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GPU (Graphics Processing Units)
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MIPSFRAE T BB MEREHEE S

€ MIPS: Millions of instructions per second
1978%EIntel 8086, 0.33 MIPS@5MHz
19894F Intel i486DX, 8.7 MIPS@25MHz
20154 Intel i7 6700k, 24182 MIPS@4GHz

@€ FLOPS: FLOating-point operations per second
19894EIntel i486DX, 50000 FLOPS
20154 Intel i7 6700k(HD Graphics 530, 441.6G FLOPS)
IPhone6 (PowerVR GX6650, 115.2GFLOPS@300MHz)

FH MY GPU FLOPS
/N4 1500 Adreno 330 129.6G

k152 800 Mali T720 81.6G

P8 3500 Mali-T628 76.8G 7
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Multiplicand M (11) 1110 «— 4bits
MultiplierQ  (14) x1011<«— 4bis
Partial product 0 1110
+1110
Partial product 1 10101
+0000
Partial product 2 01010
+1110] ]

Product P (154) 10011010 «<— 8bits

# of bitsin P = # of bitsin M + # of bits in Q
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€ 19964F, ZE[HSandialE ZKS250 =W K T I FH M
“ASCI Red”, ¥ mizHMREE IRREITFLOPS, it
WIALE 72640 1A . 1212GB A NN £ F112.5TB
MR A R =

@ ZHL2E 1 JE BAF FH i SE Pentium Prosb B2y (LA
200MH2z) , J5F+Z;%|Pentium Il OverDrivesibFE#% (3
W333MHz) . FAE I RS iA 9632 AbHE 25 .
ASC| Red#B 2% i+ HAHL 104 MIMELH B, o5 Hb i AR GE
2 7230 F 5k,

201546 H &= Ek1+ KR40 BN HER 25 — 12 Rl
JoINE R L, 54,902.4TFLOPS
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1T FLOPSEYRK AN : KM EF

2013410, AMDkfiRadeon R9-290X & F. A
5.6T FlopsHI k5 REVE miz & Re /), g LFELATH
XUAE LV IS RE 7T .

HER9-290X &£, ¥2499.00 (3%, 2015.09)

201576 H, AMD & AiRadeon R9-390X, 8.6T Flops
tERIR9-390X i+, ¥3599.00(51 %, 2015.09)

€20149H, NVIDIAKXKAIGTX 980, #1F4.6T Flops
[P ELRE B V7 R s S e
EIIGTX 980 £, Y4099.00(3% %, 2015.09)
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®2015FE8H, Intel K AT SE6/CEEEFIT-6700kEK T Bon
% C>rIntel® HD Graphics 530, HD 530(@24EU)# £ I
ARG VT miz B Be J1N441.6G FLOPS,

¥ 2799.00 (3L %<, 2015.09)
€2015%6 7, AMDXAiKaveri & %|APU A10 7870k ,
L% T Sz O Radeon R7, 1Z4%0FR S ks B S
a5 AE 14 806G Flops

¥ 899.00(5 %4, 2015.09)
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0. 78539816339744830961566084581988
-x 3/3! = -0.08074551218828078170696957048724
x 5/5! 0.00249039457019272016001579842157
-x 7/7! == 0.00003657620418217725078660518698

sin45=sin(pi/4)= 0. 707106469575178070817920468567

®CORDIC <&

x=pi/4

EnfBUEN R
KRR R &

Many older systems with integer-only CPUs have implemented CORDIC
to varying extents as part of their IEEE Floating Point libraries. As most
modern general-purpose CPUs have floating-point registers with common
operationssuch as add, subtract, multiply, divide, sin, cos, square root,
log10, natural log, the need to |mplement CORDIC in them with software
Is nearly non-existent. Only microcontroller or special safety and time-
constrained software applications would need to consider using CORDIC.



CORDIC algorithm

@ The modern CORDIC algorithm was first described in 1959
by Jack E. VVolder. John Stephen Walther at Hewlett-Packard
further generalized the algorithm, allowing it to calculate
hyperbolic and exponential functions, logarithms,
multiplications, divisions, and square roots.

& AL bR 7 1 S AHLCORDIC(COordinate Rotation
Dlgital Computer)iﬁ&, RIS 5, Jﬁ’éjﬂfr
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http://en.wikipedia.org/wiki/CORDIC



CORDIC
(COordinate Rotation DIlgital Computer)

@ In early 1956 the aeroelectronics department of Convair,
Fort Worth, was given the task of determining the feasibility of
replacing the analog computer-driven navigation system of
the B-58 bomber with a digital computer.

€ Most navigation system specialists agreed that the existing
B-58 navigation computer was an ingenuous device utilizing
analog resolvers to compute, in real time, the complex
trigonometric relationships necessary for navigation over a
spherical earth. Each resolver was capable of performing either
a rotation of input coordinates or inversely determining the
magnitude and angle of the vector defined by the Input
coordinates—also called vectoring.

The Birth of CORDIC, JACK E. VOLDER,
Journal of VLSI Signal Processing 25, 101-105, 2000
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CORDICITESsin COSTRE. s, #sinil ekt
# Nyarctany, 15

1 COS7Y; — SN~y
g = v = ;v = | : .
[U] Rty F [sm Vi COS7; y=sin(B)
1
cos o =

V1 + tan® o
B 1 1 — tan~y; sin oy — tana
/11 tan?~; Lfan 7 1 V14 tan’ o

1 Vi

. 1 [ 1 —t.a,nf;@-] [:1:3-_1] UU
Restricting the angles7iso thattan~; takes on the

values £2"the multiplication with the tangent can be
replaced by a division by a power of two, which is
done in digital computer hardware using a bit shift.

y=K,| L —0i27" | Ty K; = __r
e 1 1 YoV

e oi can have the values of —1 or 1 and is used
W E 4 to determine the direction of the rotation

CORDIC can be used to calculate a number of different functions. This explanation shows how to use
CORDIC in rotation mode to calculate sine and cosine of an angle, and assumes the desired angle is given in
radians and represented in a fixed point format. To determine the sine or cosine for an angle , the y or x
coordinate of a point on the unit circle corresponding to the desired angle must be found.
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The Taylor series requires more terms as x moves away from 0, while the Cordic
expansion is not dependent on the value of x. Euler’s infinite expansion is far worse.

Taylor Series

Cordic Approximation

Euler’s Infinite Expansion
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FAST TRIGONOMETRIC FUNCTIONS USING INTEL’S SSE2 INSTRUCTIONS
http/Aww. muddsnyder.com/pubs/fastSSE2.pdf



5 SEBSURE

cordic Series . Eulers inmnite Series
10
0 0
"y 110" -
-5 5N -5
E r‘f“:‘i. | 10 - |
L] -10 | e | 410
k w, |10
15 o -15
I J‘“ A 1[} I
"‘wt.'r
20 -20
10 =

0 20 40 60 0 20 40 60

Different values of x are used to demonstrate the dependence of convergence on the input
value. The values chosen here are 0, 15, 30, 45, 60, 75, and 90 degrees. The Taylor

series converges rapidly, yielding multiple digits per term. The Cordic series yields one
bit per term. Euler’s infinite series converges surprisingly slowly.

FAST TRIGONOMETRIC FUNCTIONS USING INTEL’S SSE2 INSTRUCTIONS
http/Aww. muddsnyder.com/pubs/fastSSE2.pdf



Intel® 64 and 1A-32 Architectures Optimization Reference Manual

http://www.intel.com/content/dam/www/public/us/en/documents/manuals/64- ia-32-architectures-optimization-manual. pdf
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Intel i7 9B K IS HIRE
x87 Floating-point Instructions
FSIN Sine FADD
FCOS Cosine FSUB
FMUL
FSINCOS |Sine and cosine EDIV
) FSORT
FPTAN  [Partial tangent FCOS
FPATAN [Partial arctangent FSIN
FSINCOS
F2XM1  |2x-1 FPATAN
FPTAN
FYL2X y*|092X FYL2X
FYL2XP1 |y*log,(x+1) FYLexPl

1pops
3u0ps
5uops
3210pS
58u0ops
119nops
119uops
119uops
14 7u0ps
123u0ps
O6uops
98uops
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Intel 8087

55—k b b B 252 T 5 45 Intel 80861 1] 118087 -

Introductiondate: 1978
Frequency:

8087 50 MHz
8087-1 100 MHz
8087-2 80 MHz
8087-3 40 MHz
8087-6 60 MHz

Technology: N Mos

Category: 16 Bit Math-Co Proce
Transistors: 45000

Instructions: 68

http://Awww.cp u-
galaxy.at/cpu/intel%20cpu/coproze
ssor/inte 196208087%20section.htm
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x=2- M, y=2"-M,
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8087 microarchitecture
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Control Unit Mumeric E}(ECU’[IDH'I{_JHI’[ 4 \
\  Exponert I,' \ | Fraction ;
\ Bus 1 Bus v
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Control Word +
Exponent
Module G
Status Word I( 4 Programmable
16”7 / Shifter
Interface
——pl4
15
- . . Arithmetic
Mew Instruction Micro Code . . Maclule
e Control
it
Dat Data /" 4 1
da M Buffer 16 ,
Operands 4 s Temporary
" [ .
Queue Fegisters
F 9
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(Q)
(1)
(2] ?é
=
5 (3 &
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- — ['E]
(5) .
Address ing &
Stas Bus Tracking (8]
R e ’ E:::.eptiun (7l
Pointers i|na7
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//upload.wikimedia.org/wikipedia/commons/0/0a/Intel_8087_arch.svg

19784F

8087

Transistors: 45000
n

8086

Transistors: 276000

19904F
Intel 80486DX - A5 FPUIi486

Table 3. Execution Times for Selected
8086/8087 Numeric Instructions and

Corresponding 8086 Emulation
Approximate Execution
Floating Polint Time ()
Instruction 8086/8087 8086
(BMHz o ulation
Clock)
Add/Subtract 10.6 1000
Multiply (Single
Precision) 1.9 1000
Multiply (Extended
Precision) 16.9 1312
Divide 24.4 2000
Compare -5.6 812
Load (Double Precision) -6.3 1062
Store (Double Precision) 13.1 750
Square Root 22.5 12250
Tangent 56.3 8125
Exponentiation 62.5 10687
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Intel387TM DX
MATH COPROCESSOR

High Performance|80-Bit Fnternal

Architecture

Implements ANSI/IEEE Standard 754-
1985 for Binary Floating-Point
Arithmetic

Expands Intel386™ DX CPU Data
Types to Include 32-, 64-, 80-Bit
Floating Point, 32-, 64-Bit Integers and
18-Digit BCD Operands

Directly Extends Intel386™ DX CPU
Instruction Set to Include
Trigonometric, Logarithmic,
Exponential and Arithmetic Instructions
for All Data Types

http:/mww.nj7p.org/Manuals/PDFs/Intel/240448-005.PDF

28

Upward Object-Code Compatible from
8087 and 80287

Full-Range Transcendental Operations
for SINE, COSINE, TANGENT,
ARCTANGENT and LOGARITHM

Built-In Exception Handling

Operates Independently of Real,
Protected and Virtual-8086 Modes of
the Intel386™ DX Microprocessor

Eight 80-Bit Numeric Registers, Usable
as Individually Addressable General
Registers or as a Register Stack

Available in 68-Pin PGA Package

One Version Supports 16 MHz-33 MHz
Speeds
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19894F, Intelx#f | 4864bFH 2%, 4861k

