IFd ko b GinB S ARNH F IR 3.2
G e - - R A - B 120+ i&u{ﬁ ¥ 23§ 47 i ~edge function
TR SR EET T RIlEERY > A 2 FRENIZ B2 Lo fFE
FovE- ZEIFEORGERSZ A 0m f o
Tt AN PRV AR (U VW) T a‘%%’if‘uﬂ BERNFE o LT AP N IERRE
3207 PELAER B K Gide b
P, =u*V, +v*V,, +W*V,,
=Uu*V, +Vv*V,, +(1-u-Vv)*V,,
=u*(Vy, =V, ) +V*(Vy, =V, ) +Vy;
LR S LT ﬁ*u"ﬂd&i G s R W ESTRET AR (S 0 £
FZBEEp o
B REEE Y Th ANt Ae kG A BRSO 5o > d N E
AR 4 SLerpl f,/f‘.’U,V,W‘FK'L’v ZAN0D L2 Feorrilizd v 1 4E & cngF £ Hoverflow
SRAE o ENAZNZ 2SRRGB T = £ R o £ SN BT T
ﬁ%gqj’ 4 i@ B b oeniE o 4eB) 321070 o B 3221 Ao 1 OF e AR
BENEDGE o APT UG RAZRIZEY Te S BAEFPFEFET - L
BLE 24 B E ) #g\'?’“ﬁ’fm—’\wﬁ}‘; o



13220 * T g 3 fest o B Zemp Bt R

B @R Rk A PRT R BRI Z & & T g
PRMENNFILHTR AR TGS ENREFN B B - B B
PEIGCESCRPEIOLEN R RUARPE IS ATE S R
Ak BT R E R BT P RS A R AR o TS R
TR R

A P PIEER R BEF o RARAT B AP RE L
%fiﬁ?ﬂﬁﬁ%?fzg”ﬁﬁﬁﬂ%ﬁj%ﬂaozﬁ@g A4 = é"qiﬁt"—? g d R
BRAELE AR T o ST RARIUR L e s ARG A LS AT AR A AT

3.3 Anti-Aliasing(AA)

F 42 (Anti-Aliasing) £_p % 4§ Bl @ * ke d Feng & H > 7 R B4
Al — Bfragment? ik gendicp REBW A L TE { 7 0 4oB 3.23° Afragment
4o engr R BEBCP 0 4 & JR 3 i traversaliTinterpolationfs £ o & T}u{;m v e B oAk
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SRR EE > § & B r pafragment k3t~ k3R B R € frame bufferdd +
ke 30k anfragment o i 48 % B9 - FAAE 5 sub-pixelipPE s 5 OBE o 7R
A FOLBRIEfE B RERTRAF S DA PR ORISR LS 4 K
15 B 145 B fragment iR ¢ g2 & B - fragment o » FJgt o gt R end LHLD 2
# F #% (Full Scene Anti-Aliasing - FSAA) - tizi > A A 8 3 A A& chk 424

Instead of:

] 3.23 # +e B~ 1R BE % & pixel pEd BT T 0@

EEAA B rm o A — SR B R A5 PR It e T 1 §] 3.24¢

FRiEdiTs 4 5 - B4ES phdl g (TF 488 0% 473 b i o
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Bl 3.24 2% B F 42% hif)

A. 2x anti-aliasing
F B fragment Bofiw =t > Al hw B4R FAEES B F B8 R * S o
B R E RN R RS 4B TR % M AR FE 4R dhframe

buffer 7 ¥ -

] 3.25 2x super sampling 4% 3¢ £2 4 & ] &
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B. Diagonal anti-aliasing
B PR 0 A W fopixel # & i 0 73] & B 4RLT 2x super sampling >
e rE R M- B ata EH A - B o frame buffer > 2 2o BN &S ik

BLo w § o Ha RAAELL B RARITAS B A TR A Ok auEd o

B8] 3.26 Diagonal super sampling

C. Rotated grid super sampling(RGSS)

i# & -3 & sframe buffer+ - £2 2x super sampling4p ¢ > 12 P~ & 2E42 45n-rook
algorithm [19]2~ 4.7 e (77 en 4 B =¥ + > »c % $ 2x super sampling4# + 35 % - 3%

17 152 ¢ 4x super sampling=h3 B
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i8] 3.27 Rotated grid super sampling

No AA diagonal 2X2 AA RGSS
B 328 £ F E& FI= fE 5 458 L R
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B4Rt EeEe T NEF R EA LR > T ERIOVEE  FFL TER
< i frame buffer - o »+3x * tile-based 7 4§ » 2% 7 :#-5 — 5. On-chip = tile buffer
foig - Bl 32%32 &) enffE TR o dodk AP EL RGSS B 4ES s > d - B
GF 2P K ow BEHREL - AL 4907 3% 32%32 B ok ~ o] 47§ tile buffer -
€ ke B o2 F XV ARG R - B AR RSSO
128*128 B iy % o tile buffer » )t A P EH BFFF LS ERF OB AP G
3L tile size e~ ) > K & tile buffer g% o] o Gdo BB fx RGSS & 424 P 0 ¥

tile size M) 1] 16%16 ; A B kx diagonal AA pF > #-tile size ‘{ﬁ/ﬁ\' = 32*%16 -

3.4 Texture mapping

#- 2D ifpbri e 3D4 i ch& & o fL 5 texture mapping v & 2 E S S A 2.3
B0 el A a0 AP et A G BT B R o ftexture filtergna > A
#-nearest filter{elinear filter i 3 o vzt 2 # > OpenGLiE § % & pb-Bl <13k 5 Ho
o j\*‘u%“ Kb G R AZ £ ppd ERFRAETEL - AP R
Tow fd o v i 4 %) freplace ~ modulate ~ blend ~ fradd o iEw fAH GREE 2 VR

HFA AL ng % L F 3207 FwminE 7 o

Replace Modulate
pixel .Ctertum

Blend Add
Crixet (1-Crextura) CoixelCraxturs
B 3.29 & &7 F e texture environment mode
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- AR ;{’“z iz s @ * oot 5 modulate » A 7 &_replace - F] % i
WA a pbr KRB g FAHZ &R EA L cngpd it o ok
replace &3 0 Bk} im%}ﬂ/rﬁg 2RI A Al 2 ERP LT .

