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= Review Paper: 2: "A User-Programmable Vertex Engine’
> [SA / Datatypes /' Low-level programming
> Hardware (briefly)
» High-level programming
= Discussion and Thoughts on the Future




m Iy Rackareunasswitn “General BUrpese™ CEUS (SENVETS)

[AWare-Centric <

- = Used'to dolegic design
> Currenly de proecessor perfermance analysis
¢ Benchmarks
¢ Pipeline stages
¢ CPI stacks

= [Feellfree to interrupt
> For questions
> To share interesting factoids
> To correct - 3rd day with OpenGL ©
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¥ =Pafallel Computers e Graphics Applicatiens:

= Adam! Levinthal; Pat Hanrahan, MikerPaguetie; Jimr Lawsen
= Authors frem: Pixar - that's/interesting
v [ypically thmk e “ljey: Stony* 3D animation
s \Work evolved from 2d film|printer; instead
> Published in 1987
+ “\Wow-factor” drops by 2
+ Comparison Hardware: VAX 11/780 minicomputer
* Flapiis 15"x18" board (several chips running at 10 MHz)
* Chap/Flap seem flexible -can see a moedern GPU in there

Pelgar |

(2003-1987)

= Have a guick everview ofi Chap
= Talk About Flap
> Hardware and Addressing
> C4 Data Structures and Programming Language
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CHANNEINEIO gess [ (@nracttal PIxar pProcuct
= _)~—bl JNEC 10T BACK-ENEIWOIK (PIXE! o,Jerrlrions)
- |(/n 1024 pixe 'r Mage: PrecessIng

> Edge fllterlng
> Rotation/perspective transfermation
> Color space transfermation/ color cofrrection

= 4-way SIMD

> 4 color components - RGBA
> 16 bit fixed-point is the fundimental data type
= 16 bit pre/post-increment addressing modes

= Uses C4 High-level Language



w -

" Elseating-peniAlay Brocessor:

= [Designed o rent-end Werk: (peimts, nermals; eic)
> 3D transiermations/clipping
> Shading
> Evaluation eff cubic polynemials by finite: difference
> Geometnc eperations en meshes and quadrilateral
" |[ncludes:
> [nteger processor (runs: program, dictates control flow)
> 32 bit single precision, 4way SIMD; array (execution engine)

> Interface busses
¢ Syshus (host interface)

+ Ghus (external high-speed memory and renderer interface)
» 4 dedicated RAM banks and rotate logic
= [Vlore addressing modes than Chap (mul/div in agen)

= Also uses C4 Programming Language

ElapreVERIew
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FIGURE 1. BASIC FLAP ARCHITECTURE

Taken from "Parallel Computers for Graphics Applications" - (C) 1987 - The Association for Computing Machinery
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" CA [Languagerioriows:levelfparallelism
> SUperset of € - meshies, with' taei? C/UNIX develepment
envirenment
> Eeatures 1o extract SIVIDparallelism
+ Parallel Data Types
+ [ndividuall Precessor Control
o Hardware not explaimed in great detall
¢ |_ooks somewhat like predication (patented)
= AcCCess types for scalar and vector data
> word - 32 bit single precision
> [row - think It means "line rew" / “logical row"
> tfrow - think it means "tesselated row"
> tcol - think it means "tesselated column®

= Tesselated memory design not clear
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NAGCEd pParalel = tyPEIMOAIER 1o
= AlIBWS: alydatal YPEIOINETEPIICAEM 4X (SZ20IL Only7)
- -—r||uvfllenr 01 &l VECIOI (01 2l TeW I 2l 4X4 1 e-[rix)
vVpecastind defined (replicate: Ints, to parallel mts

‘Similiar; to SIMB aﬁypesqama el Systems
—Nlmtr—ules Wweren't clear (pointers must be aligned?)
> Uses a "trow" memaory acCess
= Added! "component™ type modifier to C
> Equivalent to a column in a 4x4 matrix

> Uses a "fcol" memory access
> Typecasting rules weren't clear



X = y[1l].chan[2];
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ACCESSHNP

\/ECIOITACCESS IWPES = CalCllated iom e POINLEN

- LWOrCIZ SINgIe sZ bikvalue=Treplicaled 1o/ alliISUNPIeCESSarSin arnay:

((OVV. A 'consecutive words directlv mapped to subprocessors

- r r £ r 1 ¢+ ¢ { {+ § § [ | |

> {row: 4’ consecutive aligned words rotated to Subprocessors
P3 P1L P2 P4

> tcol: 4 words with stride of 4 words (component access)
P1
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= Code shieuldie pramanly:SIMIDNmatHces; det; CresS, EIc)
" BUE- need (o contrel ndividltal “SUkprecessofs: SOMENMES

" Selutien - *Runfiagh control regisier; and stack:
> SUb-precessors can e ndividually’ enabled / disalbled
> One; status, andiene run bit Per sukpPrecessor, glehal cond
> Runflag Stack enables nested control flow,
¢ Pushi- Used when entering|a de-while'loep
+ Pop - Used/at end!of """ statement
+ \While - evaluates conditional and pops If false
¢ [flelse
e Combination of pushi/ evaluate /'eval complement / pop
e Both executed Ificond / lcond on any running SUbpProcessor.
e See logic on next page and the example
¢ Set - Replace top of Runflag stack with an immediate value
¢ [Force - Force the Run bits for the current instruction only
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Run 1 Run 2 Run 3 Run 4
Runl Run2 Run3 Run4

L (oot | otz | cins | ot

Conditional

' Evaluation
C

New Runflag
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" RUnflag contrel s similiar torpredication:
> Integer Processer might execute: ot SIdes; 6fia: Branch
> Predication - typically’enables/disables Instiuction Writelhack
> Runilag - selectively'enable/disable processer: execution
= But unlike predication:
> Can skip coede: blocks Ii-conditionIs false on all'subprecessors
¢ |Viore complex - merged predicate and branch mechanism
+ Efficient when skipped block has many: Instructions
> Jrargeting semething slightly: different than modern, predication
¢+ |sn't meant to eliminate control flow like most predication
+ Modern predication is good for long pipes /' high frequency.

RURHE0NCERIE]
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N 'Mer-Programmable VENEXE=ENGINES
= ENKACMAnolm; Viarkasi gard s iH eV ere1on
= EURIISHea m2001:
viviegerisingie cnip GRUaesign (I\J\/I_)IA GEEOICE 9)
v 1su;, =oo0pins; 7004 oO GOPS/S; 6o GBS mem;, 200+ VI Z
PAPer FOCUS IS Vertex St es‘.e‘ 7 PPIX
%@Mj@(@@m@me&ga
< Orignally’evelved from fixed function pipeline
¢ Exploits several forms of parallelism
o 4% SIMD; single precision IEEE format (non IEEE modes)
o Chip Multiproecessing (2 not 100% clear on this)
= \/ertex pProcessar (or processoers?)
= Viultiple Pixel'Shaders (Processor or state machine?)
o Vultithreading (transparent)

m Discuss datatypes and architecture
m Discuss hardware (briefly)
m Discuss programming model /' API



" Programmianiity,

> Quicklyrevelving ARITneeds; pregrammanie: hardware

> Programmanle’ hardware lessens need 1oy fixed APJ
= Ship-ability’ (dictates; a ot of the' architecture)

> Designilime:/ Design Reseurces // Complexity,

> Platform imdependance / Standard/ APl

» Commodity Pricing|(chip area / yield)

+ Do GPUs have an advantage ever CPUs here?.

> Performance
= TThe motivation no-one ever talks about

> \What about marketing numbers?

> CPU has GHz, GPU has GB/sec and Gops/s

> Maybe with GPU, marketing humbers are not as evil

MeiEhziile s for elasie)n
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m\/erexis the most Commoen element (o) Operate: o

= High'parallelismi/Aew complexity With Vertices
= irangle’/ pelygeni//ether primitive: couldfhave been used
* Better frustrum’ clipping; Perspective divide; viewport scale
¢ But these can he dene: ina fixed-functon pipe
m Data Types and Hardware Support for them
= 32 bit Single Precision EPscalars (same format as I[EEE, but...)
> 4 way EP: SIMD vector; (points, colers, noermals)
¢ Hardware has noe-everhead “"swizzling" of vector. elements
o Rotate of vector elements (gooed for fast cross-product)
o Replication to convert Scalars into \Vectors
¢ Can make constants [-1,0,1,2] -> [0,0,0,1] or;[-1,-1,-1,0]
e Could replace 2 or 3 “regular” SIMD instructions
¢ \Write mask bits on all instruction writes
+ Hardware support for no-overhead negation of value
> Integer used In address register (constant index)
> Some kind of conversion hardware from byte/short/int to float




w5/ REegister sets (Iput; eutput; constant; GRPR: address)