W17 NAE BUEE DA 25 11486 DX FI L H
P AL F 2R 1I486SX T, J5R486DXCE 4
BN TSXARVIBONFEMIERE, it

P F AL A PR A ML B 20 % FRAT T AR
B, 486DXEES | MACEEES, PhAbEEES 1Y
M L VE R T AR N CPU N T HIFPU- (G
MALERZS) .
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€ 19714, Intel 4004
5 A HE A

€ 19784, 8087
16bits Math-Co Processor

€ 19894, 496DX
32bits FPU: floating point unit

|}
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http://upload.wikimedia.org/wikipedia/commons/a/a5/Unicom_141P_Calculator_3.jpg
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APU(CPU+GPU)
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GPU (Graphics Processing Units)
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& U _ oW CPU%B%Q/I\%ZIKE]@TE/%\;%
m::% | =% | =45 | M= | so | 8€ | ﬂuwgﬂ =T l ’ Xﬁ? ﬁ*ﬁ‘*ﬁﬁ\H‘JCPU,
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45 Intel(R) Core(TM) i7-4790K CPU @ 4.00GHz : :[: jJD — ‘[J: L ,;I::—EI:‘ ﬁﬂ% EI/J EI:E[l %D 6% /f,‘—l:

E s | C i

iRFS | ST ﬁ Ij]ﬁ%, ’fﬁ%ﬁ“%ﬁjﬂﬂ\fifmluﬂﬁ
MM, SS_E, 55!52, SS5E3, 555E3, 55E4. 1, 55E4..2, EMG4T, VT-1y N

T WA RR RIS, XL

B e | ont M e || THINEYIRLBE T YRR

EeERE | 99.94 MHz —in | 4x256KBytes | B-way A\AE
SB[ &MBytes 16-way ? IS o

EikiE B =1 | w4 198 8

W WIESEY A T
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CPURY RIS 5
SIMD (Single Instruction Multiple Data)f] H i

BB REIESEMMX (Multi Media eXtension) ‘&4 T-19974F
, —3E574384 ., MMXZESIMD (H3E4 23R ) FRM— i
T BRI 4y, B A e % (BYTE. WORD. DWORD.,
QWORD) #AT#e/E, i HIRHERIE AR .

« MMXH$528EE N | 57
ST B E RS AN — AN
fr16447 Y 7 H a5 7Y

o I T )\ANHT 6401
MMX & A7as, BEAFF
1775 A 1% 24 FRMMO-
MM7 E.#25 7]

https://software.intel.com/sites/default/files/m/8/0/a/MMX_Manual Tech Developers_Guide.pdf
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Table A-1. Intel Architecture MMXTM Instruction Set

Packed Arithmetic ‘Wrap Around Signed Sat (Unsigned Sat

EI:;EI'% ’ﬁ-:‘ i& E‘J [:Ktl%l:‘ 5H'_'z E : 64 bltS Additioa PADD PADDS  |PADDUS
° ?}ﬁ 7J< éﬁ El,(j /E ,Hz EZ XTJ‘Z %;ﬂi%}ﬁ\ Subtraction PSUB PSUBS  |PSUBUS

Multiplication PMULL/H
[ ]
d e C 0 d e r Multiply & add PMADD
- data cache access Shift ight Anithuneic psra
Compare PCMPcc
P enﬁum Pip&”ne Conversions Regular Signed Sat |Unsigned Sat
F D1 D2 E wB Pack PACKSS |PACKUS
| / \ If/' \ | / \ / \l / \I Unpack PUNPCKL/H
\ ! ' .'I_" \ | \ g '\_/I.'I_’ Logical Operations Packed Full 64-bit
And PAND
I [
tc b © And not PANDN
Or POR
Exclusive or PXOR
Pentium with MMX technology | Dfpehne ,
Shift left PSLL PSLL
D D2
Shift right PSRL PSRL
Transfers and Memory Operations |32-bit 64-bit
Register-register move MOVD MOVQ
Load from memory MOVD MOVQ
Store to memory MOVD MOVQ

Miscellaneous

Empty multimedia state EMMS
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‘MMX#84: Intel 71 1996 “-HEH 155 1 48 SIMD (Single Instruction Multiple Data) T A4, M AMDZFEMMX.

«3DNow! #§4: 1998 4F AMD & &KL T 21 4485 .Y SIMD #5445, 3DNow! IIPEREEAL T MMX $84>, fii FH7E AMD K6-2 4b#
2% . BfJ5 AMD 1E 1999 4£ 6 H KA ) Athlon AbFH 28 A% FH 7 #4585 1Y 3SDNow! 54 (3DNow!+) .

*SSE #84: 1999 4F Intel H#EH! T %5 1 /G SSE (Streaming SIMD Extensions) $54LPA[Rldi AMD [¥) 3DNow! #54>, f# FI7E Pentium Il
REFRZS o 30T 84N 12847 F AR ZEXMMO-XMMT7. i 5 AMD £ 2001 4E 10 A KA /) Athlon XP 4bF 2% FE NN T SSE f5 44,
*SSE2 84 Intel 7£ 2001 4EHEH, ﬂﬂf Pentium 4 |-, AMD £ 2003 £ H ] Athlon 64 1 Opteron E A SSE2.

*X86-64 ?”4} 2003 4 AMD TEHjT 8 184>/ K8 ) microarchitecture, SEILT x86-64 2244, SCHF 6447 MY EHA. AMD K HC
() x86-64 ZEFJSLILFR N AMD64 22K, Intel 2 (E 2004 4 & A7 [ Prescott 2R FJ [ Pentium 4 AbFRES ISl x86-64 ¥R, RN
EMBAT HiR, FHET AMD64 Z8H . 1X2 Intel ME— 11— B AMD.

*SSE3 84 : Intel ££ 2004 4, FIFE Prescott fhZ2#I 11 Pentium 4 F, 2005 4= AMD 7E Athlon 641\ SSE3 % ¥,

*SSSE3 #§4: SSSE3 542X} SSE3 184 1AM FE, #iM T 16 %464, 1E %Jﬁﬁﬁﬂ#}i Prescott {24485 4 Tejas H) Pentium 4 | &KX
Jn\ SSSE3 Ta A, LLJ% 2006 4[] Core m U AL FE R FFUE NN SSSE3 154, 7F AMD [FE O HE,

*SSE4.1 84 : Intel {E 2007 4F 11 H KA Penryn FZER AL ERSS A T SSE4 1164, SSE4 1 543 47 % . {EAMDFEEH, H
ﬁﬁ%ﬁﬁﬁ@&tfﬁ SRS SSE4.1 #54, B R AR Bulldozer i) ity kb 7 2544 S #F SSE4.1 354

*SSE4a $§4: AMD fE 2007 S-1E K10 fR 2L AL EE 2R NN T SSE4A F5 448, SSE4A A f 4 % 7E K10 fZE My b 2% Fas
POPCNT 5 LZCNT #54

*SSE4.2 384 : Intel #F 2008 4F 11 H & A7) Nehalem 122441 Core i7 JbFE%8 AN SSE4.2 #6843 7 4. 7£ AMD [, BTk
(P AbFE BSR4 SSEA.2 $54, B &A1 Bulldozer {320 H4 (kb 38 8444 7+ SSE4.2 $54

*SSE5 $84: SSE5 s — MU LR &4, FHRE &AL, AMD 1E 2007 4F 8 H A7 SSES 14 ML .

AVX 4 : 20084 3 H Intel KA T AVX (Advanced Vector Extensions) 844, 128bitsa 7 a4 £ ~256bits. B YXKFE Sandy
Bridge THZEMIIK Core i7/i5/i3 AbEEZS Fff A . AMD #47E Bulldozer FZeH IAbFEZR NN AVX $84 13 HF.

*AES #£4: 2008 4E 3 A Intel XA/ AES (Advanced Encryption Standard) #§4, 1#iH7E Westmere ZEHI¥] Core i7/i5 4bFRES L.
AMD 4 7E Bulldozer TiZE AL EE2S AR .

‘FMA 84 : FMATEA 2 AVX 50—, Intel $7E 2013 4E /) Haswell iy kb3 8% b g F .

*XOP, FMA4 PLJ CVT16 $84: AMD fE 2009 4£ 5 H K& A4i T XOP, FMA4 DL}, CVT16 #54, iXEfg S 4EHL T SSE5 164, fEJi
A1) SSES $84-Hat |, ] T A AVX 184 KT T R E AT T ¥t
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void YUV420p_to RGB24(unsigned char *yuv420[3], unsig

ned char *rgb24, int width, int height) {

int R,G,B,Y,U,V;,

int X,y;

int nWidth = width>>1; /A fE{5 5

for (y=0;y<heightyy++)  {

for (x=0;x<width;x++) {

Y = *(yuv420[0] + y*width + X);
U = *(yuv420[1] + ((y>>1)*nWidth) + (x>>1));
V =*(yuv420[2] + ((y>>1)*nWidth) + (x>>1));
R =Y + 1.402*(V-128);
G =Y -0.34414*(U-128) - 0.71414*(V-128);
B=Y+ 1.772*(U-128);
*(rgb24 + ((height-y-1)*width + x)*3) = B;
*(rgb24 + ((height-y-1)*width + x)*3 + 1) = G;
*(rgb24 + ((height-y-1)*width + x)*3 + 2) = R;

i

e

\

(4

Increazing memany addresses

R

bl

¥2 | ¥a

YUVA205 35 B g =X

L1

LLON IR




=15 : YUVtoRGB

B AL
SSE$5 &SI

o SSE2H 27 17 #ExmmO-xmm7 T {5 17128 £7 [ £ 3 -

« pmulhw $& 4 X xmmO N i B35 50 755 T bl N R
o psraw fi5 & X FF A7 a8 N BB (A AR A (BRiE)
YUVA20% 45 Bk =,
L AR A A __ _
= Y+ L 407 5(V=128)
- Y+ (360/256) (V- 128)
= Y+ 360( V= 128) /256
Y+ (360(V=128))>> 8 T2 8MMER—H, H
SSER]128bits{g 45
6 000
4 390
4 ()(7)() e YO Y] )': )’_; )/4 YS )’6 ¥ /\.1')‘ }t}- /). 'i}
2 000 l____l 172
. KAk Wi | SSE2{ifk ululvlvivelolu!lw ;"’,l\"‘é"i e
| O Bi)/ms 4390 1313 172 Bk e i
YLt Vv VJ - ¥4 J7< - V44 J" - "J - E‘i‘:ll}ﬁLﬁ
K5 B 1 000U i \-}”/ \-}/ \{/ \-}/ \}/ + \.Jf/ \}/ L
R & [& & [/ & TR 8] S

T SSE2/) YUV RGBthF 5 [a] 4 4
[ B S B2k, 2010-01-15 K 3 RGBHLZI (/b B RN SSE2il 5
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Intel® Advanced Vector Extensions (Intel® AVX)

@ Advanced Vector Extensions (AVX) are extensions to the
X86 Instruction set architecture for microprocessors from Intel
and AMD proposed by Intel in March 2008 and first supported
by Intel with the Sandy Bridge processor shipping in Q1 2011
and later on by AMD with the Bulldozer processor shipping in

Q3 2011. AVX provides new features, new instructions and a
new coding scheme.

€ AV X2 expands most integer commands to 256 bits and
Introduces FMA. AV X-512 expands AV X to 512-bit support
utilizing a new EVEX prefix encoding proposed by Intel in
July 2013 and first supported by Intel with the Knights
Landing processor scheduled to ship in 2015.
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Intel® Advanced Vector Extensions (Intel® AVX)

The 128-bit SIMD registers have been expanded to 256 bits.
Three-operand, nondestructive operations have been added.