3.5 Per-fragment operation

¥ PR RI3# (Alpha test) B3i% & il :# (Depth test) & OpenGL 43 ¢ 47 2k e
FOF R IR s ks LM B RAE o U e ehR| £ X E PR 4 iF § (Alpha
blending) -

LEP RS EY 20penGL? 7 T & KR * st (src mode)§? poeig * fiosd
(dst mode) - @ “iE{FHEP BRI BF o r‘jﬁli Rk~ fh{i:@ﬁ PR RIREER
Bl eofragment 43 hgg d f b KRR B 0 REEHEp o S ;I*nu«d'rame
bufferig % «rpixel*t#F chppd F P P eid * HN 8 4p4e o KRR * HN P P
RO G P o AT E > AvGL_ONE#GL_ZERO#: ™ £ % 1518 00 » 3 ¥ i £ iF
# Mfragmentt % 1 frame buffer? pixel:ri P* & (alpha) » &5 fA 05 % it Fpeds
li‘ﬂfm 100 & - ipet 2 éﬁ‘F’K’ﬁ ARt o REFHE > T o TH 3.30:1‘%&?5
s BFe fae s TRV PFEEETRIRESE -

Src = GL_ONE Src = GL_SRC_ALPHA
DST = GL_ZERO DST = GL_ONE
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Src = GL_ZERO Src = GL_ONE_MINUS_DST_COLOR
DST = GL_SRC_COLOR DST = GL_ONE_MINUS_SRC_COLOR

) 3.30 # F blending mode 4 ]
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% 4% Architecture development

B 4.1% 1 & 2 dptile-based 7 ’f#'—"*%’t”‘(ﬁ”ﬁf'ﬁﬁRM?ﬁ W - AN EE E * g
A ¢ da- B % ks busi i k e R atriangle input bufferi? - i * %
% i¥tile bufferson-chip buffer - » B e BLp|E2 8 ~ 2 > A& F % = 974 5+
i B e RERELFTH GRS » > d 2 Texture mapping§? Per-fragment
operation3® 7 & jibust i BT AL 0 HrrLiEA B foiery 0 - Y e B
‘b d g g Ebus ke TR G L B o

¥ AP R LA B architecture :2 (AT 7 3% 5 I F A s a0 5N e
¥ - fﬁfjﬁ{%“ o7 v B fEbus i& k EhFR < R4 $R ¢ L i buffer- 18 b Texture
mapping iz <f o1 buffer B2 4e 1Tt o “frs stk e b Texture buffer - 3o R

texture cache -

Triangle
Input
Buffer

On-Chip Buffer

<&

AMBA

Bl 4.1 i Pe tile-based 7 H#7# T RM A #
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4.1 Texture cache

At

\\Xr

Vi Sy B e R R R ehGPU > BT gmy 4e F Texture cache v 14 S $F5e 1R 4
73 Beot i o T AL P - B 4 3R F R - LA & oitexture cache o - B4 256
bytes - line size 4 word:ficache » # E_ficggde k iy 4p § 4 > T Bhitrate® 7 50%
T4 oo Fob s 3vipy B30 #ich 3R dttexture cachesih < [20][21][22] 0 E ¢ - B 4
]9 6D block cache=zg f§[23] » ¥ 48 % B ohit rate -« 77 3 v chcacheE ﬁfﬁ’ 7 &
Bt 18 0 AR R iz Eltexture mappingshds (T4 v & o gt JEE B ) H texture
mapping#: i ¢ Fjo e 58 iR o A R B RS S entexture cache

gk A B o
4.1.1 6D block texture cache

- i fragment & 75 B~ 44 & & ij(Texture image)ps » F & — i = ‘&3 & F texture
BARGE) R0 & @7 texel b TR enizal o i - Blexel & 32
bits(RGBA & 8 i bit) » #7.4 - iFtexel~ )*Iﬁ—fd; Bword - @ 6D block cacheil ¢ 4= s
Btie s @ AL 47+ = B & o superblock ~ block « §20ffset » 4@ 4.2 - o4k 5 4=
kyed 6B AR b4 LODAE Lod o

S [

Ss-.uper Sblock | Soffset t1::11@::1{

®] 4.2 6D block cache iz nt £

BFEP & BAEEOTE - Offseteng, & i2linesizesn @ i — R0 7 7 iFigif
T_& thcache®_- Ma(st)eh > @ @ tiepline sizesn 2 § - e dodk N T ESHETH
offset# + 75'3 X_2 e o P - 1 A8 & fhcache F Bua fJ~)’j+‘u{4 i texel(word) - block
1% % R A-F0 B Bcaches /] » & P i@ Yicaches g iz o - f@;blockfifa“i -
entry |7 et o B ,&p’?ﬁﬁffljsuperblocké B Bk 3> 5F 13 18 tcache b shindexe B) 4.3

&g 7 6D block cachedrim 1245 6D r(s,t) imat FinBtexel » i § - B3 > B
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&_» ¢ Fcache-sized = -] éhsuper block® % igblock=nt 5 » %] 4 fragment? — 2 _&_
Th B Botexel » TLon 1+ 2 € Bl Y FPRAEA > £ 5 fblock-sized+ -] 7R e E B

offset4 ¢ & o) @ 78 A FEA P 5| o

Cache-Sized
Texture Superblock Block
tsuper N P ock toffset
] 11
Ssuper Sblock Soffset

®1 4.3 +1 7 # 482 6D block texture cache e 5 n &, F)