PiegiammineViedelic:s

= \/erex: Program' Inputregister hank
> ALKCAMattribute; register hanks; “vertex attrilbute: register bank
> Compoesed ofi 16 guadwords; one read port (that the Vertex Shader; Sees)
> Registers have definedifunctions
*|n fixed-function moede, they seem strictly defined
¢ [N program moede, seems more. like an ABI
> Registers Initialized to (0.0, 0.0, 0.0, 1.0) - saves bandwidth
= Program output (pixel shader mput)
> Strictly defined registers (next stage Is fixed-function pipe)
+ Some registers (colors) automatically clamped to (0.0, 1.0)
¢ |nitialized to (0, 0, 0, 1) at start of program

m System has a very dataflow-ish / streaming nature

> Program starts on write of attribute register. 0
> Stops when output register. O written (does this start the pixel shader?)
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AliTeUieIREISTIENS

Vertex | Conventional Conventional Per-Vertex Conventional
Attribute | Per-Vertex Parameter Command Component
Register | Parameter Mapping

| 0 |VertexPosion  |gVertex |

glColor

Fog Coordinate

6 - -]

I 2 I L
| 8 | Texture Coordinate 0 | glMultiTexCoordARB (GL_TEXTUREO..) |  s.trg
| 9 | Texture Coordinate 1 | giMultiTexCoordARB (GL_TEXTUREL..) |  s.trg |

Texture Coordinate 6 | gIMultiTexCoordARB (GL_TEXTURES...)
Texture Coordinate 7 | gIMultiTexCoordARB (GL TEXTURET...
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@UPUINREGISIERS

FOGP Fog Distance
PSIZ
TEXO Texture coordinate 0
TEX7 Texture coordinate 7

How are vertices are reassembled into polygons?
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m (CONSANT PANK B Y5 gUACWOIGS
> LeACEMINETOrENNE VENEX Program! = NOLWiilakierpy program
> USer aetinanie = matrices; IIgnLs; plane: COENCIENLS, ELC.

> Viade' large eneugn 1or naexed skinning: (2

- = Als@isingierporiea

= One address register
> For indexing Into the constant register: map
> Out-of-boeunds values return 0s

= |nternall Register set of 12 quadwords

> The "General Purpose Register” set

> 3 read ports, 1 write port
> |nitialized to Os when program begins
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=\ struction|set of 7 mstructions
=Rl denveanTom pronimgyreIiiXedsunclion PIREIME
* 5070 ermstuctensiwereviL L A VAL
© 400 O INSUUCHIONS WETE A0L ProduUcLs
= AlNMSIMUCHONS rEgUIrEdite ave the same Iatency:

- e Noinstruction scheduling, no dependancies, no hazards
¢ But puts a limit en/individual instruction complexity,
¢ No breaking the pipeline - divide/square. reot/denormilization
+ \What about LIT and/DST? (yes - same latency)
¢ Reminicent of RISC/CISC tradeoff

> All instructions have 4 element write-mask
m Control Flow

> [t's simple - there is none!
> Programs are limited to 128 consecutive instructions
> [f/else implemented by sum-of-products
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nadNIgRting engine
= IHEaVIIVANESCENES a6 2X: Sr)’-:,‘e,l.l,) MAIXEARIUNCUONITOUE:
— Addfcomplexdmstructionsi(iasierntiania RISy Vernexprogran)
£ DS = O CONSIrucling | atienuatng 1aclors
s Used or: (KO KL, K2) (L, d; did) = KO KI=d = K28ard
e IS some distance
- e l/dlanddfd are natural byproducts ofivector normaliza

< [i;- Dees ambient, diffuse, and'specularlighting
o Replaces a ~10 instruction Verex program
o Had to add LOG and/EXP hardware (expose these to ISA)

) n\

DST LI

* * 1/d’ 1/d OUtpUt.X 10, /'] anbi ent
(NA, d*d, d*d, NA (NA, NA, ) output.y = max(NL, 0.0) : YR,

output.z = 0.0 ; /'l specular
if ((\WL > 0.0) & (p == 0))

LaT output.z = 1.0 ;

Y else if((NWL > 0.0) & (NH> 0.0))

1. d. d*d. 1/d output.z = (NeH?";
(L, d, L ) output.w= 1.0 ;
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IRSTUCHONRESEL

