CA HRSEHAT
1 BERE (BSEHT)

Multithreading

+ WAIERIERZK e SR TR R R?
» —HE: EHRERRKEPRZAITRE
FRSENRS

Interleave 4 threads, T1-T4, on non-bypassed 5-stage pipe

40 41 £2 43 4 £5 £6 {7 .t8 .9

T1: LW rl 0(1‘2) FID|IX M “‘IA__ —-—— Prior instruction in
’ ’ _ i | 1 i athread always
T2:ADD(7,rl,r4 | |[E[DIXIMW | | | Jompietes wite-
T3: XORIt5, 14, #12 i | |E|D|X|MW : | back before next
. P : i instruction in
T4: SWO(r7), 15 _F D ¥ : same thread reads
T1: LW 15, 12(r]) F _X i register file
O Il
HE S
L] g O i:’
L = PC i
I _
ke mc
CPU (] CPU O
O O
O H
O O
(a) Conventional Processor D (b) Multithreaded Processor .

(&%) BRI ER S Sz e
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- WIEBREIEIRFESIARIESRKEIESRIIERE
- M (8550S) MRAES FREFES/1CPU (RiXE

MER, CPUBIPIEITHOIE—LL)

select

Y
ZaN
+1
| e n_ Il
2 Thread lﬂl 2 Al

D$

BRES%EL
- EZSE*LE}JE%ET%%

- HERETH

« fign: Cache?&?ﬁlﬂ]‘

- ERFEIPER
- FE—ARE SIS iR
MRBEFERENIHEEIRZUIETIR, SRERF?
- BAOTERARRNRE, BNATFEEELRIRE
~ ROKTRRRTRE? )

RENCGMTERS:
— DYSEAC [Leiner, 1954]
- EEEFRNERAEFEERARIHRIE
— TX-2 [Forgie, 1957]
* MIT Lincoln Laboratory.

Execution Units

; UL
| |E.
|
|| |
H|Enn
|
H|mnn
H|mnn
| _|mi.
|| |
||
Hl |nn
HLER

= usmig suyedig —|

A Coarse-Grain
Mudtithreaded
architecture has the
ability to switch between
threads with

only a short hardware
context switch latency <
10 cycles

A2 ERIEER! <10 cycles




Fine-Grain Multithreading

Issue width * ﬂm;ﬁﬁ

Fine-Grained - ZOEENESAAY T

- MNMRETFHRERIAISREIRAE Y
BTIRI, SRERF?
- WO EESARRE
- LEEMEREN, THRERS

Instruction
issue

Time

EAYR

+ CDC 6600: SFE—REEMFGMT

— ALUEBME100ns vs. FEE21519)1000ns

Simultaneous

) Superscalar Fine-Grained Coarse-Grained Multipro‘:essing Multithreadin

- HEOO0 EECOOD EECE0 EaRY EEN

o BUOL SNUO EOUH BONN

« BRI OO0 EECL EES

8 EEE] 00D DEED EEN

g LUl BUUL NNCOIL B0 NI

8 IO EEE SNNL 00 = = = =

a..DD NN SNNL OIONCT CICIEIL

— BU00 OOy dOogdd Ee NI

g EEE] OO0 OO0 BEGSN0 EENC

i= (0000 BEBEE OO0 medl SN

10010 NN B BONC] NEEL

l EECC NOOO 8000 0OONN NOEC
I Thread 1 ] Thread 3 EH Thread 5
Thread 2 Thread 4 [ ] Idle slot