#t cache = policy # * direct-map == ;% » 4o % 2 4 cache miss 73 » i&g -
% block A 73 crtexel 3 i@ #2 3 o X {2 #-miss #-crtexel 2 texel 7/ e B
block % #% &%k block #2 - ¥ & L cache » . = 97 F ’,T&{,"i%?%ffﬁ; cache z_
Reen= 3N 7 - T g e gom A f_Biicache P & s Y oh- AP
kb o d 3t texture mapping - =< REeAE - B= £330 @ = A4 j\i}u{— B % Boeh
4. 30» ¢ cache ¥ = ;% > HAp % # & 3\ 7 texture mapping #7ig {7 chds (T o A i o
i%%ifi-%g’ﬁ - Bl e gk d N GAITE A e R £ - - T
SNk AL R o T ANPET R > F o cache B 24 miss PFE E TR

BepF fjﬁz ic i * 16-word burst read > @ & Jp & i& 7 4 = &0 4-word burst read -
4.1.2 Simulation of texture cache
B¥ ek et texture cachest 7 {fmipl3d » AP izl @ * ol 4404 252

PLI] > @ 45— B 32*32 135 1 2567256 41 B BE ] » kB {7 2% i cipl e o “$ Pz ko

pt 4 i BB erfilters: * linear filter » i&+ € ¥fcache hitrated # — @ 5 o
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i

Bl 4.4 ¢ 7 2 1% 256%256 53 1 & 32*32 +1  pE Bl O]

Foobos ARy g N i - Bblock® 2x % -4 Btexel(word) > AiE 7 kR F A
i * 7 4-words~16-words~64-wordsiz = f& 7 I+ o] i 3P iR 3R 7 e block
sizeenfi- ] o b PEA s T gL Bcachesnk o o iR AP IpE T 256 bytes ~ 1K
bytes ~ 2 4k bytes » kL% 7 F = | ¥fcache miss rate#ig = (g 58 - ;‘“ﬁrj BEES
S8 Kz 2 7 encacheticd] B FRE - & 4177 &7 F S ¥ BT o cache

miss rates= -] o

# 4.1 3 ¥ block size §2 cache size ¥ ¥+ cache miss rate 1% %

4 words 16 words 64 words

256 bytes 17.32% 19.48%

1K bytes 8.8% 4.35% 3.35%

4K bytes 7.3% 2.56% 1.17%
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20

19.48
18

17.32
16 \\
14 N

DN
o : N\

0
rate o ‘&}6 =]
(%) 73 =16
6 \ '
\ 64
A
3.3
) B 2.56
o1.17
0
256 1024 4096

Cache size (byte)

Bl 45 42 4.1% 8+ 375 H

4.1.3 Summary of texture cache

d B] 453+ 1 'F" 7| » Acache* -] 3 1Kg —'ﬁ H_4K bytesp# - block size = 64
f[a;word;'i*ﬁ % -] eicache miss rate » 2% {5 “fzﬁ. t 14 R ¥ block size 5 16 B words °

¥ £ % 64 Fwordscachet?] # miss penaltym®# + % -» £4* 16 Bword:

-

o B o f X R4 DR T £t faE k4 * 16 Bword§ = cacheirblock size o ¥

o B RS EAT R R LB AR NERT APy 4

i

1K bytes#cache i & #4 i ehtexture cache o # 4.2?1.% H_ANP B {8 4 F entexture

cache#ca] o

# 4.2 & 14 7_% ¢ texture cache 4%

Cache policy Direct mapped

Cache size 1k bytes

I

Cache 16 block * 16 word *
organization bytes
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4.2 Early depth test

i&OpenGL#ﬁf‘% ¥ kg o iF R P (Depth test ~ Z-test) 3L 34 F o & B
per-fragment operationfy £ e53% B & JRl3# (Alpha test)z 7 4 2 {7 » 4o 4.6 =B > 7
#g per-fragment operation @ ‘5 &_#F i rasterization g & ¢ s B o ﬁ%‘ulf'l.’é%i P
#o0 - Bfragments is § 7 ¢ #tframe bufferi@ g chife g “r e ~ 4 0 ez L p
ﬁ%%&i&%?u%éﬁi%°Qiﬂﬁ?ﬂﬁiéﬁﬁﬁwﬁ’Emwe
mapping# % iF B BlE ﬁ«ﬁr‘jh? YU LR - 4 A Ak 3 cofragmentie ~ BE B
PEE b texture fetcheh=t #ic > &2a B SR FEE o @ LE)’]%%L—‘? HpFE R P
#(early depth test)sni & 4 o @ ik enfl2 BgF § enGPUY H F 515 47 i chi

% [24][25][26] -

\ Traversal | \ Traversal |
\ Interpolation \ \ Interpolation \
\ Texture mapping - Tg;éﬁf \ Z rfad -~
Frame
\ Alpha test \ \ Z iest | i
\ Z ri:ad - \ Z v;n'te s
Frame : Texture
\ Z tht | buffer \ Texture mapping - Cache
\ 7 write . \ Alpha test |
\ Alpha Blending \ \ Alpha Blending \

Bl 4.6 i 5 ST 5 IR R RIS 1 E @

EHRFehowit AFEORZF fﬁffa{# depth test® i%3% % I|texture

mapping2_ # i& 7 4§l 4.6 M -
4.2.1 Alpha test with early depth test

e b > OpenGL#=F B BlR % i P R RI3EZ (8 EI2 904 Reno d WER
Bl R 218 0 2 EIFE R PR afragment H R A &% ¢ 4% 8 w depth buffer > 7&‘»

H_EMET ko 4rR 467 z’v’ﬂZ-writei&%'ju 7L % v depth buffer o #717 ix i -2
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fragmentis 222 & SplE S EEMTET k2w = rih{d» B BhZ-writez_
Tz Ao H ¢ x alphatesti L kA Mo T MR ERSER PIEE S P R R
E-RA Rl Sl
BPRRIFET R NSRS LY oy Y Fdp 2 alpha BB )
fragment £ F H > F 2 Vi BRFEET F % RP|REE 0 » f“w\ 3 B PR ehREE
(transparency texture)z_ ¥ » #-3\ i Z B chdFsRA kP 2 8 TR | Ak o TR B
PEAFE H F i)+ -2 4o 1) * alphatest &t 3 LR R o
@ A5 3 kg Bl(real time rendering) = 2 it 0 € 2 B G ATREE
Bl aiet i@ * 3Fimaid] o ol N2 B @ % ek d] o R R ¢
LAFH B AREFORER c U EME S B XIS T PR Bk (3D B S
FA)F G- 7 - FMES f o PRS- VAR R A BB
Z & F- B Reas ﬁfﬂ'fﬁﬁﬁi«?f’?ﬁf@ﬂ%@m Bihi Koo b B ehfg iz ﬁ*»'«‘?\
BREE KA L S R g WA el 3 A pE Y - R 5 G - HE Rk