Listing 3. Mandelbrot Pseudocode

Z,p are complex numbers

Mandelbrot set (0.29768, 0.48364) ,
. for each point p on the complex plane
to (0.29778, 0.48354), with max 2 =0
iterations of 4096 for count = @ to max_iterations
if abs(z) > 2.0
break
Z = z¥%z+p

set color at p based on count reached

Pixels per millisecond (higher is better)
M Complex M Float SSE M Intel® AVX

4396.55

4096.00 4096.00 4194.30 4297.44

3855.06

4096

https://software.intel.com/en-us/articles/introduction-to-intel-advgnced-vectt®8xtensions 256 512 1024 2048
http://www.intel.com/content/dam/www/public/us/en/documents/white-papers/performance-xeon-e5-v3-advanced-vector-e xtensions-paper.pdf
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® LB FEAF 42
® EARE MR ERE )17
P AL 3 25 S B BICPU A #F
B IR EY RS mCPURTHE AE
APU(CPU+GPU)
@ PUE R 2R IXE N AL ER BB AT
MFC A AR T G4 imiCPU € > Memory A& i s 5
i i Cache 2 5 CPU € > Memory$2: H A&
LI EBAT4L: PCIExpress
@ GPU->GPGPU

GPU (Graphics Processing Units)
GPGPU (General Purpose computing on Graphics Processing Units)
el fd FH GPGPU Bt 5 ?

& =147 5 (Heterogeneous computing)
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APU(CPU+GPU)
CPUSGPUF A[E—RT H

92005, EAMDUNIEATI G k=405 NFusion i & vk, FittE
AMDFJCPUS ATIFIGPUE & 78— 2, [FIRFtdetrcs i t—IFgh .

W LOm . 3 ; -
TOdaypute g:eaptgo'_'n ‘.- Main Memory | Graphics Memaory

..........................

Gru— | C°Mpute D
Rdership ¥ Memory pe

...........................

............................................
............
--------
------
si3rssss
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Tesssils
53
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131 — 3
{LX1IX I i §§§§§sol CPU(S) |
. Jisiiziis B E
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~

< Fine Grain Computation

Buffers

GPU(s)

ZOL.COf

<4 Sonuantialluv Antimirad

@ B2y S SR A 3T ez 1B AN ] T Y — 8, ok GPURE
SAECPURTH] Ty, 3R XA U TIER A Intel . FE20104E 41,
Inteliy >k | 0 & GPUR CPU & 4717 ii——i3 500411 i5 600 541
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APU(CPU+GPU)
Intel Ivy Bridgez f5 CPUI5£E R GPU

£ Intel#fE HHHD GraphicsLART, Intel (45 Al s iZ Oy & FE R T bt Ao,
1,45 Intel Extreme GraphicsllIntel GMATE Y, i’j“’ﬂ%lﬂzﬁlllxﬁ ):EI%InteI
| 51X HEAT BN 2
LR T A PRER b, /NI AERFI S Re 5 /M SRR TR R B RO AN xEé?'ﬁ
Intel'® /7 FTE R “PCHELS /7 (Platform Controller Hub) ¥ it. [AE,
J?ﬂ%’%ﬁk?itﬁ‘ﬁﬁ’]mﬁ?l‘? OFE0 B A b

(%2

Intel® Core™ iS5 with Iris graphics 6100

PCleand -
Memory
Controller

<Jciiman ?Nehalemm U,
“Clarkdale %D “Arrandale WabERgs, AT 4,

HD Graphics[#] & 7™ iiHD Graphics 1000



APU(CPU+GPU)
AMD Accelerated Processing Unit (APU)

€ The AMD Accelerated Processing Unit (APU),
formerly known as Fusion, Is a series of 64-bit
microprocessors from AMD designed to act as a CPU and
graphics accelerator (GPU) on a single chip.

K10 architecture (2011): Llano <25 APU

Bobcat architecture (2011): Ontario, Zacate, Desna, Hondo

Piledriver architecture (2012): Trinity and Richland

Jaguar architecture (2013): Kabini and Temash

ARM server architecture (2014): Seattle

Steamroller architecture (2014): Kaveri

Puma architecture (2014): Beema and Mullins
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Ld 0g

®20144FE9H, B ARAm 7 HiEMMate 7, 52 —[F5
FH B IAAE W A AL B 25 Kirin 925, Kirin 92542
JUFZ CrCortex-A7+ VY #Z LrCortex-A15ZE /1%t tt, E4n

1.8GHz, #BEIMali-T628MP4 GPU.,

Ms Al | v |

.::::1:::;:::__ N ew b en C h Al AlS il P =
.-.::::'\ . _.::Z:::7 S = Al A7
. 4%  inindustry

World’s first gindeo
LTE Cat6 Octa core SoC chipset

4 X 1.8GHz A15 & 4 X 1.3GHz A7 cores architecture
GPU Mali-T628 + i3 co-processor
LTE Cat6 modem

28nm HPM technology
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® EARE MR ERE )17
P AL 3 25 S B BICPU A #F
B IR EY RS mCPURTHE AE
APU(CPU+GPU)
@ PUE R 2R IXE N AL ER BB AT
M FEARE 1 AR T R Gl 4 = CPU € > Memory A% i 1 4
i i Cache 2 5 CPU € > Memory$2: H A&
KB AT PCIEXxpress
4 GPU->GPGPU

GPU (Graphics Processing Units)
GPGPU (General Purpose computing on Graphics Processing Units)
el fd FH GPGPU Bt 5 ?

& =147 5 (Heterogeneous computing)
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PCE R F2EE R RIELE
&/ 8086BT{X I BN TTE ML

1) CPU — 8086 processor (Intel§19784E#EH)

2) Co-Processor socket — optional 8087 math co-processor.
3) RAM —This is the built in 640kb of system RAM.

4) CMOS battery e
5) Floppy connector

6) Riser slot —8-bit ISA cards

MAX Mode 8086 System

Ve




PCEMH-HFAESFERNE
20-&2880551%JE,HH§9O£J€
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bus
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Chipset
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I8 A (North Bridge) 5 | . .
CPUHRJER R M A7, BEELG araphic bus B
I AEMEC B IR T B AP ER St "o hPridoe IR

(memory
controller hub)

Internal
Bus

Onboard

Southbridge graphics

(1/0 controller controller

hub)
IDE
y SATA i

<o ' : USB Cables and

< o el ! Ethernet !
: y i Audio Codec ports leading

CMOS Memory off-board

. nﬂA . |
%‘ﬁjﬂ:}}l‘ (South B“dge) J\:jf‘llo PCI Slots S
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Memory controllers contain the logic g-- - %
necessary to read and write to DRAM, cru | Coces | wanbourd [Begery | 70 | Groptcs | sech | ot |
and to "refresh" the DRAM. Without g R
constant refreshes, DRAM will lose the
data written to it as the capacitors leak T e
their charge within a fraction of a second. A o ) 50 o

RAS# to CASZ Delay (tRCD) 5 docks

e
 AMDYE 200344 17 Rl 38 1 R LEE
CPUH

Intel7£ 20084 I FE 45, i7 R % CPU
SR SSdnpeainErtinpaEs
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DDRCh.B | System

Intel 74t Hi Nehalem i 22 14
(20084 FHEH E—)LAEZES
AT O Al o ——Ab R
R E T AL S b, NIy
JEHr I ThEE 55 A8 RT3 1Y
MW, 2 A Intel 5 5 B
B “PCHELS 7 (

Platform Controller Hub) 41t
o [AIFE, JRSREERT ALHr Y I
O D R FEES

) SPI/12C/ USB2

USB 2.0
USB 2.0/3.0

PCIE/SATA

HDA
HD Audio Codec

GPIO

_ I’C/UART/USB e ,I[:_,;___

DMI2 Inte | FF & BT &R TR
B 22k, BUXT LLRTAYHUb-Link/ 22k
o AL EAEREFTI, BHHInER
A100MHz, ETFPClI-ExpressF%k.

PCIE USB2.0

Cwn ) o)
Gigabit
etwor =—(__ ke )

Connection

Sensors Hub

Cl Express* 3.0 x20
SMBus 2.0

‘p

6th Generation Intel® Core™ Processor Family
Datasheet, Volume 1 of 2 http://www.intel.com

Platform Controller Hub (PCH)
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APU(CPU+GPU)
@ PUE R 2R IXE N AL ER BB AT
MFC A AR T G4 imiCPU € > Memory A& i s 5
il 1 Cache$g 5 CPU € > Memory#z &4 iH %
KB AT PCIEXxpress
€ GPU->GPGPU

GPU (Graphics Processing Units)
GPGPU (General Purpose computing on Graphics Processing Units)
el fd FH GPGPU Bt 5 ?
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80486;‘L|7\]8kbytesEl’JCache

Intel 804860 X2 Architecture 64 Bit Interunit Transfer Bus
Core
Clock
Clock Clock
< Multiplier
PCD ;
PWT 5 1
A3l -A2,
Barrel Segmentation —“ W  Cache Address BE3# - BEO#
Shifer Unit pzosmp  Unt Drivers | (R
Paging Physicall :
) - . sica .
Register Descriptor Unit ¥ ] ” Write Buffers
El e Address | , . 4x32
i) 8KiB 1
— - 1
Limit and Translation Cache 1 Data Bus D31 -DO
ALU Aftribute Lookaside Tranceivers _
PLA Buffer
Bus Control ADS#, WIR#, DIC#, MIIO#,
PCD, PWT, RDY#, LOCK#,

PLOCK#, BOFF#, A20M\#,
EREQ, HOLD, HLDA, RESET,
SRESET, INTR, NMI, SMi#,

Displacement Bus SMIACT#, FERR#, IGNNE#
Micro-Instruction ' Prefetcher Request STPCLK# ,
i i Sequencer | (Y
I 1
I
j [32ByteCode) 1 Burst Bus BRDY#, BLAST#
Control & . _ Queue I Contral _
EPU Protection Instruction H :
: Decode | Code Stream | (2 x 16 Byte) | 1
Test Unit 1 Y 1 Bus Size
i ! BS16#, BS8#
Decoded 1 H Control —
Floating Instruction Path \ H | KEN#, FLUSH#, AHOLD,
Point Control \ / Cache EADS#
Register ROM N /’ Control |
File M’ S
Parity Generation DP3 - DP0, PCHK#
and Control | (o —
“Boundary
Scan TCK, TMS, TDI, TDO

H

Control

https://en.wikipedia.org/wiki/Intel_80486
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Pentium Proz f&, fEREI_RZETF(L2)

I

Intel T-19964FEHEH 7 Pentium Pro (EReFHEE) . ZoGH EHAEMW
KU, —& A NESE T 5CPUIRSIIZ 1T 1256kBE512kB 2%
oAt s RIS HAT, n AT ELRE R IR A ey, X
PN I oS B Pentium Proff 4 fE A T B KER,

ttttt
Seu® ,.Q"
s
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Level Access Time |[Typical Size [Technology |Managed By
Registers 1-3 ns 71 KB Custom Compiler
CMOS

Level 1 Cache |2-8 ns 8 KB SRAM Hardware

(on-chip) - 128 KB

Level 2 Cache [5-12 ns 0.5 MB SRAM Hardware

(off-chip) -8 MB

Main Memory [10-60 ns 64 MB DRAM Operating System
-1GB

Hard Disk 3,000,000 - [20GB Magnetic Operating

10,000,000 ns |- 100 GB -

http://arstechnica.com/gadgets/2002/07/caching/
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Intel i7: HAEERL L3 Cache