ZEEFRA | ZERHENER LTSN

None H=: IERIR BIERF AR

FGMT M FEsEE, BEHEE/MRE 8/ \Cyclefli

CGMT & I-fetch buffer, H7FEE3, &6 Fvk&ikistallpgi]ig
EHE/RE

SMT B 5: I-fetch buffer, return address fE L FAFERRIRE,

stack, HFFaX i, EHZE/IRTS, I BHRERR
reorder buffer, store queueZ

CMP H#=: T Cache, RFETE BB L AT R,
pez=pled L

(a)CMP  TEEFEIFTRHTKE; BEAINITHERR

(b) FGMT BB #EFEXI DA S TEE; S SMTHRERIR

(c) CGMT  KIERFRIIMELTE; TP oycleBSXI T MITIRIRNEIR
(d)SMT B cycle X RIS AIRBEAEL%TE, BSXSPRITHRNEIR

[DEIE
1 SIMDFIELEH

- SIMDLEMIMDEET5EE |

- H SRR EN R ERAUE R

— SIMDXFPMD( personal mobile devices)EBEIK3 |

 SIMD RFiEFRELELIRITIRI B

Vector Memory-Memory vs.
Vector Register Machines

- FiESR-FEEEREN (VMMA) SEEEERSETS
— All operands must be rmd in and oub of memory
« VMMASSEFZMRERMEESNITREE

— Must check dependencies on memory addresses

- VMMAEHEE
- ?EE% Star- aETcR/)\F1000, FFEMABHEEETFREEML
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RELIENAVESHEETT
« Vector Register. BIEKKERN—REXIH, FHREIEE

- ELNEROMN—SR0 (RS 160EHR0, sMSiH0)
- HRRYES.-32 MESFEE, B\ 5F28F6451281 64 7tR

Vector Functional Units (FUs). K8, 8—9
clock BE1—/NERESIR(E

—Rg4 %8 FUs: FP add, FP mult, FP reciprocal (1/X), integer add,
logical, shift; AIEELESIRERIEMSF

store— M EI=E, AJEEREESLSUSMY

* Scalar registers. FIEBEAN TERAFIFELENFEHLE
« AR FXKEE(Cross-bar) FUs , LSUs, registers

Vector Load-Store Units (LSUs). £ifiiK{titbload 3%

Vector Unit Structure

Vector
Registers

~

Lane

Functional Unit
/

17 S e S e
t ot ot t ot
. Elements 0, 4, 8, Elements 1, 5, 9,

Elements 2, 6, 10,

Elements 3, 7, 11,|...

' t 4+ R |
SRR LR
Memory Subsystem

A ManeH 8




- SFRAERSUEENTHHERA)

—flgn: 81N\EE 32 NJtx, 8lanes (FiE)
Load Unit Multiply Unit Add Unit

load
\tﬁme
load

Instruction
issue

Complete 24 operations/cycle while issuing 1 short instruction/cycle

#ReFEE (REE)

1  ConvoyR S 1TadE
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Vector Execution Time

« Time = f(vector Iength data dependencies, struct. hazards)

Initiation rate; RS TERNEER EWE 7{{\
ﬁ Convoy: 8]{% BRHITRYIESES (no structur
data hazards)
,ﬁ’ Chime: 17—4 convoyFR{E ERIKEAYE (approx. time)
+ m convoys take m chimes,
- MRBNMRAEKE I, BBZAm N convoys FRrTEZERIATIEIZEM 7' chimes
— 8/ chimeFi{eB2RURTIEIRN Tclocks, ZFEFFRT{E 2R/ ERTEIRLY A

m x n clock cycles (RSN, HNEKERKINXFITUESERN)

1. LV g@x* ;load vector X 4 convoys, 1 Iane, VL=64
2: MULV V2,F0,V1 ;vector-scalar mult. =>4 x 64 = 256 clocks

LV.  V3Ry  ;load vectorY (or 4 clocks per result)
3: ADDV !ilﬂ,VS ;add
4: SV Ry, V4 ;store the result

VMIPS Start-up Time
Start-up time: FU SpEiRKERFEE

Operation Start-up penalty (from CRAY-1)
Vector load/store 12
Vector multiply 7
Vector add 6
&ssume convoys donﬂerlap;@

Convoy Start 1st result last result

1.V 0 12 11+n  (12+n-1) oMY

2. MULV, LV 12+n  12+n+7 18+2n Multiply startup (|24N+)11N~)

Ly 12+n 12+n+12  23+2n__ Load start-up
3. ADDV 24+2n 24+2n+6 29+3n Wait convoy 2

4. SV 30+3n 30+3n+12 41+4n Wait convoy 3



Strip Mining (73ERFFK)

+ {Ri&Vector Length > Max. Vector Length (MVL)?