B 4-B 4.7

+ -

Bl A7 te— B > 25 FpEY - A5+ EMEH TR

EREEF R R Ay e 2 EEP g FEL AEE S B

S E T RS Y S F T B R AR

= erfragment

alphaie %>t 0> 7818 & 7| :& {7alpha testerpF iz - 2 47 5% % *L—’“a‘ﬁ Zalpha & <> 0.5
rnfragment;rs:»/ PR o AP ARBIRE  EFEP RPIRBOFE > T

fragment,T.% gD > @ 7 ¢ J= frame buffers@ o pixel % F #- - 4oF 4.8 -

47



Alphr =0

oy

S

L€ Be dropped

e,

B 4.8 i¢ * alpha test #-% P! s = 443

MREaiP kg it *early depth test¥tizti# 3 &P RFRERIEH 2 AT -
d *>depth test alpha test# £ #a7 » #7127 7R4t Bzt alpha testif #-fragment A
depth testep iz © 5L § #77 depth buffer 4o% Az A PR F- B P A
Bz 1 > ARE 79 e 2 d 2L F 35 7 depth buffer > # F e » A 7 depth
testit § A e 2 g B3 0 AR A NG RGRE IR 492 2300 - Hk oA 1 F

Rz B 49T B R FIF A A Lo

B2 8%
X E

B 4.9 i * early depth test ¥} transparency texture
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AT R G RRBIERIIE P RPIFL T o FELY o HRaRZ A A
7 7 5 #-Z-write2x Flalpha testz_ & » s ¢ £ & Jo Z-writefIZ-test 4 ¥ 2 5|5 P R
RIFEZ 18 0 4oB] 41060 B o etkend o T fragmentid iE 0 IFRRRIE 0 - § R
w depth buffer2_ it i i & RIGE G HE B D § B0 R SRk R
TLRAL 0 R T OUR S R TR R

Traversal | Traversal
v v
\ Interpolation | \ Interpolation |
Z read - Z read l«— Fame
v Frame —»  buffer
\ 7 test | buffer \ 7 test |
\ Z vjrite — \ Te turetna in - ot
x — Cache
: Texture :
\ Texture mapping }<—> Cache \ Alpha test \
\ Alpha test | \ Z write —
Alpha Blending | Alpha Blending

B 4.10 2% 9 8 s Bp iR RIE oA 33N & B R B R
4.2.2 Data hazard in separated early depth test

PR AL R R B fj‘u‘g’w%»%] 410+ Bl ¥ #IFRIE P PR
#7depth bufferie = i & 4 B > dod J* A1 58 £ 5 * pipelineZf 1 675% - (P &g e
¥e§ A2 - B AL Data hazard -

EAP e B 4115 5] - £ B 4117° > 5 = BfragmentssnT 6 AR pke o F
Zd aERBEES%F 107 FJ 5 15° A OpenGLe & % .?fu—%ﬁugv LIS S
Wehge TPy GURR BRI 6 GRS 2R o T R E s d g o

d FFomEd AT o o 4@ 4119027 & = Bfragmentip fp et 3 > & i

&

T

z_+_
F A kg 2 L gpixelgp d I b & £ d o eig = BfragmentiE » F R AVE A
R L% Fd i Bfragmentii i]%uii » g ME 2 B F|frame bufferi g o
AR A S W RARE 0 R B Bt gAY & RaZread » o A P
depth bufferp® - B #-p 2 GUFER BB wdepth buffer - 3 5 depth buffer® 3 4=
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kend Fd aNERE > EM RES LB FRPIFE S BB B GUER E R wdepth

bufferpd § B 4= & iR R & o fgi&{&pipelinev‘ ¢ Iy 3 data hazard -

B 4.11 » 33 & dp 07 B plE 415 1% 90 data hazard

#CPU® » d »t g i ol % > » 5 data hazardeHR' 4Z o @ j2;4-c07 50 T&:{ié
* hazard detection unit® 4c » data forwardingi2 pipeline stall 4% ] » &8 4 A&
D.A.Patterson % * #f ¥ csComputer Organization and Design [27]s* 2 ¢ F 3w
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Alpha test:#  { 5 > @ 2 GPUZ #f1t § 8 § 32 AR shh B - §0 0 L L F) 5 1 §
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At a3 A i%‘wﬁ TR AL o Flt o Az 4o » hazard detectioniz fk %
A ZBEAV TR A EIRBE DR E NI o s TR KA T - fAfEA

7 > multi Z test -
4.2.3 Multi Z test

oo T Bl H-Z-testiRZ-write » Hrend #p R R P ¢ A 4 datahazard> H F 1 &
5142 pU RS AT ELcFak S i}“ Bt Z-writeie (7 pF e 53 { ATerfragmente & A g iE
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\ Traversal | \ Traversal |
\ Interpolation | \ Interpolation |
\ Z read «— ame \ 1% Z read -
buffer
\ Z iest | [ \ 11 7 test |
; Text ; Text
Texture mapping }44; (?;cﬁree Texture mapping \«L (?:cﬁree
\ Alpha test | \ Alpha test |
\ Z write — \ 24 7 read —
Frame
\ Alpha Blending \ \ 2 7 test | buffer
v
\ Z v;rite >

\ Alpha Blending
B 4.12 2 38 5 R R PR 7 £IRARBREGT R

JBIETT A SRR PIRE o ¥ - NIFR B 2 & Texture mapping

o
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'
P24
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&
v
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Z Ao RRPIFRZ S g RS E B frame buffer o @ % = =X FR BIREA AIF A