/IIIII'

8 cPUZ - ° R B R a3 (ACAG A
WER | = | 245 | mE | so | B2 | E'Hﬁ:‘%lﬁ:l. “ﬁ ]. é&fﬁ \ I\Eﬂ EI’JCF%%T%)

fHiEeE

Eg Hasiz:l:el CDFEI?4T§: o Spatla.l IOCaI Ity /I—_J‘Ei %ﬁ
{EA Socket 1150 LGA —

TZ 2 mumE | 077 7 18] )15 2. 2% A\ Cache
g;ﬁ - Intel[R)CE;gN}i?—ZHDKCPU@j;%GHZ 3 o Temp0ra| |Oca|l'[y° )I%:%ﬁ
EFRS ¥ RES el N
4543\;' I'~"II'~"I?:|, SSE, S5E2, SSE: SSSE:.(':SSEJ}.1,55E4.ETTEME4T::ET-:(, %ﬁ I\E—IJ ’f = 00 = Q ’H:

l:[ J [_;\
AES, AVX, AVXZ, FMAZ
B (2l #0) ]\ Cache

Bk | 1299.23MHz
fz4m [x13.0(8-44)
s | 99,94 MHz

CORE"i7

—iR AR | 4x 32KBytes 8-way
—iB g4 | 4x 32KBytes 8-way
i3 | 4x256KBytes | B-way
=% | 8MBytes

~N_ ~

2 (B e | #ign | 4

ver. 1.73.0x64  T1H "| Lyl
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Cache 5 FA7#R 43 BB (5 A%
ANCache line), &tz
FAHER, KADHE. £—
ANIFEIER N, Cacheft i
B F AR 45815 B
Rl Cachelf) 5 —H & F A7tk
HEIENEL R

Cache

MemoryZl|Cache 4 Bf 5

47

o

He|

Hy

Hy

He 2™ |

BB AR (Fully Associative ) : EEFUEE —MMH
n] LG B Cache 2 — M. ik CachedtfF2CH:, FA7dt
G2MYe, M FERIE T H#ECache ), &R PAFEN
Cachef 0. a1, ... B, .. e 2C-1fEE—H |,
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. 2C, 20+ HLH BERRET BCache) SEOEL, FAFHIEEL.
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Shared L3 Cache

HyperTransport

Intel i7 (2008)
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AMD Phenom II (2008)
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41%CPU: a32kB L1 data cache, a 32kB L1 instruction cache, and a

4AMB L2 data cache. The L1 caches are per-core, and the L2 caches are

shared between pairs of cores.

*--- Data Cache 0, Level 1, 32 KB, Assoc 8, LineSize 64
*--- Instruction Cache O, Level 1, 32 KB, Assoc 8, LineSize 64
-*-- Data Cache 1, Level 1, 32 KB, Assoc 8, LineSize 64
-*-- Instruction Cache 1, Level 1, 32 KB, Assoc 8, LineSize 64
**_- Unified Cache 0, Level2, 4 MB,Assoc 16, LineSize 64
--*- Data Cache 2, Level 1, 32 KB, Assoc 8, LineSize 64
--*- Instruction Cache 2, Level 1, 32 KB, Assoc 8, LineSize 64
---* Data Cache 3, Level 1, 32 KB, Assoc 8, LineSize 64
---* Instruction Cache 3, Level 1, 32 KB, Assoc 8, LineSize 64
--** Unified Cache 1, Level2, 4 MB,Assoc 16, LineSize 64

Int steps = 64 * 1024 * 1024,
Int lengthMod = arr.Length - 1;
for (int i =0; i <steps; i++)

{
}

arr[(i * 16) & lengthMod]++;

Time per element (ns)

LIFIL2 B =X HIT

S EHE=AN
Sl

32KB J32KB J32KB |32KB
L11I L1 D L11I L1 D
Cache | Cache jCache |Cache

Front Side Bus
Interface

32KB J32KB |32KE J32KB
L11 L1D L11I L1D
Cache jCache |Cache | Cache

Front Side Bus
Interface

256kB 4MB

Array size
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Latency in Clocks - Lower is Better
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Memory Latency vs. Access Range (Sandra 2013 SP3)

vy Bridge Haswell
(Core i7-3770K) (Core i7-4770K)

Cache Performance

L1D Latency, cycles
L2 Latency, cycles

L3 Latency,cycles
11D Bandwidth, GB/s
L2 Bandwidth, GB/s
L2 Bandwidth, GB/s

Memory Performance
Memory Bandwidth, GB/s

Memory Latency, ns

2K 4K 8K 16K 32K

=4=Core i7-3770K (DDR3-1600)

64K 128K 256K 512K 1M 2Mm  4M 8M  16M 32M 64M 256M 1G
Data Access Range

=@=Core i7-4950HQ (CRW + DDR3-1600) “irCore i7-4770K (DDR3-1600)
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eDRAM stands for "embedded DRAM", a capacitor-based dynamic random-access
memory integrated on the same die or module as an ASIC or processor. eEDRAM's cost-per-
bit is higher when compared to equivalent standalone DRAM chips used as external
memory, but the performance advantages of placing eDRAM onto the same chip as the

processor outweigh the cost disadvantages in many applications.
Intel GT3e GPU contalnlng eDRAM

Product name AU |
eDRAM
Intel Haswell, Iris Pro
Graphics 5200 (GT3e) TAYAIE
Intel Broadwell, Iris Pro
Graphics 6200 (GT3e) AIE
Intel Skylake, Iris Graphics
540 and 550 (GT3e) 04 MB
Intel Skylake, Iris Pro
Graphics 580 (GT4e) o ClF LA NIE
PlayStation 2 4 MB
Xbox 360 10 MB 20




Figure 2.4: 6-T Static RAM

T
DLJ;{—_LC

<

Figure 2.5: 1-T Dynamic RAM

Cache )& HL3CE
What Every Programmer Should Know About Memory

Ulrich Drepper, Red Hat, Inc. November 21, 2007
https://people.freebsd.org/~Istewart/articles/cpumemory.pdf

eDRAM (embedded DRAM)

SRAM Alternatives: Context Memory

Memory Hierarchy Intel’s embedded DRAM at 22nm

L3 cache (2011)
L4 cache (2013)

Permanent Storage
Hard Disk Drive, Solid State Drive Slow

Access Time (ns) | Feature Size (F?)

SRAM |0.5~1 146
eDRAM | 5 6

Higher density yet lower power embedded memories
?re .n?eded“to bndg% the pgrformance gap betwefen R. Brain, VLSI (2013)

logic” and “memory” circuits, and eventually the “Von

Neumann Bottleneck™?

11/17/2013 Nuo Xu EE 290D, Fall 2013 21

EDRAM cell area at the 22-nm process technology, reduced
to 0,029 square meters. um. SRAM cell area in the same

process technology, is 0,092 square meters. - is three times
more. That is eDRAM is much denser and energy-efficient

usual cache.
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® 5 N: L1IoL2oL3>... > L4
®SRAM. eDRAM. DRAM

Up to end 80’s  90’s and 2000’s 2010’s
Cache i1 £ 3t SC &

What Every Programmer Should Know About Memory
Ulrich Drepper, Red Hat, Inc. November 21, 2007
https://people. freebsd.org/~ Istewart/articles/cpumemory.pdf 12
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® LB FEAF 42
® EARE MR ERE )17
P AL 3 25 S B BICPU A #F
B IR EY RS mCPURTHE AE
APU(CPU+GPU)
@ PUE R 2R IXE N AL ER BB AT
MFC A AR T G4 imiCPU € > Memory A& i s 5
i i Cache 2 5 CPU € > Memory$2: H A&
BRI H 474k PCIExpress
@ GPU->GPGPU

GPU (Graphics Processing Units)
GPGPU (General Purpose computing on Graphics Processing Units)
el fd FH GPGPU Bt 5 ?

& =147 5 (Heterogeneous computing)
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Ad

PCI Express (Peripheral Component Interconnect Express)

ISA | PCI AGP PCI- | PCI-X | PCI-E PCI-E | PCI-E | PCI-E
(1X-8x) | X1.0 2.0 1exa-xi6) | 2¢x1-x32) | 3x1-x32) | 4(x1-x32)
(DDR/QDR)
L | 8/16 |32/64 |32 32/64 | 64
H48 | 8 33/66 | 66 66/10 | 133
B b 0/133
®E 533M | 266- 1066 | 2132/ | per-lane | per- per- per-
e o B 2132M | MB | 2264M | 2.5GT/s | lane lane lane
B B 5GT/s |8GT/s | 16GT/s
B H | Earl Early | Mid/lat | 1999 2004 2007 2009 2011
BFE | Y 90’s ¢ 90’s
80’s

GT/s (gigatransfers per second)
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PCIER HR1T2%

A lane is composed of two differential signaling pairs, with one pair
for receiving data and the other for transmitting. Thus, each lane is
composed of four wires or signal traces. Conceptually, each lane is
used as a full-duplex byte stream, transporting data packets in eight-bit
"byte" format simultaneously in both directions between endpoints of
a link.

PCl Express device A

Physical PCI Express links may contain
from one to 32 lanes, more precisely 1, 2,
4,8,12,16 or 32 lanes. Lane countsare
written with an " X" prefix (for example,

|

|

|

% Wire
|

|

"X 8" represents an eight-lane card or V% Signal
slot), with X 16 being the largest size in T i
common use. it

PCl Express device B
75
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Computer Buses, both internal (e.g. PCI) and external (e.g.
SCSI) have to deal with a particular problem.

0,0,0/0000.0)

0

They have to keep the data bits across the connectors in line so that they
all arrive together, within a very tight time period

(@)

0O
A\
0O
\4
0O
A\
O

=

The further the information moves down a parallel bus the more the minute
differences between individual connections come into play and the original
data starts to scatter (skew) becoming corrupt and unusable.



BENLR
PCIEZ & B B KN AL EiE Y 2544

& PRV (PR ETE

Transaction layer
Data link layer
Physical layer

CPU /

Root complex

Memnr_vl

Legacy PCI/PCI-X [H:l
endpoint

PCle
bridge to
PCI/PCI-X

PCle
endpoint

PCle ;
T | Switch

N LR

PCle
endpoint
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& AT R B R AR AT B AL PR LR

PCI-X 133MHz
PCIE 2.5GHz
PCIE4 16GHz

IO J
d 0] ? 0]

<4

ﬁ QOCOCOOO

|

HAR R AT L 28
b DMI(Direct Media Interface)
. SATA
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& BHRTHRFREA A7
& EAREAE AR ERE S ?
 JVSSUSEUR E2A I TRV N N B
4 GPU->GPGPU
GPU (Graphics Processing Units)
2DIBDE LR /i 3K
TR A g BR 2
O BMROERE 75 ZEA T AR B S A A 15
GPGPU (General Purpose computing on Graphics Processing Units)
CPU vs. GPGPU
Intele HD Graphics 530
Intel/Nvidia/AMDiz 5. ¥ T 1 2 57+
el {55 FH GPGPU B I 2
Matlabfs FHGPU

CUDA (Compute Unified Device Architecture)
OpenCL (Open Computing Language)

@ 514115 (Heterogeneous computing)
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2DI3DEIFZ T ERIFE K
Ti = AR KR ESHE Vertex Processing

MDY B ff FE e, AL A A T Far clipping plane
(Vertex) i 21 AN A AL R 2R B AR He

« Objectspace, AL HRZ[H]

- World space, H5AL4R2%%[H] D

« Eye space, M EZALFRASE] (near clipping plane)
- Clip and Project space, 5i%eAhnas A

Objects

Field of view i
View frustum

80
http://http.developer.nvidia.com/CgTutorial/cg_tutorial_chapter04.html



2D/3DEIFIT B HIFH K
£| Tt HE< Primitive Assembly

-
transformed
vertices
Triangles|s o @ ;0 8 @ | e—| Primitive/Patch
primitive/patch Azzembly
conectivity
| primitives
T\ Sa—
L \\

o & T R ) o

Colored Vertices After

Vertex Transformation Primitive Assembly
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2D/3DEIF T ERIFE K
Stk (Rasterization)

Rasterisation (or rasterization) is the task of taking an image described in a vector
graphics format (shapes) and converting it into a raster image (pixels or dots) for
outputon a video display or printer, or for storage in a bitmap file format.