« Strip mining: 4RSS TEERERTTEE < MVL
+ [E—IRER MBI (n mod MVL), LAFFIRVL = MVLIE(E |

low =1
VL = (n mod MVL) /*find the odd size piece*/
do1 j=0,(n/MVL) /*outer loop*/
do 10i = low, low+VL-1 /*runs for length VL*/
. Y(i) = a*X(i) + Y(i) /*main operation*/
10 continue
low = low+VL /*start of next vector*/
VL = MVL /*reset the length to max*/
1 continue

Value of | 0 1 2 3 wMVL

Rangeofi | 1.m [m+1). (m + m+2* (n—= MVL
m+MVL MVL+1) MVL+1) +1).0

.m+2* .m+3*

MVL MVL

MVL

Tn:lr - —lx(Tioop +Tsrarr)+nxTchfme

HitHA=Bxs, HPABAKEN200HIEE (B RETHEL8F
W), sSE—MTE. REFFHRIKENCA, BINEEEMFAISHRIE
QNRIFMA, KSEIHATRIE], (7o = 15)



Tn - |-hrl‘:l_~‘ X (Tlmp + T:aturt.) +n X Tchimc
Tmo =4x(15+T_ )+200x3
sz = 60+ (4 x Tmn) + 600 = 660 + (4 "‘Tmn]

Tstart=12+7 + 12=31

T200 = 660+4*31 = 784

B JCE AT (8] = 784/200 = 3.9

ADDI R2,R0,#1600 ;total # bytes in vector

ADD R2,R2,Ra
ADDI R1,R0,#8
MOVI2S VLR,R1
ADDI R1,R0,#64
ADDI R3,R0,#64

Loop: LV V1,Rb

MULSV V2,V1,Fs
SV Ra,Vv2

ADD Ra,Ra,R1
ADD Rb,Rb,R1
ADDI R1,R0,#512
MOVI2S VLR,R3
SUB R4,R2,Ra
BNEZ R4,Loop

;address of the end of A vector
;loads length of 1st segment
;load vector length in VLR
;length in bytes of 1st segment
;vector length of other segments
:‘load B
;vector * scalar
;store A
;address of next segment of A
;address of next segment of B
;load byte offset next segment
;set length to 64 elements
;at the end of A?
;if not, go back



Common Vector Metrics

* R HREKEALXSF KRS RKEHNRKERE.
BEEMIEEERER{(ER, B{3MFLOPS
start-upAIFFEIRZLL

— SRR ERERERARTHS K,
BRI
- R, RRRERKEAnERIRERKEAIERE

= Ny i8EIRo —¥REFRFHNRERE, EFiRE
im/K&gstart-up BIEIRITERERYSZMR.

« Ny: BERKELANITEEENTFRERITHART

{ERIFFRRIREREIRFRE.
- i’&%ﬁéﬁ%fﬁii@jﬂﬂl‘ﬁl EERE
=210

2 1RIE(IL06-02

. REERELCITERE

. s NAﬁﬁasiﬁn:magbank-w ks T

Bank

Bank

Bank

Bank

MDR| | MAR

MAR

MAR

Data bus

15

MDE| | MAR

Address bus

CPU
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Interleaved Vector Memory System

* Cray-1, 16 banks, 4 cycle bank busy time, 12 cycle latency
- Banfc bus‘y time: ﬁﬁﬁﬁ‘-‘fﬁ%ﬁ&? 1HJJEE’JIEIJ|§|%HTIHJ