OpenGL ¥ J k & e = > ¥ & #pliEx e % B w frame buffer » l‘?ﬁﬁ}“? v
# 7. data hazard =g 4 > » ¥ 0 5] early depth test s p 3 -

Fobo Bi4e— S depthtestsrd hepit B HF 2 % > AFE 2RSS 51 - B
WO R o AR PPk kg g RIS 0 - = seehpipeline 33 B8 5 - =

frame buffer > memory fetch - & {7 5 # ¥ & - & tile based 7 7 > ¥ % ¢ &
Rz B s B 0 @ H 3 B BN chon-chip tile buffer o rii— Z & de ek
% gt tile buffer % 4 + — i read port> €& ~ — i read port — i write port % = = i

read ports — i write port -

4.2.4 Simulation and summery of early depth test
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BEFAPLEHFDFRPRREF R TT G o d R BIRR PR
AR EAEE D RER 3B T A PR RER OHCR R FRRE o AP i
P TRIGRRCR] R 2R AR AAPRERICE] o ¥ b o SV A RIRAERIE o d b e g
7 - B 4.1 & ¢ #ri% | etexture cache » #7173 & HERELR| P 1% & texture cachesihit

# T missHc o

# 4.3 B Ex 5 8 57 R PIFH Texture cache #7ig = e ¥

Early depth test ~ Texture cache miss Texture cache hit

Off 21486 234862

On 15787 173673
Reduction ratio

26.5% 26.1%

A b B K A At texture cache missshpE i o d ttexture cache miss
PR bR R AR BRI FR 0 2 4% -° texture cache missi.%‘:i‘ R L Beze Ry
Penidice i 43287 1 ﬁ T3R5 IR R PIRT LR ) 26.5% (rtexture
cache missen=k #ic > i&¥H> M texture mappingd I K& B k m 3 - BApE * P
o

S ERRIGFET - B opipeline Rk ¥ 7 g FILE S B R L& D
fragment @ 4 |- pipeline g {7 - %] 5 fragment — & & » ¢ & > i‘u;ﬁ, 2 18 F Wi
E - R RTE  - g g MY FT 3 - 5o~ fLg 2 R (bubble) o & HiF
EW%iﬁﬁ%@{?u*iﬁi%Mﬂﬁ%@#%aﬁﬁﬁjjFﬂ—%%
R FAE RUEE RS ERFEY > TUT UAE- & F - BET 4 AL o B
{60 AP iz 4R multiZtests F1H A E X S HIRRPREDRF 2 F B4 §

SR BB R RFER A BN S IRER BRI A2 R 0 2 2 € i & data hazard IR -

4.3 RM Architecture summery
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% 5% RTL implementation

ARTLeR A » & &+ § % > & R 7 28 (fixed-point) it 48 i3] ehdn & X B
= 0 A B RTPEIL G 4viETexture unit o » ?"{? % + 5 Triangle setup - Rasterizer » {r

Per-fragment Operation= + $84 > ¥ ¢t 7 — #.0n-chip buffer§ i%tile buffer » & 48

FHAc® 51477 o HF e {EE R HE ~ >0 * Synopsysiz o @ 47 ) eh

DesignWare IP [28] ki& (78 & - %+t B 5 — i Master wrapper{=Slave wrapper f #
rAMBA# 3 -

¥ ¢ f & = gate level model + » 2 i@ i * TSMC 0.18um=cell library » # 12
Synopsys=Design compiler & & B[29]:2 7 & & o £ 3B % %A L F 2 ¢ T A
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g o688l
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Triangle Setup

Rasterizer

A J

Per-fragment Operation

B 5.1 # %% Rasterization e it = B [§]
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5.1 Triangle setup

2 e L

R T T I EE RS LT

Ly kg LiEz - HP & 30

T~

%7 ttraversalz - H
F Triangle setup_# it {7 = & Ajtraversalz v » Lz — B = 425¢ ¢ 47 * F|eh

AN EE R RN OGREPR- B B2
£255 ffenEdic o 4ok 5.1

# 5.1 Triangle Setup #7Z & 3+ & eh % #ic
Notation

a,,b,,1€[012]

Edge function coefficient
1 Half reciprocal triangle area
2A,
Triangle setup =% 83K 3t > d *0ig

f A58 o gt
FRF R REAF RO DR TR PR
e

Rt R multi-cycle ek o pH B

; T BREE
fo- Bz ® > AL X157 F 14633 gate count o F B Bl 4o T A7 o

@] 5.2 Triangle Setup 7= 2 = B [§]

& - B= & 2538 ~

i

LR RE 2t 0 B3 & 12 Bcycled
fecycledic® #4 {738 & el A5 71

5 R e

K= >

>l 5 o
Bb‘aiam

-t 4, E] 537‘;"—7‘
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A

\/

12 cycle

| | | | | | |
B 5.3 Triangle Setup 4 %) 7 % B

Triangle Setup #f &8 <7»xiy > & i cycle =% 5ns %3 ¥ % » # throughput

#-7 £ 16M triangle/sec -

5.2 Rasterizer

Rasterizer {- Per-fragment operation i 5. -2 4% 52 pipeline 78 £ & 3> d 3%
PG 4v ~ texture unit> 1l ied BHCE O E M A g e BEG G Y
% Rasterizer® & > * ¥ 12 4 = traversal{rinterpolationiz = @ $% 4 - Traversal
i F 44 = &2 @ interpolation § # p FEfragmentsnF 4l » e384 djg B2 @ 3
315232 &2 ¢ FHFEP - @ 4 ¢ 7 Rasterizer{-Per-fragment operation:z = i i

o e B~ 2 BlAcB] 545757 o
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B] 5.4 Rasterizer 1= i & B, B