JeMME: SUSEPERR R EC AR (BoRdR) LR ERE RS R
v ERIBER

o
O O O A B G- d O I S I A I N - I * Somples
/] A .
— |
A L i " S R R A s x/x
—— /// h
* xxxxxx-’""u\e’hxx{x
N il
xxxxxxxx\xx/f/xxx“x
Nox W5 A
ol x| X | X | xS O W wolow | K| X
\'\/[\
| xR XXX » :
Xl x ] x| x| x| xRl X x| x *
¥ | x| x| x| x| x| x| x| x fxx

Pixel i | Covered
L _y_ (e7oss = center; x,y @ 0.5) ATnangle |' ) Pixels 82



2D/3DEIR T HHIFE K
23 T ARLERT (Texture Mapping)

Texture mapping is a method for adding detail, surface texture (a bitmap or raster
Image), or colorto a computer-generated graphic or 3D model.

SUHE R Fﬁd\@fihﬁl@l e SO T R SUERAR 21 LT 31 B 2 [A] HH )
BERIRE . I HOR UL, e dl — I BRI 2) = 4EV) 1R B2 ) _ERIE 50 H 52
&, ﬁfuiﬁﬂi‘ﬁﬁﬁfrﬁi\ RBIR G S BOR ST GIEERIEROT 2 AR H R HRCR -

(0.5, 0.7)
.

1

~ 0603 ‘

® ( ) :
(0.0)
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2D/3DEI T BRI K
78 %% (Rendering)

Rendering Is the process of generating an
Image from a 2D or 3D model (or models iIn
what collectively could be called a scene file),
by means of computer programs. Also, the
results of such a model can be called a
rendering. A scene file contains objects in a
strictly defined language or data structure; it
would contain geometry, viewpoint, texture,
lighting, and shading information as a
description of the virtual scene.
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€ GPU->GPGPU

GPU (Graphics Processing Units)
2D/I3DEE R 7R K
THEALan T ) B AR 2
O UG A% 75 BT A FE BB SRR AR A A 85 2
GPGPU (General Purpose computing on Graphics Processing Units)
CPU vs. GPGPU
Intele HD Graphics 530
Intel/Nvidia/ AMDiz 5. F T 1) %2 7
an el f FH GPGPUBE 5 ?
Matlabfsi FHGPU
CUDA (Compute Unified Device Architecture)
OpenCL (Open Computing Language)

@ 514115 (Heterogeneous computing)
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TTENLE) I E&R?
£| 7T (primitive) > 7 B (fragment) > 1% 2 (pixel)

.-"'-.
bl

A primitive is formed by
one or more vertices.
Vertices are not grid-

aligned

Rasterizer f-:\i‘\ D Output Merging
2000
Y 00008 |
: ‘00000 >’
""-q.f. . 2§98 o

Grid-aligned fragments are All primitives are

interpolated from vertices. merged to produce 2D

pixels on the display

Vertex, Primitives, Fragment and Pixel

Transformed
Raw Vertices Vertices & PR
& Primitives Primitives Fragments Fragments Pixels Display
Vertex Fragment Outout
Processor Rasterizer Processor | Mu p-u
(Programmable) (Programmable) erging
o
3D z i}ED 0@.30 2D array of
; eev. rr 800" _
/00009 . 90000 color-values
.- 00, Tt Q0N

3D Graphics Rendering Pipeline: Output of one stage is fed as input of the next stage. A vertex has attributes
such as (x, y, z) position, color (RGB or RGBA), vertex-normal (ny, ny, n;), and texture. A primitive is made up of
one or more vertices. The rasterizer raster-scans each primitive to produce a set of grid-aligned fragments, by

interpolating the vertices. 3D Graphics with OpenGL

']
|

http/Aww. ntu.edu.sg/home/ehchua/programming/opengl/cg_basicstheory.html




HEHLAT SRR 1R 2

JB Z(rendering)

JE G (rendering): 1T E AR (model) 81 2 BME i #E .
B (model): R4 JL AT B oo B g i) 04 (object) .
JUTE I G: A BERMZIAESE, g (vertex)$5 2 1 .

Triangles in Fragments Image
3D mesh screen space Fragments with colors Qutput
g frg - F [ | |
ey T A [ |
0\ a \ ” \
f! \ ’! \ / \ f!
«« J '\‘ / \1 ;f 1\1 Y
Vertex Y Raster Fragment
processing GasarieEon Operations processing
Vertex Shader (1l &% ) “_:\\::LH Texture
. . \ I | .
Rasterization (G4t 4k HE) i} | fltering

Pixel Shader ({3 &% {4)
Fragment shaders(f B & t0)

R T AR AMD 47 TH SR 4 T dE AT 87
http://vga.zol.com.cn/192/1927855.html



?ﬁ'.‘.‘.

R AR E & 2
GPUTE 81 i Bl R A i — AR AL IR Fi R

JDAp;?hcalionoc I[J{TI%T’EX(“EEF%—A &T REK \:I‘—Z*T” %D “7%1»\\1+ﬁ’, )
o Object space, A AAFRZS [H];

- World space, AL R[]

JL « Eye space, MEZALFRZEH;
LA TP o - Clip and Project space, FHeAkbr=(al,
o) Oorclinastes —_—
= = o « primitive assembly (EJoEERL)
[ . CPUGPU BOUDIAT oy o s o o o o o o o o e o
p— - N— ~
7 pm——pm=== - N
/ \
ll' (fof))r':::f.:lc.s World Coordinates | Eye Coordinates u(i!::':i'l‘:?ft ‘:
\ H
~ - ’
i ==~ 1 SZ /
\ Rasterizat d 1, ] Primitiv !
\~ NF\rame Buffer | Pixel Operation ln::;:l‘:::v:n o ‘,\”:‘:“;:;, ,,
/
- — - \\ /
~o - ~ V4
e E R B Se————-

» Rasterization & Interpolation

I Plg%kg)“%e%%tlp%w Lrjmf%‘fr(/ﬁﬁa& S H); Texture operation;Blending;Filtering

ht’l.'p INGE TN n/192/1927855 htm
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Ll
{ITE
II)Q'

G IEEE M AERNEEH 57
BRI IT: Shader(E 28 H7T)

—aI:II:I

RIS, HE LG RE L HRGB (4 %ﬁ”ﬁ ) = RhEth
MR, I BEEAERE R U (Alpha) , &23LE&41E1E
o T 0 S s — % 2 XY ZW YA A B A4 1% Jzﬁéﬂzmﬁ\ﬁé
o 1E3DEEHATIE GRS, H S & M A RGBAVY AN i 1E 5L &
XYZWIEI/\MTE%ME

Shader 48 .0 (MYmA 44D

NT — IR MBS 522 RS,
G R EYe L #, GPU

G =& R oA T S .
BTG — TR R T R vertexShaden
5 i BG4Iz HAE T &
BoZEisE A (ALU) .

R T AR AMD 47 TH SR 4 T dE AT
http://vga.zol.com.cn/192/1927855.html
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% 1;%1_?” = T ARV AR R S HF 7
ZF->ERmEFR->GPU

@ K Bt B
DRI INIRIZ S, Hz-bufferingii i, SCEEML (texture mﬁplng) , K
JE K A br iy B A 5L 5T (transforming & lighting) %55

E‘CEI’JXT %%Bm’%ﬂ]“ﬁg?ﬁi@%ﬁ’] T2 B M . B Eﬁiﬁﬁ%
GG T S TS E e N 2

@ A B (Video card)
W EC A SRS B 2R Bon ik & b
¢ @ﬁﬁmti

BEME PR THR R S RIS, anZedil = A, H e i AP ER
ff%ﬁ T, Wjpgfif [t | %MM%E%’%%, E%E‘?&E A G N N
MR THA, j@iﬂ?aﬁCPUE’J@fﬁ G, AT A S TR E .

@ GPU (Graphics Processing Unit)

The term GPU was popularized by Nvidia in 1999, who marketed the
GeForce 256 as "the world's first GPU", a single-chip processor with
integrated transform, lighting, triangle setup/cllpplng and rendering engines
that are capable of processing a minimum of 10 million polygons per second".

q.
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ElEEE PSR FtE g /AR SN S
GPURHERSHE : LA FRLES 8 7T > AT TR A FLBA 86 T

One of the key developments in computer graphics has been the evolution of the GPU from
a fixed pipeline to a programmable pipeline. The means various stages of the pipeline can
be programmed, using programs called shaders.

vertex

Dival

—) Vertices =§ Pixel Groups

Fragments => Textures

& Programmable Unit

History and Evolution of GPU Architecture 92
http://mcclanahoochie.com/blog/wp-content/uploads/2011/03/gpu-hist-paper.pdf



Fx5nA?  QpenGL.

penGL_(Open Graphics Library) ANE X T —> i‘ﬁﬁ%% E5F 5 1)
L L T L FT b R AEn E

LIl SROUEAN R, 2o, SR HIRESY, IRIRIARIN=4EPIE (2K
HE. B, ZRapsE) DU 2% il 2 Al T 221 BR KK

2.0 40 AFHILARAFIANR LA e, TR WA . e . Fai. SR IR AR
e, WA AT (ORIES RS FBAR A 52 P R AR
3PN E: AIRGBAK KA Z 5] (ColorIndex) -

ACIEAIM i & : OpenGLYGH H &G (Emitted Light) « 385106 (Ambient
gfty - R (Ot Rt (epeola o, TR
ZN Pss cene 1 X 7E

JoT 2143 35 53 e ) I B 2R AR J TR L B
5.4 PR (Texture Mapping) o #JH OpenGLZS Bt i Th g AT LA+ 4318 B R
YRR AR
6.4 s A E G sR K R DhRe, $RALEA (Blendmg) PrEEth OGEFR)
(Antlallasmg) % (fog) Eﬁ?ﬁﬁ%@%x&%&fi

WZEAF3NE (Double Buffering) , BVAi&ZAFMEE %A, MigL, FE%
ﬁfrﬁ%ﬁ A2 S I T uméﬁﬁﬂTFméﬁﬁEuﬂﬁ’Juﬁ

®19924F7H, SGlaa] &A1 OpenGLIF1.0M A
OpenGL 1.0 (1992) - ...... - OpenGL 4.5 (2014)

https://www.opengl.org/ 94



A FF & B R AR R F 7
OpenGL Rendering Pipeline

OpenGLJﬁ“ B4 (Rendering Pipeline) 2845 E /) IID”I‘}?XT%

AR BHAT AL B, IXEE AR B AT Loy AN op Tﬁ)ﬁ i (
JJT /zﬁﬁg’jﬁ*ﬁﬂ@%? BER. g0sy), KIEE %BZ

GNWIZATH A7 AE W22 A7 B R (BR) TLMEZF“H% Edag
5%;(%?1%@%% s E AN HFEF RS, W RS
E%é ‘ ) °© glRenderMode(GL_FEEDBACK)

o
13
T

o3

r':
Display Texture . Fragment
t
# List Memory Rasteriza on . Qperation
Illl.r" : "-...‘I
ixe &l Transfer
a

glReadPixels() giReadPixals() { giCopyPixels()




dn{a] F & Z IR N R ?
DirectX

@ DirectX, (Direct eXtension, FiFXDX) & HIMEA
") G B Z AR AR 2 . HCHSAZIE 5 SEl, 1
?}E COM. Microsoft'
DirectX 1.0 (1995) DirectX
DirectX 9 (2002, shader model 2.0)
DirectX 9.0c (2004, shader model 3.0)
DirectX 10 (2006, shader model 4.0)
DirectX 11 (2009, GPGPU support )

DirectX 12 (2014.03, DirectX 12 will be essentially
supported on all Fermi and later Nvidia GPUs, on AMD's
GCN-based chips and on Intel's Haswell and later processors’

graphics units.)
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NG RS RIGPU

@ = Y (rendering)
VE G THEHUR PR T (model) 1) 2 -G RO 2 . Bdob
RALFE: Vertex Processing. Primitive Assembly.
Rasterization. Texture Mapping%s .