ﬁ{ﬂtﬁ?ﬁﬂjﬁj@ (’ Bank busy time + ateﬂﬁfl%f?ﬁ%’ﬁﬁéﬂﬂﬁﬂig 71$ff :

1 element/cycle

. Base  Stride
Vector Registers

Address (} C}
Generator

i

0/1/2|3/4|5|6|7|8|9/AB|C|D|E|F

Memory Banks

Example(AppF F-15)
{RISEAIZNFTHBUL 13600 FTIRTREN
B264M = DW)RIRE, HB—XAF lﬂ
Fijgﬁ—l—jj%[ B I 2/ D& 8EsH T

]‘%HHHJ%?_ N—NTEIBRESN RS
ﬂi’, =57 81 thﬂﬂﬁu XCPU?

T2k F bank =6 Bpe)



Bank

Cycle no. (o] 1 2 3 4 5 6 7
O 136
1 busy 144
2 busy busy 152
3 busy busy busy 160
4 busy busy busy busy 168
5 busy busy busy busy busy 176
6 busy busy busy busy busy 184
i 3 192 busy busy busy busy busy
8 busy 200 busy busy busy busy
9 busy busy 208 busy busy busy
10 busy busy busy 216 busy busy
11 busy busy busy busy 224 busy
12 busy busy busy busy busy 232
13 busy busy busy busy busy 240
14 busy busy busy busy busy 248
15 256 busy busy busy busy busy
16 busy 264 busy busy busy busy

Figure F.7 Memory addresses (in bytes) by bank number and time slot at which
access begins. Each memeory bank latches the element address at the start of an access
and is then busy for 6 clock cycles before returning a value to the CPU. Note that the
CPU cannot keep all eight banks busy all the time because it is limited to supplying one
new address and receiving one data item each cycle.

s
Bank = (address/8) mod 8 = bonk £ TR Y%A

Vector Opt#1: Vector Chaining

. SERERRENREIES GRS > 2Rl
« BEX¥ECray-1L{EMH

V1 V2 [|V3 V4 V5

v vl\
MULV v3,vl,v2
DV v5\v3 ,

%’Jﬁm% Rx il ﬁ‘&* Chain Chain

/@ m% ,l;@nvc:j b?]?s | !
¥ r a ¢ e §
Memory |:| d- I:l (l-

d) N
5/6/2022 xhzhou@USTC ‘ﬁmf% 37




- ARBEERAR, WARESH— e SIBE— N ITE,
ZEEEa F—SEREIES

Time— Add

- SREREHERA, GI—KIESNE—MERERE, FMALUS
o] F—REXIESHIT

.

Vector Opt #2: Conditional Execution

- Suppose: Mask
do 100 i = 1, 64
if (A(i) .ne. 0) then
A(i) = A(i) - B(i)
endif

100 continue

- vector-mask control {E§fEAMVLAIH/RRAZEEE
HIRSEESHMIT

« Zvector-mask register (E8ERS, RSIBSIEETT
vector-mask registerdfl YIR{i /91899 =(ER



Vector Opt #3: Sparse Matrices

« Suppose:
do 100 i = 1,n
100 A(K(i)) = A(K(1)) + C(M(1))

—
VI) operation fEf/index vector Flﬂﬁtljﬂdﬁ
3EiEEHN => a nonsparse vector in a vector

- XETEUBRENANIRMETRE, BEARERNIndex
vectorFERIFHRIEFEAIRI R\ B
- XERMEmFRORELTIET. TEFRE: mFILTIEM
%Ik (1) PAREEEEIEHEX
- {EfcvI g (index 0, 1xm, 2xm, ..., 63xm)
(WP266)
- CVIvi, R1 //8IEERS|AEVL

MMX

© IBSHHAIT(ILP)
- DIFHTARBUTEMESRPRIRIZTTKAHES (pipelining,
superscalar, VLIW)
« HHEEKF1T(DLP)
— LFHITAHITZMBERZEELAIRLE (vector/SIMD execution)