Bl 5.5% 7 traversalshg si- ~ 2 R HER] > F - B k- L FAREFRE &
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L ’T”é AR Eod EBRFFEIEATHAF DS
TR FCAERAPMEFR -SSR PBE EEd - ¢ 7 44 RGBA channel -
pd 0 B RIS TN o R L RPN RED #&ﬁfﬁ?ﬁi",ﬁ;uy\#@:’z k ehig
FIP T @ (inverse W)iE FE ALK BB T o d 20 P XA FEHITA P -
TEZE PR R TR S > iz A P aEE R multi-cycle a3kt > - T8

BERA T S RIE ) g R < B R fip -
&

B 29 B2 B 24BRZERF LBR2E-58
gate count » E_#7F Bl P TR B S o
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i 5.6 Interpolation s & it i = 3§

5.3 Per-fragment operation

:#(Depth test)

:%(Alpha test)foiz & i)z

P

A TF G A E R

Per-fragment operation= & » #i% P & ip|
oo R Z R PR R kL

p iR ¢ (Alpha

¥

4

RIS

P

%nﬁ
1

4

blending) iz #7171 36§ F & Fi FEfrad EX e ¥ o LA 22 K F R

5.7+#75m o S & = {5 =7 10318 gate count -
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5.4 Summary of RTL implementation

# 5.2 ¥ 1 Rasterization % + -} B 48 e #7 1= 3 < gate count #xc
Component Gate count \

Triangle Setup Engine 14633
Traversal 52260

Interpolation 160660
Per-fragment Operation 10318
Controller 15637

Entire RM 253508

A2 3 e AT TS § dhgate counta it & 522 ¢ o H ¢ AT g 5

& RasterizationfZ & > p f&fragmentenFAL384 7= F 1 B § chd ff o i Ad
7oA R e B i i o Bt #E B Rasterizationd # e 7% 1 254K gate
count »

Triangle setup = throughput % Z_5 16M triangle/sec - @ Pixel generator &
Per-fragment operation ehsit A & + § Bt 5 saif E fFde i 5 iF o oS F B
TR A G A R PR G T fr*‘u?’ YR A g SR
B oo Ain AP R G FE 2 TR gl T, v @i g 5 45%:h
3 R4 0 ﬁfu—fr':? Bk TR 225 B cycle ki =8 E - throughput < 9 %
* 90M pixel/sec - ix i3 & d Lon F e o m F 3l 0 FES B B kA
fo (B AT S B ariy o

APl (7R PP iR 48 G PRl e T & — i benchmark #71= § ¢ cycle &

HersRsoyis-gido
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% 6% Simulation and verification

AR LA PHREIREOLE S o T - B E AN BA P @) licfh
rasterization #-3] > » € A S HIDT S H R Y 1 L o FALHREDDZ o A

CREEE R SR R S b SNk L

6.1 Simulation platform

TR R A PR T S o AP ABFCPURE > - £ T w AR D
W2 B S BRI A o (58 KRR E R A o BITREITA SRR K L
fjf‘ui’; i ¥ % HC++ model simulation - GEFIRE#% i = class % 3R “F & chAPIiE {7
function call » 4- ] 6.1 % i#software development?R— F B o @ & #8535 A& ik P 4p
AT R S o doB) 613 B J MHERT & o LHERT S8 612 it
SR o

Software

development Full System Simulation

ARM System Emulator (ARM Versatile baseboard )
ARM926E, ARM1136 or Cortex-A8 CPU
OpenGL ES Qemu PL190 Vectored Im:rrrup‘.t’ S
Application (C, C++) Four PLO11 UARTs
SMC 91c111 Ethemnet adapter
PLO50 KMI with PS/2 keyboard and mouse.
* AHB Interface Virtual Hardware
Qemu-SystemC Wrapper
OpenGL ES API
Socket Interface (Client)
A
Y
Pure C/C++ Socket Interface (Server)
simulation Qemu-SystemC Wrapper
AHB Graphics
CoWare Interrupt
(SystemC, HDL) % Controller E La| (REIGED
The Back-End GPU 5
Simulator ( AHB
4
LS 1
SDRAM

] 6.1 System simulation framework
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6.1.1 Simulation model

B3k 3t rasterization AR 0 AP - £ = AT Z 87 F K & rasterization
B4 » & ] &_floating-point model ~ fixed-point model ~ 4= RTL model - & RTL #3]
PR e SR (8 BT A 4~ B gate level model o KT -4 WP iz e fE
[ ER

B Floating-point model

PR A G RY CHTHER D X FBEHR A > OB Y 2 AL D

rasterization g Bl A2 £ F ¥ 3E 1T > By & B ficke ~ OpenGL ES & Refir i &

3G DR WE R s A A A BT R o e
B CHERG ¥ - BRER D% 2o * kF Y B2 OpenGL A4F fecnw i &2k 42 -
B Fixed-point model
iﬁ@i*i’%%&?u%ﬁﬁﬁﬁﬁﬁw,%&1m;,m+@ oo
& egp oh el R FTE4 3 B o d 20 A rasterization Ff . ot pixel cpEL o A 0
ARG § R RS B T R FAMRY S AR -
#ﬂﬁ’ﬁﬁ—%iﬁﬁﬁiﬁﬁﬁ&ﬁﬁﬁﬁwﬁggo
TEEBH A RARL - % CHPTED D PR~ o 7 2 )%ﬂ““r o

MGk enErei? £ @ % Fe N > @ AR E s B 7S T gkl
e A~ B 32bits enF AL > F G 16 bits 5 B, 86 16 bits i [ #co A H T
%&%ﬁﬁﬁ°i%$ﬁﬂ%‘?”%iﬁﬁﬁﬁﬁﬁﬁ&uﬂ’ﬁ?ﬂﬁﬁﬁ
Pli- LR A RgoR s VR BRI RT P TR o
o Iii‘%f%ﬁﬁ{ﬂé BAeTg 32N g8 A gi? 35 NMFEEA R o

AALY o i5- BFBEOR A (X E_behavior RTLmodel © @ ® » & C++32 & i
BEEFBEAF G ARTLY s keh= i o w £ A RTL ¢ B3 » d 5707
feehee s> wE Rt FlRE GM 2 RM e AP - A=€ 8 o @ ¥ RTL fisei