¢ L ~>EJEniE-r>GPU
12 B 2D /3D I FE A PR AL FE e T 2 P A A4 HaL s
REERVMAE: Pipeline(VE QL& £8)
GPUIZ & 35 1] S A 1) U7 M) & J

& 2 BRI K
OpenGL / DirectX
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GPU->GPGPU

4 GPU
GPU (Graphic Processing Unit BIFEACFEZS) KB ) H 52 BT
SRM3DEMGALEE . GPUR) TAEIE AR i & 5¢ B 3D K 1Y
ARG, R BT BAE N MR 2R R, WREME R AT U B
ERAPEI et . 20006E 2/, — MRS THIE. 3
M PEAREE B AR, CE-R/BEEINE R D6

€ GPGPU
65 GPURY T g A2 AN 53, R 9 A2V R R T 4 iy GPU
NI FEIZE &, HHRFHBORETTE, e [ THEAS KR
k. GPUIN FHRE I Cgimmtgtth | BIRIE 3155, #HGPU
56 AGE H THE W R WG B, R GPU H T Bl iE 4% LLAH
A A N GPGPU  (General Purpose computing on
graphics processing units, & FGPUREHTTE)
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©)) CPU vs. GPGPU

CPURMIGPU¥ it HArANRE . CPUTE AR 98 (1018 FH 4 >t A i &
AR R S, R SOCEL B B A W S o 5 N K& 179 S ke AN
T AL, IXEEEE S CPURI N S 45 M i E 4% . T GPUIH
ot AT U 20 2 FE 49— 1« A BTG AR5 ) R AR B0 R0 T Bl
FT T B 261 BT IR S

ALU  ALU

GPURM THEAZ M EsE o™ aw aw
RIS, ERG RS L e
¥ f B B 3644 55 T Cache.

5 CPUEK: 18 8 425 1] 1588 2570
Wz AR, GPUHK ) & K

BRI R

8
-
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CPU7R 15!
Intel Skylake Microarchitecture

32K L1 Instruction |
Cache

256K 12 Cache
(Unified)

32K L1 Data Cache

BPU
Y
MSROM Decoded Icache < Legacy Decode
(DSB) Pipeline
14 uops/oyde 6 uops/cyde 5 uops/oycle
L J Y
Instruction Decode Queue (1DQ,, or micro-op gueue)
y
Allocate/Rename/Retire/MoveElimination/Zeroldiom |
Y
Scheduler |
.| Port2
IPDrtI] I Port1 Ipms I Port 6 "l LD/STA
Imt ALL, Int ALU, Int ALU,
Vec FMA, Fast LEA, Fast LEA, Int ALU, | Port3
VecMUL, | | VecEMA, Vec SHUF, Int Shft, ¥ LD/STA
Vec Add, Vec MUL, Vec ALU, TEIEL .
Vec ALU, Vec Add, ovT o
Vec Shit, Vec AL, y Fortd >
Divide, Vec Sht, =1L —>
Branch2 Int MUL,
Slow LEA Port 7
. .. STA
Intel® 64 and 1A-32 Architectures Optimization Reference Manual, Sep 2015

http//Awww. intel.com/content/www/us/en/architecture-and-technology/64-ia-32-architectures-optimization-manual. html



CPU7= 13l

Intel microarchitecture code name Sandy Bridge Pipeline Functionality

| 32K L1 Instruction Cache | Pre-decode #|Instr Queue =
Decoders |

| Branch Predictor |

| 1.5K uOP Cache |

Load Store  [| Reorder — ]
Buffers Buffers Buffers —‘ Allocate/Rename/Retire
In-order

out-of-order

Scheduler

|
‘IZPortO | [PortT | [Port5 | [Port2 | [Port3 | [ Portd |
A

! 1[ # A |

 J  J Y  J
ALU | ALU | ALU Load Load ST
V-Mul V-Add JMP StAddr StAddr
V-Shuffle V-Shuffle 256- FP Shuf
Fdiv | 256- FP Add || 256- FP Bool
[ 256- FP MUL | 256- FP Blend
[256- FP Blend | | | Memory Control

‘ 48 bytes/cycle
Line Fill
256K L2 Cache (Unified) Buffers

ﬁ 32K L1 Data Cache

Intel® 64 and 1A-32 Architectures Optimization Reference Manual, Aprif @012
http//Awww. intel.com/content/www/us/en/architecture-and-technology/64-ia-32-architectures-optimization-manual. html




GPGPUR

SM(Streaming Multiprocessor) Microarchitecture
[ wetucbonCahe |

[ wopscheaser | wapscheduler |

20104 NvidiaftE H B FermiZEF 4 16
NSM, &SMA 321 CUDA Core,
1~ CUDA Corefg 1N #E0T 45 ¥ T
(ALU) FIINNE ST (FPU)

Dispatch Port
Operand Collector

i .
i )

S, -D AR R
= P =1
o) o a8
-l A

|

|

Result Queue

Fermi Streaming Multiprocessor (SM)
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GPGPU7
GeForce GTX 980RF

R R
e

GeForce GTX 980
L% 1126MHz
CUDA Core 2048 BANNNANN SANANNNN W LLL )

BT A/ 4.6 TFLOPs R e e

NANANNENN JNANANANE BANNANAN BEANAERNAR
NANAAANN NANNENNN NEANEENE AARNEANAN
HENNNNEN NENANNEN SNNNANNE AEENARED
HNNENANN ANNANNANN SHANNANN AENNENAN

NENNNENEN NAANANNANE ANANEANE ANENNENER ANARNANEAN NAANANEN NANARNARN ANEANEAN

HANAANNN NANNANANN BENNNNNE AEBRANAN BANNNANEN NANNANAN ANAERANEN ANEREERNN
AANAAAANN ANAAAAAN VAAAANAE ARAAREAN SNAARNANN AENARAEN

NENNNNAN NENNENEN NNNNENNN NNEANNNN ENARNEEN NENNENEN

NANENNEEN NENENNNEN BANNNNAN NEBNNEAN BNNANEEN NEANN

HARNNNNEN NUANANSN BAANENNANE BANAENNN SANANAEN NEEANaEN

FRNANNNEN ANAANNEAN AEANNBAN AARNANNAN AARANNAN NANEARNAN

20149H, NVIDIAK AR ||| e e s
GTX 980, ?Hiﬁ4.6T Flops Bl mwes
R RS i R s B RE || e e =

ANANANSN NENNSNNN ANNNNS AAANENEN sausuNnn sanAnaan
HNNNNNNN NENNNNNN N NNRNNNNN EnRNNEAN AnnENNAN
11 ANANNNAN  WANANNNN : n oan nan ARNANANN ANNANNNN
| NANNNNNN NNENNNNN nEAANRNN NANNANNN nan :
4/&Eﬁ E[ BANENNEEN NAENNENEN ANNARAAAAN AARAEAEN HANBEANAN NARERNEER AANAN
—|—A J\GTX 980\“4 9 i EANEANEN NANNSNAN MNNANNNN NENNNNNNN NNANNNAN NNNANNAN NNNENNAN ANAANANN
. NANNANNN NNRNENNN WENENNNN NNNNNNNN NENNNNNN NEANANNN NANNANAN ANNANANN
¥4099 00 '_‘_‘?: 2015 09 ! HAANANNN NNNNNNNN FEL T NNENNNND NANNANDN NENNANNN HANNNNEN NEUNRNENA §
" (/R N " ) LARANNEAN HUANNEANN ' nuN HANNNNNN NENNNNNN NNNANNEN AN nn
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Figure 1: Architecture components layout for an Intele Core™ 7 processor 6700K for
desktop systems. This SoC contains 4 CPU cores, outlined in blue dashed boxes.
Outlined in the red dashed box, is an InteleHD Graphics 530. It is a one-slice
instantiation of Intel processor graphics gen9 architecture.

Agent
w/
display,

: memory,
& 1/O
& controllers

utgpnigg sim ) H
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An Intel® Core™ 17 processor 6700K SoC
and Its ring Interconnect architectyigr p pg a2

The on-die bus between CPU cores, caches, and Intel processor
graphics is a ring based topology with dedicated local interfaces
for each connected “agent”. This SOC ring interconnect is a bi-
directional ring that has a 32-byte wide data bus, with separate

lines for request, snoop, and acknowledge.
Intel® Core Processor

Intel® Processor Graphics Gen9

Command Streamer Rendering fixed
: Global Thread Dispatcher function units Display
Controller

Slice: 24 EUs - -
Memory
Controller

3 € . D o N

GTI: Graphics Technology Interface

(Opt) EDRA
Controller

https://software.intel.com/sites/default/files/managed/c5/9a/The-Compute-Architecture-of-Intel-Processor-Graphics-Gen9-v1d0.pdf @ clock domain
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Intel Skylake GT4/e Graphics With 72 EUs and eDRAM

" Intel® Processor Graphics Gen9

Command Streamer

‘ Global Thread Dispatcher

N B _ B _ B B § § § 4 § § § & & § = N =

arries

Intel HD GraphicH 14 i

Execution units are clustered into groups called subslices. Subslices are

further clustered into slices.

EOR BRI OB/ DL E —Slice(24EUs), #x%2 1] LAFC B 3/ Slice

https://software.intel.com/sites/default/files/managed/c5/9a/The-Compute-Architecture-of-Intel-Processor-Graphics-Gen9-v1d0.pdf

Rendering fixed
function units

Slice: 24 EUs

Slice: 24 EUs

aaaaaa
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Intel HD Graphic: Slice Architecture

L3 memory structure is allocated: 1) as application L3 data cache, 2) as system
buffers for fixed-function pipelines, and 3) as shared local memory.

Shared local memory is a structure within the L3 complex that supports
programmer-managed data for sharing among EU hardware threads within the same
subslice.