— Array Processpr . Vector Processor

« Which is most efficient?
— i.e., greatest tasks/second/area, lowest energy/task

GPU
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GPUERREGEEM (1/2)

«  CPU+GPUSHIZIZZE S

- ERASSSORITESR S AU AU D
- GPUfFANmERE (HhabiEes) |l

. CPUAEAPUTERA—IEST _
— cacheBEX, hRIFEEZERE

. GPUBAMITARIH IR -

- A RS THIT cPU
- BERNHTER . .
sEfEhl. S51TE 551EH. EITE
System Graphics
Memary s’ | crU GPU
| | (
cPu GPU
| | !
bues Memaory
(a) System with discrete GPU (b} Integrated CPU and GPU

Figure 1.1: GPU computing systems include CPUs.

Bridge

Single-Instruction, Multiple- Threads

GPU
SIMT Core Cluster | |SIMT Core Cluster SIMT Core Cluster
SIMT || SIMT SIMT SIMT e SIMT SIMT
Core Core Core Core Core Core
{ } }
’ Interconnection Network |
} ] }
Memory Memory Memory
Partition Partition s Partition
] [} }
] ] !

GDDR3/GDDRS | [GDDR3/GDDRS | Offi-chip DRAM | GDDR3/GDDRS

Figure 1.2: A generic modern GPU architecture.

- MKGPURFS#E AR, NVIDIAFRXLZ(»AStreaming multiprocessor
© BMROIIT - RIESSXESIMNER, ZEFNMFTRIEDIGPU LiEiThkernel
© BMROCTLUSTT ETAMEE. KiEAiEd ScratchpadiB(s, EMbarrier#FiH{TRS

&,
+ BMRLBEERE S -SESSHERET, Llﬁ)?ﬁﬁi&%]ﬂﬂﬁ?%ﬁf‘ £,
- SES—REFPRGPH, RO LESTHASSEETREINRFRR

*  GPUBMHTHERESHEFHHETR, BEERFHERESBEFHERA.
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|dea #2:
! Amortize cost/complexity

wu ] [wg] [aoq [auvd of managing an instruction
wod| [rod [ [eod stream across manyALUs

_
SIMD processing

_Shared CtxData_

IBINALURIELE, AZRKSIMDAMIERRS

SIMD 4MERIG T

SIMDAMEEHAEKRE —EEHITSIMDIES
«  Option 1: BEXHIMEES
— x86 SSE, AVX, Intel Larrabee
Option 2: fREES, RIAHWHEZ
-  HAHW BEALURZRIESR (ZPALURZE — KR SRR HIzR)

— NVIDIA GeForce (“ SIM, ATl Radeon architectures (“wavefronts”)

In practice: 16 to 64 fragments share an instruction stream.

Idea #3:

Interleave processing of many fragments on a single core to

avoid stalls CW
ERENMELBAESTHIRRELIEARREE) LIBRIKIERE
{EERERYISHT)




Frag@....16: . . (FrAgdl...24 . . FE&Eg25...32 .

Start-

__”Stall <%

. Donel _f_

LB OB UE || DE

64 KB of storage
for thread contexts
(registers)

F S

. 322G IE—4H(Warp) HE—HKIESH
8/ corenJ[ARIZ 137324 warps
Bl N coreT F (1024 N &2/ LT3



Summary: three key ideas

- GPUERXE" B8zl (%) HiTiiT
« #ZOFREEEAEALUSRMYRZRES MDA RS

— Option 1: Explicit SIMD vector instruction
— Option 2: Implicit sharing managed by hardware

o« B T A R L ZEA B AR H EERls
Simia{TAIRIIIERS (Stall)

— When one group stalls, work on another group

PP SRR AT

1. Sequential (SISD)
2. Data-Parallel (SIMD)
3. Multithreaded (MIMD /SPMD)

Prog. Model 1: Sequential (SISD)