7 C Renpeig o ri g AN R X F BB R 2 (8 0 Z O R B AN E
FALALECHY Bg e fickr > m 4 F_F % behavior e RTL %% & o
B RTL model
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d3te EEE T TR RR A o Ar AP AR F RTL Sk A e iz » :T‘h{
BHERMBEFF G K pipeline MY w4 & 2 RTL #0731 2 4 g 0317 1Y
EAPEOEMA T AR F e 3 BT - B ﬁf‘u—fd\timing
T PR & 7 Erend iF & & Gate level model % B~1F timing sh FE2 F oo % =
Tﬁf‘uiﬁﬁé’if’ﬁﬁg v A ak 2 CHHPR R > T O i H p e APL 35 (7R
Fo R RREI 2 AANRET S REFEEERAME FRE - VR
BT - i o AR E DR R € 7V e Emendy i o

B Gate level model

Gate level model = RTL model 5 & =~ #c#8 & =2 {5 » # 3 timing F &2/
o o] o Sk FRIFAMEROREE - 2 Bl Kol p B A4

HE 0 & RP-{E timing £2 area TRk o 7 G S fh H 0 d g o
6.1.2 Full system simulation platform for RTL model

B RTL ekt b oo o 3073 v B R oh 3ngrfied o 5 911y “’Ki i * test bench
FodE et T 5 k1% % RTL simulator i (7 AT #8058 o i o 3020 oo B 38 e i Sigp
BRSO EHMGPUAMA & 30 K B o A PEgue iy p2 1 2 test bench
kil T R AR 121%;’]%’% B F > K IRAREET O ok FTE A e TR o

B CoWare Platform Architecture

A JE LA % - B d CoWare 2 2 #7 B 4 eiPlatform Architecture # #8[30] - 2
FRE - BEEABFRE LR T R AR AR T 5 uSystmeCH & IP
Bl s fF Rkee = A SRTLIC R BB 5 SIS & s S0kl A 47 8 8
e o fg 7;‘ 7R # TS ARMB E 2 % 0 2 ¢ 2 32ARM CPU - AMBA bus
BAE T IR F R - RS 2 (R AT g o B
R RE Fbus oy TH-p e CB s ek IRGTRE s driver~ ¥ 3§ - B BT E i
Y 1% iARM C compilers:#F = ARM CPUT 1134 (7 efz st » i2:8 k509 2 (F80H
R e Bk R
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Platborm Architect - Plationm Creator v2007.1.2 < thome/elvis/QEMU-ARM-0GLES xm| ===

Elle Edit Library [iegram Check Export Tools View Simulation Pluging Help

BEL L ENELY ] l_"\_[_'l-r\l'-\'?!_ & /oAb |TEORA||[@> 50 8] |Search LIREL R
— Design | Library Editor | Documentation |

Lilelc; GuickRef | )
Platform Architect
Quick Reference

Example Systems

These are the exampie sysEms

shipped with the CoWare Plaform ||| rem Dy ap e g AHE_Mastee | FieCont [3HCLE
Architeet. Bullding these systams [ WRstein T ige = | (Goometr rolles_AH
requires you to have the HELK, ; Inkerrupt BIE_TLM
appropriate libraries in your library I3 2
v ripnk L] L.
set (ARMSED OCF, GenericIFlib rud ] g &
and simple_QCP_BL). ta i %I é )'r_s-_
+ The Convghaion Pigtform & z Bl z oals e
- = B fum ¥ g0 s
+ The Pager Platorm ¥ o lu T v. Bk Lbca
Modeling Examples 2 i clk
) P [ a G - & C_m
These eample systems :j'- i g ~ —_;' rese
demonstrare the modeling - k& AnB_Stitochy | ppsoR =ili_ARM
methodologles of Platizm ars_sano b wson HELKT AM_AHE }-;‘HF
Architect. Building them requires i m v £l _im B-He
you to have the appropriate i HR_E
libraries in your library set “DILI-?»:';

(Generic|Pib, simple_OCP_BL,
AMBA _BL, AXI_BL and GFREM).
For mare inform uuun please refer
te rhe Systemi

L P AHE
D-HeL
L Intes
vi)|_Geam
7

] 6.2 CoWare Platform Architecture 34 (7 % &

EHRHAAPRFEFRIA T E - BIF R PR T S AR S Ll
IARFFT LAY =4 ;t;ia%érihﬁ SR B B USRS AR SN R
Hooa A FFAMS I k] Bkt o AP g RTL #7338 xiﬂF’K{,it“i e T
B R e API B 7 8%k 3 o

m QEMU

27X CoWare Platform Architecture £ 4cyt 7= i > %75 rtool chain 2 4t &
AE T AU - BARAD AT ARMC Fe N enpE iz o d R B AR A
Eh® SR ks d Y G CPU R 7 > B {7 hcycle 197G ch 3
TR R AR BT ko AL L A A 5 0 £ LA printf i
BCHs ¢ HE ot o g LG - BB o {7 % 3R boot - |

FF AT o RN P F % % &t T 5+ boot Debian Linux OS #7§ T ehk 4% > 1

\
+

FAOAEI A R

f#ikn 2 3 L 4E » QEMU[3L] - QEMU L~ i 7 12 14 X86 - x86_64 -
ARMO926 ~ SPARC ~ PowerPC% % jud® B cnf 3 R 4078 f0t8 - 34 m 3 ijk‘,{—
B ¥ M EARM CPU s ##8 % (virtual machine) - &CoWare? » 2 iz = — i@
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ARM bridges i % & F 7 " ® % — Bsocket » & £ ARM g £

s A paE 2 - BARROER BT

4 QEMU

BT 2 H g7 & Bl4cB 6.3%77 o ff H g A QEMUB- X CoWare® #9ARM
CPUR$a8 i kv ddp 4 o

7z v

i#socket » T o B R EE T

Qemu OpenGL|ES Application

(C, C++)