Multiply and add

DD
AD
DST

MIN

Distance vector -> vector




ﬂ = ProgramminopVieae =
Misieallzigigetis tallnie)s

" INOHIEEE compatiile
> N denoermalized numbEerSs; 6fi EXCERLINAS
> Eixed roundingl o -infinity,
> 0.0/times X 1510.0; 1.0/ttmes X Is X (eveniif X = NalN er miinity)
> [O@G and EXPrare only accurate to) 11 mantissa lits
* Typically operating on 8/ hbit coler values - OK
» Eull precision with) =10 more instructions
» RCP'and RSQ are accurate to about 1.5 bits
= Definitely different than a common CPU
> The "phong lighting” instruction really gives it away.
> 17 Instructions - and none of them are branches
> Architecture defines ported-ness and inital values ofi registers
> Everything is FP - even index into memory! (Get me some water!)




ﬂ = Comments eneweevel
Rlegianimimne

= Programmingimedel/ISATtthetiask - Amdanl's: Law

> 1 nsticlion Aot preduct

> 2 InStiuction cross:-product (thanks:te; swizZing and negation)
MUL RI, ROZXYW, R2YZXW/;

MADRDIRL, ROWzZXW, RZ:Zxyw, -R1.
> Reciprocal s better than divide: fer many things
* perspective division/ nermalization; - ene RCP and! 3 MULS
+ Better than 3 noen-pipelined divisions
= Non-erthagonal mstruction set
> Most common operations have similiar sub-operations
> Can't be slower; than the last chip - legacy: lighting hardware
> Instruction set elegance - good for; papers, bad for wallet
= Architecture Is fairly concrete/exposed
> Not many abstractions - listed as a design goal
> There might be some at the system level though
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Destination
(write-only)




= \/AB (Verex Altrbuter Buiier)
> All'rceming data convered e flealing pemt hefere: anivaltnere
> InpUt register bank mitialized to; (00,0, 1)
> \VAB!drains, mte Input kbuffers
+ One Input buffer per tharead
* [npuUt Buffers round-rehin|inte EP’ processor
= Eleating Point Preocessor
> Multithreaded' Vector Processor (RoundRohbin)
¢ indicates that M used for hiding pipeline latency.
+ Also good at hiding bad programming (no. pipe scheduling)
> Non-IEEE floating point unit
> 2 pass Newton/Raphson for RCP/RSQ
> All input registers have fixed and egual timing
= Seems very efficient - very little is devoted to control

VVertexeshaderrHanawanre




VVertexeshaderrHanawanre

Constant
Memory

Special
Vector Function
Unit Unit

MOV, MUL, ADD,
MAD, DP3, DP4, RCP, RSQ
DST, MIN, MAX, LOG, EXP, LIT
SLT, SGE




m i arget @penGlt and/Pirect3p =\WWidel\ availalle;, Suppoeris easy adeptiern
= Extensions; need tersmoothly bliendimte current ARIS
= Mixaandimatchinew and old functions
> Don'twanttoferce radical clianges  onto the: programmer
¢ [['sinice to) give  programmer: the option te;do radical things
s This isreally great - superior things often fail because theyire radical
= Need to/maintain backwards compatibility
" "=onward Focust (mentioned inithe beginning)
» Quickly:.changing API needs programmable hardware
» Programmable hardware lessens need anfixed API
¢ User: defines data structures and communication
» Flexibility to do something really: new.
+ Automatic generation of vertex programs mentioned (is this done?)
m Path to more programmability (GPU!could do mere than vertex processing)
m \Well defined (constrained) execution environment (This was really a goal?)
» Not unlimited registers, program lengths, memory
¢ This is desirable in General Purpose CPU - hide the implementation
» Didn't want to overwhelm the programmer with too many degrees of freedom
» Good from a hardware overhead perspective

ARINDESIINRNGORAIS
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m @penGit —AdUed a VEeneEX Erograniiviodes
= DIsabled By deraull, enaniewitinig! Enanife((E T VERIEAT ERGERANVIENV)
~gIEVERLEX(. . ) Oreguivalent:command new ilins aVerex program
= ViU IITI,JI-‘ grogrrlrn: managediwiti - pregram ehjeciss
f ﬂmnar 0 texture objects and display/lists
- e Program opjects have distinct target that mdicates itstypee.
ﬁ%@é@SﬂppUﬂEd
— G VERTEX  PREGERAM NV for gl Vert ex() type programs
— @ VERIEX_ STATE PRGERAM NV when constants/state needs to be modified
¢ Program objects are immutable, but can be reloaded or deleted
+ Generated with gl GenPr.ogransNV()