Scalar Sequential Code HiTians

----------------------
+ -
*

‘B AURRNTFARXRANEERT
Iter. 1 \ @ - Pipelined processor

e i+ Out-of-order execution processor
. B 0 - szmEsRxEs
. ~ REHERAIIES %T?T‘er SEOF, 4
., S 4 THRERBHRILAFATHUT
T - o weERRR
load | : « Superscalar or VLIW processor
fter. 2: \ bad — B oycleTAFBAITE 5154
: for (i=0; i < N; i++)
....................... °.: C[l] - A[l] + B[i];

miztRE



Prog. Model 2: Data Parallel (SIMD)

Scalar Sequential Code Vectorized Code
' K VLD A->V1
[ter. VLD B->V2

VADD V1+V2->V3

VST V3=>C

lter. 2: [FE): Realization: EAERIAEIRYGE, EHRESELIRKMR
S i |dea: IEFRERIFELEMSIMDIES, FFEHN (BEA
i SIMDIESHY) BIAHITHEERMES, CERRERIEYE
ESIMDAMESE (vector, array) EiE{T

for (i=0; i < N; i++)
C[i] = A[i] + B[i];

s " for (i=0; i < N; i++)
: Cl[i] = A[i] + B[i];
Iter. 1 load [
e
L
a
*easssssssss ftoé;-:ozoq.-'

Realization: {EEFNE2BEMIAY, BINEISEEUE MK

|dea: R RERIFENBRERER—NEE. 8NE
ERTEEESR, G ERREEE
o] LAFEMIMDH128 EiEfT

XA AR : SPMD: Single Program Multiple Data
A LAESIMDAL g FizfT

T BLESTMTYLZ Lz (T

Single Instruction Multiple Thread
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2

GPUfRIE

CUDANvidia | OpenCL/AMD

Sequence of SIMD
Lane Operations

% Thread Work-1tem

% f 2T
Wavefront

GPU “Core” m‘&é% %J zrﬁaiq—:

% % §ock Workgroup

Thread of SIMD
Instructions

Body of vectorized

loop

Vectorized loop

Biock (1,0) | Block (2.0)

| ,,;“;% | {:mi? Grid NDRange
— B R—METTE ma,
AENSBIBACRRS BN b
(Block) St 4
S EERARE—/N R (Grid)

Block (1,1) EM(EJI

& 4

GPU HEH IR {TESE | /
— FRERE

* Thread Block Scheduler
*+ SIMD Thread Scheduler &— M’O-P ‘

— Warp

Block (1, 1) \

« SIMDZAZ
IR RENEARRLD Figure 6 Grid of Thread Blocks
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- ITEBXSNEEINEIE(CUDA threads
or microthreads) 5Eff, XL IRHS SR
R (thread blocks)

// C version of DAXPY loop.
void daxpy(int n, double a, double*x, double*y)
{ for (int i=0; i<n; i++)

y[i] = a*x[i] + y[i]; }

// CUDA version- GPM%%%:Q’
__host 47/ Piece run on host processor.
int nblocks = (n+255)/256; // 256 CUDA threads/block
daxpy<<<nblocks %?6>>>(n,2.0,x,y):
U

__device__ // Piece run on GP-GPU.

void daxpy(int n, double a, double*x, double*y)

{ int i = blockIdx.x*blockDim.x + threadId.x;
if (i<n) ylil=a*x[i]+y[i]; }

A GPU is a SIMD (SIMT) Machine

« GPUARRHSIMDIESHIE

+ (EAAZZIEIRE (—HpSPMD RIZIRE)
— EERENTEHENRE, BREARNESIETR
- BN HERECH LT (ENT LIRSzt Sah/H1TE)

- —ENTHEESHEIEREANSHERMEwarp
— — P warp 2B A RRISIMDIEE

— lockstept&E=HAT
MIMD/SPMD SIMD/Vector SIMT
Multiple independent One thread with wide Multiple lockstep threads
threads execution datapath
HAEFHIT BRI TR