Debian Linux OS
Device driver

ARM System Emulator (ARM Versatile baseboard )
AHB Interface Virtual Hardware

Qemu-SystemC Wrapper

Socket Interface (Client)

4
v

Socket Interface (Server)

Qemu-SystemC Wrapper
AHB

CoWare

(SystemC, HDL)

Master

T

Interrupt
Controller

(7]
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Geometry
Engine

M [ s
h

A
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y

¥

S M [ s M [ s
SDRAM Rasterizer [p] DIBR [/
Module Engine Engine
® 6.3 QEMU 4r CoWare PA T & crficieor LBl > ¢ T 5 e pFy £30 i &t enfull
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’3%.7—1@; ”t&ﬂgmk}i’lz:

25%73] 75%* % eiar o A & QEMU

£ 344 PR~ A CoWare

o A2 T host OS 1% e 0 93 Rileh
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% 6.1 2% i full system simulation platform 4.4

Host machine Cent 0S 4.7 : Kernel 2.6.9

® ARM Versatile Platform Baseboard for ARM926EJS

® OS : Debian GNU/Linux 4.0

QEMU virtual machine (v0.9.1)

® Kernel image 2.6.18-6 for versatile

® GCC4.12

® Platform Architect v2007.1.2
® AHB master interface
CoWare

® Interrupt controller

® Graphics hardware : GE & RE & DIBR

RTL simulator ® ModelSim 6.3a

6.2 Verification methodology

BRTHRE R ;ti.lut FOHB R o AP T AR B AT 0L %%
R R THRE A AR E R - 2 4 ehimplementation kK FEA PR 2
Bpam LT Pie- BoapH ﬁvfc—%;ﬁﬁ{y&fﬁ 4 AT P 3D 4o+
@Fé%@l R RBEPRAPAME IR DB EF e 2 L AT Y

AT E R BB 3D 4 4B RF TR DS AR o RS
OpenGL &k > @ 7 E_OpenGL ES » #7141 #4i2 B &b o 1o A f F oA §Y
WEEHRFEDRFE > 57 - B A PowerVR A 5-¢ R ik *P“’;‘?/\}\,a g B
& * 425 40 SDK(Standard Development Kit) - ¢+ SDK # 2 & Windows i® ¥ % ¢
#4 {7 OpenGL ES e * 485% » ¥ ¥ S ¥ BT E L et e 3D 4o + R g W R
AR R R p oo RN frﬁ%a? P A A 3D 4eig F rg B R en g
$ie

e 0 293 7 oreference implementation ~ #cd8F B2 T 5~ W FRTL
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Hoalehd fOS OB ET & o AP Rie R 0313 & AR e hOpenGL. ES#
I BTN 8 W Bl L B o 4e@] 6475 = B 7 Fﬁiéjaééﬁiﬁﬂil%?%i%é
@ﬁw@mwéo
. Referencg Software Full System Simulation
implementation development
OpenGL ES OpenGL ES
Application

ARM System Emulator (ARM Versatile baseboard )
ARMG oPU
Qemu
Application

(C, C++)

AHB Interface Virtual Hardware
Khronos OpenGL ES Qemu-SystemC Wrapper
1.x SDK for OpenGL ES API
POWERVR MBX Socket Interface (Client)
OnenGLa2 i Pure C/C++ Socket Interface (Server)
2 : simulation Qemu-SystemC Wrapper
AHB Graphics
* <« CA:oWare Master it el [Pl¢»F] Hardware
(Sy HDL) T Controller e
ATI/NVIDIA/...etc. Ui CEEEill GFUY 5
Simulator ( AHB

S

LS T
SDRAM
Frame buffer

Module
= = CHECK! ﬂ ﬂ CHECK! — =

Debugging
files

B 6.4 Simulation and verification framework

I Frame buffer I

Bl ot gt 6 0 B AR PO RT P R - R ke T LR R
P2

o X B g o 1} 7RGl e o Aip AP B 2 0] frame buffer

ot - BRENRCBHEE - LI L R o B IS BT fF LR

T

DI ‘&r
= k r+

6.3 Simulation and verification result

6.3.1 Simulation result

4
|4

HaedndEs - Bip bk i RE % vfﬂfjﬁiﬁ;%éj;’fi?é e
OpenGL ESAPI# % # 4 ¢ g

12

IF»LI-’J’]
"ﬁﬁ"\j\ Fmﬂqfol‘%w7’

‘o ARTLEA
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BERT - B FIHEEARY A0 P gcycledp > A APEEU F AT

@rlacycleficE % 7 Ak 62-m & 63P|E T I FRS 2 AL BREERZ Y ATIEA

iz &8P o

After GM After tile

divider
Cube
Sphere 1152 456 1550
Teapot 6400 3007 5137
Castle 13114 5534 11895
Bunny 69451 28184 45288

# 6.3 Rasterizationg l # 6.24~ i #77= 7 ccycle#i(SRAM)

Number o Update frame  Total cycles on REMEEITE
T EE buffer RE renderin DS B8]
(after tile divider) g triangle

Cube 133 922500 76861 578
Sphere 1550 922500 258455 167
Teapot 5137 922500 619579 121
Castle 11895 922500 1976330 166
bunny 45288 922500 4465867 99

A AR
% F]Geometry 2 %

% 6.3° - Bipd APIEEE Rz £ A, BHEFITH - F2 7 o

2480 B M ATz £AFH 0 = AR € G

o o iz agtile dividers 5 d g - B2 EAURAHS B2 B AE LS

Btilez_ @ pr o v %&g # £ AF % & Rasterization g & 7 78R § =0 Hr U AP g 5
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¥ 5 attile > g &% o igjeLile-based architecturesii g o £ i figif &
EHIFEHE B A LEEP AP AR L B 2T gcycledicp B = in,g,:
£ 5 cabtile divider s #5215 chig % o
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% 7% Conclusion and future work

7.1 Conclusion
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OpenGL ES 1.1 compliant

Up to 640*480 (total: 300 tiles ; tile size : 32x32)

AMBA 2.0 AHB

7.2 Future work
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