This barrier logic is available ez 2 2L

as a hardware alternative to : —
pure compiler-based barrier ice: 8 ice: ice:
implementation approaches.
The gen9 logic can support
barriers simultaneously in up to
16 active thread-groups per s
subslice. ==
Each slice also provides a rich

suite of atomic read-modify-
write memory operations. L3 Data Cache

Barriers =

I i
1

i i
=
1 |

T
T
IE | 1ig® Nigh 1|

——"

oo RLICTC RCC ARV AR

Shared Local Memory

https://software.intel.com/sites/default/files/managed/c5/9a/The-Compute-Architecture-of-Intel-Processor=aggics- Gen9-v1d0.pdf



Intel HD Graphic: Subslice

E_ach subslice (_:ontal_ns Its own Iocal.th read fSUbS“CQ: SE
dispatcher unitand its own supporting S
instruction caches. Given these 8 EUs with 7
threadseach, a single subslice has dedicated
hardware resources and register files for a
total of 56 simultaneous threads.

|

[

e —

zle

[

AR LI | TIE | IIE | e
i

The sampler is a read-only memory fetch
unit that may be used for sampling of tiled
(or nottiled) texture and image surfaces.

[

T
| .\

—

I

The data port supports efficient read/write
operations for a variety of general purpose
buffer accesses, flexible SIMD scatter/gather
operations, as well as shared local memory
access.
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<= Intel HD Graphic
Execution Unit (EU) Architecture

For gen9-based products, each EU thread has 128 general purpose registers.
Each register stores 32 bytes, accessible as a SIMD 8-element vector of 32-
bit data elements. Thus each gen9 thread has 4 Kbytes of general purpose
register file (GRF). In the gen9 architecture, ea€h EU has seven threads for a
total of 28 Kbytes of GRF per EU.

: A
BN thread RS H &5 A7 8 PR AT g%@:@%%%éﬁﬁi

EU: Execution Linit PAT AL

Send unit
Branch unit
SIMD-4 FPU
SIMD-4 FPU

Each EU contains
2 X SIMD-4 FPUs
(FP32 ALUs)

https://software.intel.com/sites/default/files/managed/c5/9a/The-Compute-Architecture-of-Intel-Processor-Graphics-Gen9-v1d0.pdf



Intel HD Graphic
The EU Instruction Set Architecture (ISA)

€ The EU Instruction Set Architecture (ISA) and
assoclated general purpose register file are all designed to
support a flexible SIMD width. Thus for 32-bit data types,
the gen9 FPUs can be viewed as physically 4-wide. But
the FPUs may be targeted with SIMD Instructions and
registers that are logically 1-wide, 2-wide, 4-wide, 8-wide,
16-wide, or 32-wide.

€ The instruction SIMD width choice is left to the
compiler or low level programmer. Differing SIMD width
Instructions can be issued back to back with no
performance penalty.

https://software.intel.com/sites/default/files/managed/c5/9a/The-Compute-Architecture-of-Intel-Processor-Graphics-Gen9-v1d0.pdf



hy and theoretical peak bandwidths

IErarc

Intel HD Graphic

memory h

@ Package

Each CPU Core:

Local Mem
64KB/subslice

=

Intel® Processor Graphics Gen9

CPU core

R: 96B/cyc
W: 32B/cyc

EU: Execution Unit

@ SoC Ring Interconnect

Each EU:
Each Subslice:

clock domain

[ e . - e W |

https://software.intel.com/sites/default/files/managed/c5/9a/The-Compute-Architecture-of-Intel-Processor-Graphics-Gen9-v1d0. cisss



22 64X i =i 7-6 700K (cPu:Skylake/GPU:Gen9, 2015.08)
Intel® HD Graphics 53014 g

At 384 FLOP/cycle and peak clock rate of 1.15 GHz, that give the Intel HD
Graphics 530 a peak throughput of 441.6 single precision GFLOPS

Intel® HD Derivation, notes
Graphics 530
X1 LG
> Configurations:
Ge FOfCE)\ I j QXZGPU Execution units (EUs) 24 iUs 8 EUs x 3 subslices x 1 slices
GT 730(690 GFLOP81 Hardware threads 168 tyreads 24 EUs x 7 threads
C t k | inst g | Bb376ingt 168 threads * SIMD-32 il
2014.06) GpencL™ workcfems or Directc - '“i”‘:es reacs comprie
Compute Shader “threads”)
Level-3 data cache (L3$) size 512 Kbyte 1 slice
3 > x 512 Kbytes /slice
AM D5 CPU;%KEE E,(J Max shared local memory size 192 Kbytes 3 subslices
GPU x 64 Kbytes /subslice
Last level cache (LLCS) size 2-8 Mbytes \ | depending on product configuration
Kaveri AP US (845 Package embedded DRAM size n/a \\
GFLOPS, 2014.01). | Peak Compute Throughput MK H72 EURRZ
32b float FLOPS 384 FLOP/cycle 24 EUs
X (2 x SIMD-4 FPU)
X (MUL + ADD)
64b double float FLOPS 96 FLOP/cycle 24 EUs
x SIMD-4 FPU
x (MUL + ADD)
X % throughput
32b integer IOPS 192 IOP/cycle 24 EUs
x (2 x SIMD-4 FPU)
X (ADD)

https://software.intel.com/sites/default/files/managed/c5/9a/The-Compute-Architecture-of-Intel-Processor-Graphics-Gen9-v1d0.pdf



Intel® HD Graphics#as

6 Years of Processor Graphics

2010 2011 2012 2013 2014 2015
Iron Lake Sandy Bridge Ilvy Bridge Haswell Broadwell Skylake
Intel® HD Graphics Intel HD 3000-2000 Intel HD 4000-2500 Intel HD 5200-4200 Intel HD 6200-5500 Intel HD 530

Intel® Core™ 2nd Generation Intel 3rd Generation Intel 4™ Generation Intel 5™ Generation Intel 6th Generation Intel
Processor Core Processor Core Processor Core Processor Core Processor Core Processor
A St * 22nm * 14nm
* DirectX” 10.0 * DirectX 10.1 * DirectX 11.0 * DirectX 11.1 * DirectX 11.2 * DirectX 12.0
* DX Extensions
« Upto 10 EUs « Upto 12 EUs + Up to 16EUs + Upto 40 EUs * Upto 48 EUs + Upto72 EUs
« EDRAM * EDRAM + EDRAM+
* Iris™ Pro, Iris™ s Iris Pro, Iris * Iris Pro, Iris
43 GFLOPS' 130 GFLOPS' 256 GFLOPS' 640 GFLOPS' 768 GFLOPS' 1152 GFLOPS!

T Peak shader FLOPS (@1GHz)

IDF

INTEL DEVELOPER FORUM
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Intel GPUBY & /MR JT
Execution Unit (EU) Architecture

GRF: general purpose register file
—/\thredﬁ 1281~32bytesff) & f7es; 7 Mthread; #EANEUA 28Kbytesit

Atbiter N7/ thread #
prinki= 2 =R | L
PAT AL

Send unit

Branch unit
SIMD-4 FPU
SIMD-4 FPU

https://software.intel.com/sites/default/files/managed/c5/9a/The-Compute-Architecture-of-Intel-Processor-Graphics-Gen9-v1d0.pdf



Nvidia GPUR & /NB It : CUDA Core
FermiZE4a z [F 4 #r A CUDA Core

/1~ CUDA Core G 1M ¥EZHH 5 (ALU) FILNE &
B TT (FPU) , TE— N8 FE BN B] PLSE RC— IR B
Wy LA — IR AN Is & .

CUDA core

Dispatch Port
Operand Collector

UNGTX 9803L420481~CUDA
Core, LTAERf#0°41126 MHz, H
HAS RS /1o 1126*106%2048=
4.6 TFLOPs

ETIGTX 980&F, ¥4099.00(3 %=,
i Hi: 2015.09)

) Result Queuve |
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AMD GPUs/MEJT: CU

AMDHYGCN(Graphics Core Next)Z24#4HgJCompute Unit

Compute Unit
20 SIMDREF SE PR _F o2& 16 MALUK & 5

AMD Graphics Core Next
Compute Unit (CU)

TR, XFE—CURICHIA 641 ALUH.
TG, /I\ﬁfuﬁ~4\5§%¢)ﬁl B A PASE R —
R B A — IRTF S BUINE I

BKB RF

Branch &
H Scalar
MSG Unit o
64KB Reglster Flle
16-wide Vector SIMD
LU || AL LU
AL LU || AL [ ALy (| AL
64KB Reglster Fil
16-wide Vector SIMD :
AL LU || AL [ ALy (| AL g
[y R/W L2
ALl Lu Lu Lu Lu m
X
o
-

64KB Register File

16-wide Vector SIMD

ALl LU |[ ALW Lu
ALl LU |[ ALW Lu Lu
54KB Reglster Fil

Front End Fetch & Decode Logic
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http://www.anandtech.com/show/4455/amds-graphics-core-next-preview-amd-architects-for-compute/4
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FLOPS

GPU-ZEFEZIRGPUE R

= iz B B H * ¥ Cyclef FLOPS * Clock

® Inte’NEU(384FLOPS/cycle, *fT-4E i [#] 24EUs[*JHD530: 883.2GFLOPS)
® Nvidia yCUDA Core(2FLOPS/cycle, % T GTX970: 2.44TFLOPS)
® AMDNALUN#1??(2FLOPS/cycle)

|58 TechPowerUp GPU-Z 0.8.5 = X
Graphics Card  Sensors ~ Validation -
Name | intel(R) HD Graphlcs 50 | Llookup |
GPU |Broadwell GT3  Fevision | N/&
Technoogy [ 1&rm  Die Size [ 1Bmm (intel)
Release Date | Jan5,2015 Transistors | 1900M
BIOS Version | 1020 PC 14.34 05/15/2015 02:42:41 [7¥ [JUEFI
Device ID | 8086-1912  Subvendor|  ASUS (1043)
ROPs/TMUs | 8/16  BusInteface \ N/A ?
Shaders |  48Unfied  {DirectX Support | 11.2/SM50
Piel Filate | 28 GPoel/s  Texure Filrate |  5.6GTexel/’s
Memory Type | 'DDR3 © BusWidth |  128Bt
Memory Size N/A Bandwidth | [ 341GB/s
Driver Version | 10.18.15.4256 WHQL / Win10 64
GPU Clock | 350 MHz  Memory | 1067 MHz  Shader |
Defautt Clock | 350MHz  Memory | 1067 MHz ~ Shader | /o
Muli-GPU | Disabled
Computing [¥]OpenCL [[JCUDA []PhysX [“]DirectCompute 5.0
Intel(R) HD Graphics 530 v

5% TechPowerUp GPU-Z 0.7.9 o]l & =3
Graphicsm o)
Name | NVIDIA GeForce GTX 970 [ ]
GPU | GM204 Revison | Al @
Technology | 28nm  Die Size | 1 Nvioia
Release Date | 2014 Transistors | Urknown
BIOS Version |  B4041F003B(P04Board) o
Device ID

lA1ODE -13C2 Subvendor | Zotac/PC Partner (15DA)
_22/10d4 ace | PCIE30x16 @x1630 7

Shaders | 1664 Unfied  PirectX Support | 11.0/SM5.0
Pixel Filrate | 344GPixel’s  Texture Filrate | 111.9GTexel/s
Memory Type | GDDRS5 (Samsung) Bus Width | 256 Bt
Memory Size 4096MB Bandwidth 224 4GB/s
Driver Version | nviddmkm 9.18.13.4407 (ForceWare 344.07) / Win7 64
GPU Clock | 1076 MHz Memtlrijssmm' Boost | 1216 MHz
Default Clock | 1076 MHz ~ Memory | 1753 MHz ~ Boost | 1216 MHz
NVIDIASLI | Disabled |
Computing [¥]OpenCL [V|CUDA [¥]PhysX [¥]DirectCompute 5.0
[NVIDIA GeForce GTX 970 v Close
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TMU: Texture Mapping Unit
ROPs: Raster Operations Units
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GPU-ZEZIRIGPUE 2

[

' Graphics Card

Name

GPU

Technology \;278 nm

| Sensors | Validation | e

TechPowerUp GPU-Z 082 - F ﬁ-

" AMD Radeon(TV) R7 Graphics | Lookap
e e
— evisic AMDZ

Die Size | 245mm?