3 GPULSZZAE
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* B EERE=F (masks)
- ®EMT (SIMT-Stack)

Conditional Branching

SREEHE%{EL GPU ERME
- DXFETHE
- RSB R

« (RAZIEEAISIMD lane FEfR=F(mask)
— BEMERBLLEET LR AR

— 18<FRC(ipstructi s) '
. "é.’I%E?EHﬁﬁ (divergence) )EIZMNIITIRZ, (ARTERIZC S (converge)
« PTXE

— CUDAZARRYR#IREPTXS 23E5<S (branch, call, return and exit) &4
- KR FEE S HEFRIEEL-bitiBiaE 7

- GPUEHESE IZHiEHE:

— 9 $8% (branch,jump call return)
- SNBSS HTERESXESHE
— GPURE4 98 SIMD thread 12tk (RFH XHIEEE
— GPURRHESHBIZHIE MR BRI bitiBiEE 7es

Branch divergence

B IREE S pthreadsiEBRIG R (FIEMLERLINAYEE
%, MEEXWAYEER)

WRFAEZLIEREHERE, MWESXH SIMD #iTIR
MRFRIERFNLRA—, BAIB— I FRRE

IERESE R, %
GRS REAMIIE, BT RMBSEEAB

il: . q..l.ll - K s .’.l

SIMD ZFEEAITH RIS HIERAIIEE?

— BT TropiRE, BHEHTERRUNRFERTE, HITmzZEBRi:R

— SIMD lane B BN D XEARITRBIIT I %8S ’A
converge(iLER)

—- MFHEEKERNER, IF-THEN-ELSE 2E 19 BERFI50%



Branch Divergence Handling

A;
if (some condition) {
B; One per warp
} else {
C; Control Flow Stack
;. Next PC_Recv PC Active Mask
¢ TOS —» D -- 1111
B D 1110
C D 0001

Execution Sequence
A C B D

» Time

2022-5-17 ?ROOLELEC ' QQ'WB ‘%-PDP D 30

—
—_—

—_— =
—_— A A

l, Ret./Reconv. PC ch(tw[’c Active Mask
A1111 C T &ﬁl
TOS —- G B 1110
m (c) Initial Srate
Ret./Reconv. PC Next PC Active Mask
- G 1111
[Cr1000 | | D/0110 | | F/0001 | o T 3001
G E 11101 ()
I D] 0110 (i1)
E/1110 TOS — | D & 1000 | (iii)
(d) After Divergent Branch
Gam Ret./Reconv. PC Next PC Active Mask
- G 1111
= =— C T 0001
(a) Example Program TOS — C T 1110
(¢) After Reconvergence
A B [ D E [ G A
- - - - > - -
—» > > - —{ - —»
- > > || —=|| —» || —»
— N —- —-
L :> Time

(b) Re-convergence at Immediate Post-Dominator of B

Figure 3.4: Example of SIMT stack operation (based on Figure 5 from Fung et al. [2007]).



Dynamic Warp Formation/Merging

* |dea:

- PXRBL G, SEEFIITIERIESHSAE
PRI IEEE Wampx
‘lrlr‘vvlvlr‘@ Warp y
NERRRRR
SERERRR
TIEEIIE EERRERE
I¢ VT '

= Fungetal.,, “Dynamic Warp Formation and Scheduling
for Efficient GPU Control Flow,” MICRO 2007.

A Y. BHRARE

Legend
> Execution of Warp x |'__:| Execution of Warp y
1551 at Basic Block A 151 at Basic Block A
[ 121

571000] [~ x/0710] [~ /0001
C viooto| [P yiooo1| [F y1100

D
A new warp created from scalar
| threads of both Warp x and y

1 executing at Basic Block D

Dynamic A A B B|clD|lE E G G A A
W. 1= [ > > > > 15115115
arp ess | P> >lil> e Bl E<IEdI k<
: ISHSHS > >0 > IS5
Formation IZI2ZI= > 2 ZZizZz
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