+ Deleted with gl Del et eProgransNV()

¢ | oaded with gl LoadPr. agr anmi\NV()
¢ Bind with gl Bi ndPr.agr ami\V()
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@pPeERGINpregEamimine

w gIRequesiProgramsiResidentiNV()leads pregrams;inte) GPU

> Perermance/cachmgrhint = mayhe ke the @ registeriype moedifier
> Speeds up binding

= \/ertex attributes can change inside or outside: gl Begi n() /gl End(()

=gl Vert exAt t i1 bINV() used te access attribute: registers by number

~gl Vert exAt tr i but esNV() specifies a scalar toa usually vector: register.
> Can also be accessed by arrays (hew!isn't discussed)

> Vertex Attribute Aliasing| - assigns names to the attribute registers

¢ Minor changes to add shader; programs to plain OpenGL coede
* Abstracts for future implementations

m \/ertex programs are strings in OpenGL, bytecodes in Direct3D
> Bytecodes slightly maore efficient - almaost insignificant
> Strings more readable - hopefully fewer bugs




OPENEGISCOEE

strl en(prograntString), progranttrina):

/'l NMake 7 the current vertex program
gl Bi ndPr ogr am\V( G- VERTEX PROGRAM NV, 7);

gl Begi n() ;

gl Vertex(bl ah); /1l Runs the "7" programw th blah as input

gl End() ;




w Program: Parameters (96 element memoeny ior Constants)
Ferelsinelautematic aliasing te)verex: states (Irghts; clip planes; eic)
= BUt; there s *Matrxalracking™
¢ =01 ot @penGll and user matrices, (Imedelview, projection; tex; elc)
¢ Stored inia dedicated contigueus,; area off constant memory,

v Can track-the transform off a matrix (inte; constant memory 4,5,6;7):
gl TrackNatrix(GL VERTEX PREGRAMINY, 4, GL MDEL EW GL IINVERSE TRANSPGSE W)

o \/ertex program needs enly: 3/DP3s 1o convert to eye space for lighting

¢ Can even track a composite of the moedelview and prejection matrices
gl Trackhatir i x((@._VERTEX_ PRAEGAM NV, 0,
Gl MEDELVI EWPRAIECTIIGN NV, G._I DENTII TY.\V)

o \/ertex program now needs only 4'DP4s to convert to clip space
~gl ProgranPar anet er NV (), commands for constant memory: setup
> Parameter memory can't be modified inside of gl Begi n()/ gl End()

¢ Undefined results for an already running shader; program
> VVertex state program

¢ used for updating the parameter registers

¢ supported by NV_vertex_program

¢ explicitly executed, unlike regular vertex program

VEEXSEuEIRImS
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A
SIEARETZATISTIES Y/ SAUMGUIEFULUTEWOKWIRIEMWLT TICIEASEU Rrograimimaniimy ol
JEOMENYPIOCESSING; ProgrammanieEaragmenprocessIng; andisiiading languagesiinat
EXPIOIGEHEU pregrammaniiiny/= GpIniens#
"Vyeuaraaamng Contrel NewWIoVErex Saderne 2 goed IdeaZ (RaUEQN Nasin)
N LGkl naraware detais Isirusirating = QUL INars NeWIL geES;
= |deal application demain for multthreading/multiprecessing
- = Enoeugn tireads to exeute
fective at hiding| pipe: latency,
= But - what about memory?
» \Wouldn't be surprised to see mare of this in the future
¢ Prefetching is prabably: pretty good in these architectures
» Some memory accesses are still non-deterministic - MT; could help

= GPUs seem to have much lower frequencies than CPUs - why/is that?

> 22 Power/packaging/cost, latch overhead, multithreading, short pipes, complex ops




ﬂ = GUESSIESHENEIEIRES
VI EmBI/AESSElalien

m jesselaton allows rew and coltmn
access
m [Easy te do withibit manipulation

n Strajghtferward Address Mapping:
| IJ 1| | IJ 1| | l‘ 1| | IJ 1| | IJ 1|

c b A B C bD A B C bD A B C D A B C D A

N
Cc b AB CD A B C D A B C D A B C D A

- OpePossible Tesselated Mapin: "