A SERIES

Release Date \:J;n 14,2014 Transistors 2410M
BIOS Version | 015.041.000.002.000000 (113-SPEC102)  [7¥
Device ID | 1002-130F  Subvendor|  ASRock (1849)
ROPs/TMUs | 8/32 mEus Interface | N/A ?
Shades T2 UMifiex DirectX Support | 11.2/SM5.0
Pixel Filate | 69GPixel’s  Tedure Filate | 27.7 GTexel/s
Memory Type | DDR3 BusWidth |  128Bt
Memory Size | 512MB Bandwidth |  29.9GB/s
Driver Version | 14.502.1014.0 Beta (Catalyst 15.4) / Win8.1 64
GPUClock | 87MHz  Memory | 933MHz  cjisce |
Default Clock | 867 MHz Memory\.m Shader [ N/&
AMD CrossFire \ Disabled

Computing

' AMD Radeon(TM) R7 Graphics v

OpenCL [ JCUDA [ ]PhysX [¥]DirectCompute 5.0

Close

www.cpu-world.com
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EMATLABH{E FHGPGPU

€ 201042, Matlabj@id Parallel Computing Toolbox 5%,

MATLAB Distributed Computing Server 2 fit%} NVIDIA &

TS0 52(GPU) 1) 3 45 .

¢ Matlab 201537 £#11GPUJCUDA-enabled NVIDIA GPU
with compute capability 2.0 or higher. For releases 14a and
earlier, compute capability 1.3 is sufficient.

€ GPU use directly from MATLAB
GPU-enabled MATLAB functions such as fft, filter, and several
linear algebra operations

GPU-enabled functions in toolboxes: Image Processing Toolbox,
Communications System Toolbox, Neural Network Toolbox,
Phased Array Systems Toolbox, and Signal Processing Toolbox
(Learn more about GPU support for signal processing algorithms)

CUDA kernel integration in MATLAB applications, using only a
single line of MATLAB code

http//cn.mathworks.com/discovery/matlab-gpu.html



MATLAB T~ =& HGPGPURY /7 T\
Three Approaches to GPU Computing: The Mandelbrot Set

1.Convert the input data to be on the GPU using gpuArray, leaving
the algorithm unchanged

2.Use arrayfun on a gpuArray input to perform the algorithm on
each element of the input independently

3.Use parallel.gpu.CUDAKernel to run some existing CUDA/C++
code using MATLAB data

9.45secs (without GPU) nere
0.247secs(naive GPU) = 38.2x faster
0.029secs(GPU arrayfun) = 329.7x faster
0.008secs(GPU CUDAKernel) = 1119.3x faster

http//cn.mathworks.com/help/distcomp/examples/illustrating-three-approaches-to-gpu-computing-the- mandelbrot-set. html
Experiments with MATLAB (2011) http//cn.mathworks.com/mo ler/el@f/chapters.html
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GPUH HIBlock & Thread
5] — block HrJEE)™ thread = —4 share memory
i Mthread#A EH S —1 registerfllocal memory )% [A]

gpuArray " GPUI , ”
45 0] 572 (GPU v
Memory) i Block S| Bk~
arrayfu n Thread | | Thread Thread | | Thread
//f}% —Ira: ’fZIX l:Ij —‘ ‘\{j_(f@%i jj\ ED ;‘iij Thread | | Thread Thread | | Thread
Z(ﬁ H{J B|0Ck':|:' CPL

Block Block
parallel.gpu.CUDAKernel fhread | |Thread] | | |[hread] [Thread
C U DA% %EEEI )I% //f)é‘ }1: 1Zl§ l:lj — yj_'\jé Thread | |Thread Thread| | Thread
B BCBIAS R ) Thread
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B F1T1HE S22 CUDA
(Compute Unified Device ArchitectL

<A NVIDIA.
CUDA.

€ CUDA(Compute Unified Device Archltecture), e
FEINVIDIAGE W 38 F AT TSRS, 28 e
T CUDATE &S (ISA) LI GPU Vwﬁmaf it s

1%, A ANRufEHC. C++. Fortrani& =

CUDA™ZEF ) I E5FEFF .

420074

=6 H23H, NVIDIAK A CUDA 1.0

TeslaZ2#JGPUS ¥ CUDA 1.0. 1.1. 1.2. 1.3
FermiZE#JGPUS £ CUDA 2.0. 2.1

KeplerZ2#JGPUSZ #F CUDA 3.0. 3.2. 3.5. 3.7
MaxwellZ2fGPUX i CUDA5.0. 5.2, 5.3

&N
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— N REMRYKerne

CUDAZEM T, — /R4 AWANERr: host
i A1 device ¥fi. Host ¥ & f87E CPU _LHATHI
4z, 1M device ¥ N ZEAEGPU_E AT HIER47
Device Uit HIFE 7 X AN "kernel". 8% host ¥
RSB RES I 5, EH2IGPUR N A7
, FHGPUHT device i, 25 FH
host ¥ #2744 25 B M GP UK N A7 H B ] .

/I Kernel definition

__global__ void VecAdd(float* A, float* B, float* C) {
int 1 = threadldx.x;

C[i] = Ali] + B[i];

}

int main() {

/I Kernel invocation with N threads
VecAdd<<<l, N>>>(A, B, C);

} Blc:é:iﬁza\ Thread % B

https://developer.nvidia.com/cuda-education 129
http://docs.nvidia.com/cuda/cuda-c-programming-guide/index.html

Kernel 1 ———p Block

CUDA Programming Model

Grid 1

(0, 0)
Block .-’
(o, 1‘-}'
/" Grid2 *.'r
Kernel 2 ————)p
~ Block (1,1)

Block
(1, 0)

Block
(1, 1)

Block
(2,0)

Block
(2,1)




= CUDA Programming Model
&/ Thread->Block=>Grid (Kernel)

Grid
o  GPUFAT B B B¢ 7N EEAT /2 thread Block (0, 0) Block (1, 0)

. H/thread 7] LA B —

block. & —>block Fif G B3 1K
Thread (0, 0) Thread (1, 0)

thread 1 H 2 A BRIY. A1k,
47 FD R block, 7T LLALAK F
grid.

— ™ block H i) thread fE 47 B [A] Thread (0, 0)

—HILERNAE, i HoA] PUPRIE
BEAT [P BhPE
o /R[A block 7 ] thread 7615 £ HL

[l — P HERIANAE, BTGRE
BB BT [F)D

o  AFE grid W AT PAFHATAS [F] R
7 (B kernel).

https://developer.nvidia.com/cuda-education
http://docs. nvidia.com/cuda/cuda-c-programming- guide/index. html




ﬁ&té—in =] OpenCL SEES
(Open Computing Language) )‘

OpenCL

@ Open Computing Language (OpenCL) is a framework for writing
programs that execute across heterogeneous platforms consisting of
central processing units (CPUs), graphics processing units (GPUS),
digital signal processors (DSPs), field-programmable gate arrays
(FPGAs) and other processors. OpenCL specifies a language (based
on C99) for programming these devices and application
programming interfaces (APIs) to control the platform and execute
programs on the compute devices.

@ OpenCLEAISER AT I K&, FESAMD, IBM, JEE:/RA
nVIDIAFL AR EEZ THIZ % H. Ma, SEREX—FE
#24Z £ Khronos Group. 20084E11H 18E|, Z IAEHSERL T
OpenCL 1.08175 HF AR 445 . 201096 14H, OpenCL 1.1 k&
fi. 2011411 H15H, OpenCL 1.2 & Afi. 20134E11H19H,
OpenCL 2.0k . 20154£1H29H, OpenCL 2.1%4f -

https//www.khronos.org/opencl/
https://en.wikipedia.org/wiki/OpenCL

_F'
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Single-Core
Era

Enabled by:
v' Moore's Law
v Voltage Scaling

v" MicroArchitecture

Constrained by:
X Power
X Complexity

Single-thread Performance

A

Time

Multi-Core
Era

Enabled by:
v Moore's Law
v' Desire for Throughput
v' 20 years of SMP arch

Constrained by:

X Power
X Parallel SW availability
X Scalability
A
T
we are
here

Throughput Performance

Time
(# of Processors)
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) Three Eras of Processor Performance

Heterogeneous
Systems Era

Enabled by:
v Moore's Law
v Abundant data parallelism
v" Power efficient GPUs

Currently constrained by:
X Programming models
X Communication overheads
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SFHTE
Heterogeneous computing

@ Heterogeneous computing refers to systems that use more than
one kind of processor. These are systems that gain performance not
just by adding the same type of processors, but by adding dissimilar
processors, usually incorporating specialized processing capabilities
to handle particular tasks.

@ The level of heterogeneity in modern computing systems
gradually rises as increases In chip area and further scaling of
fabrication technologies allows for formerly discrete components to
become integrated parts of a system-on-chip, or SoC. For example,
many new processors now include built-in logic for interfacing with
other devices (SATA, PCI, Ethernet, USB, RFID, Radios, UARTS,
and memory controllers), as well as programmable functional units
and hardware accelerators (GPUs, cryptography co-processors,
programmable network processors, A/V encoders/decoders, etc.).
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DARPA’s Ubiquitous High-Performance
Computing (UHPC)/ Exascale Projects
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ARM+DSP+GPU
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Figure 1: Zyng-7000 All Programmable SoC Overview

o Processing System
Peripherals I 1 1
. Glmr' Reset SWOT Application Processor Unit
/ usB Eneration FPU and NEON Engine FPU and NEON Engine
USB 2x USB e MMU ABRM Cortex-A2 MMU ARM Cortex-A2
Gige 2% GigE System- CPU CcPU
GigE 2% 8D Level 32 KB 32 KB 32 KB 32 KB
sD Control |-Cache O-Cache |-Cache b-Cache
SDIC BQ Regs ]
&D - elle Snoop Controller, AWDT, Timer [~
SDI0 Yvyy
GPIO | |- | o} DMAB » |5‘|2 KB L2 Cache & Controller
Ol UART : Channel
= UART | |- i
AN ocM | 236K
o0 - Interconnect | SRAM 1
12C A
SPI Central Memory
SPI Interconnect #| Interfaces
CoreSight DDR2/3,
N Ilﬁq:rrfgggs ~ Components LPDDR2
\ - ‘ Controller
SRAM/ -
NOR |—'—|
= DAP
ONFI1.0 L + *
MAND - Deve Programmable Logic to
O-SPI Memaory Interconnect
0t vy t 4
v P 444
EMIC General-Purpose DMA  IRQ | Config High-Performance Ports ACP
XADC
12.Bit ADC Ports Sync AES/ )
SHA Programmable Logic
- SelectlO
Notes: Resources
1) Arrow direction shows control {master to slave)
2) Data flows in both directions: AX| 32-Bit/64-Bit, AX| 64-Bit, AX| 32-Bit, AHB 32-Bit, APB 32-Bit, Custom
DS130_01_080812



IZNGG: FHTE

@ Heterogeneous computing refers to systems that use
more than one kind of processor.

GPCPU + GPGPU

GPCPU + GPGPU + DSP

GPCPU + FPGA

& TR
CUDA (Compute Unified Device Architecture)
OpenCL (Open Computing Language)
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GPU (Graphics Processing Units)
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