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Scalar and Superscalar processors

« Scalar processor can execute at most one single instruction per clock \
cycle using one ALU.

« TIPC (Executed Instructions Per Cycle) is less than 1.

« Superscalar processor can execute more than one instruction per clock
cycle by executing multiple instructions using multiple pipelines.

« TIPC (Executed Instructions Per Cycle) can be more than 1.
 using n pipelines is called n-way superscalar
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(a) pipeline diagram of scalar processor
) jgp‘ (b) pipeline diagram of 2-way superscalar processor
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A four stage pipelined 2-way superscalar processor supporting ADD
which does not adopt data forwarding (proc10, Homework 5)

If stage Id stage Ex stage Wb stage
IfId IdEx ExWb
Id_RD1 IdEx_RD1 ExWb_RD1
3 Id_IR1(IfId_IRS[31:0[]) Id RS1 Id_RRS1. IdEx_RRS1 o
F:
pc - ExWb_RSLT1
H o PRy
=
Id_RT1 Id_RRT1
& d_ L IdEx_RRT1
If_IRS|| & . )
—pC imem in Pipelinel
. . _S
Pipeline2 &
_h
Id_RS2| = Id_RRS2 IdEX_RRS2 -
[} |
a
. o ExiWb_RSLT2
Id_RT2 Id_RRT2 IdEx_RRT2
Id_IR2(IfId_IRS[63:32]])
—> using negedge CLK
to update
Id_RD2 IdEx_RD2 ExWb_RD2
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Waveform of ProclO

Signals Waves
Time 188 ns 2080 ns 300 ns 400 ns 588 ns 608 ns 708 ns
RST_x_
PCl31:0] = 00000000 CEEEEEEE 00000a1e EEELELEERE 2 0000eE2E /poee
If _IRS[63:08] =| | ERSSCLLECEFEEECEEEE 00421020002105340 /POS4202000631529
1fId IRs[63:0] =/ | NEECEEEEEEEEEEEED DODOPAZ0000AERZ0 | /0042102000210520 | |POE420200063
Id IR1[31:0] = |ECECCEETFTEEE CECETERD p9210320 D0B31520
Id_1R2[31:0] =| | EESCEEEEEEE] FEEEEERE] pE421020 pE542020
Id RS1[4:0] = | EZ3ERCE Pl B3
Id_RT1[4:0] = CL] Pl EH]
Id_RD1[4:8] = a8 Bl B3
Id Rs2[4:0] = | EZ3ECE 07 na
Id_RT2[4 al = f1] 02 na
Id RD2[4:0] =| | ESSERCE Bz 03
Id RRS1[21:0] =/ [ESeeeosMClLLIILL] EEEEEENG CEEEEE
Id RRT1[31:0]= EEEEEEED EEEEEES CEREEERS
Id RR52[31:08]= FEEEEEED 00000021 BODBERAT
Id RRT2[31:0] = EEEEEEED] PEE0021 CEEEEEER
IdEx_RD1[4:8] =/ |BEE I T B3
IdEx_RD2[4:0] =| BB — @ 0a
IdEx RRT2[31:08]= CEEEEEEL] = PEEEERZ1 EEEEREY
TdEx_RRT1[31:0] = .| REETLEEE N | TG BooBE0C
TdEx RRS1[31:0] = ;| NEEEEEEEE | /ooseoeis 5000882C
IdEx RRS2[31:08]= | NCETTTEEE = PEEEERZ1 EEEEREY
Ex _RSLT1[31:0] = |EEEesCLECEEEE = FEEEEER pE0@eass
Ex RSLT2[31:0] = | PSS eSCEELEEEE — | 33000042 5000006E
Exiib_RD1[4:0] =| | NEH I I | G
Extib_RD2[4:0] =| | K | e 54
ExWhb RSLT1[31:0] = | BCEEEEEEE == PEBBBBZC CEEEEEE
ExWb_RSLT2[31:0] = | NEEEEEEEE — t |ooosseaz 909000EE
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Sample program: vector add with two branches \
\

31[ =0 ]
#define VSIZE 4 !
void vadd(long *A, long *B, long *C){ BE el
for(i=@; i<VSIZE; i++) { Error chec
if(A[i1i]<@) error_routine();

C[i] += (A[1i] + B[1i]); BZ{ *C=*C+ (*A +*B) }
}
} Falsel True
B3 [ return ]
Control flow graph
B3| — B3| —> B3| — B2 —
Executed instruction sequence / / / /
B1 BE| |B2 BE| |B2 BE| |B2 BE| |B2 B3
0 1 0o 1 0 1 0 o0

;‘9‘
P (CSC.T433 Advanced Computer Architecture, Department of Computer Science, TOKYO TECH

\



Simple branch predictor: bimodal

* Program has many branch instructions. The behavior may depend on
each branch. Use one counter for one branch instruction

* How to predict

» Select one counter using PC, then it predicts 1 if the MSB of the
register is one, otherwise predicts O.

* How to update

« Select one counter using PC, then update the counter in the same
way as 2bit counter.

Pattern History Table (PHT) Vel Taken
Program o ont STr'ongly Weakly
Counter entry Taken (11) Un‘raken Taken (10)

) Taken g Un‘raken
n : Prediction e
, R Taken
7 > — Weakly — Strongly
Untaken (01 Ut ; Untaken (00
. ta - _ /
? 2 bit Untaken

A@‘
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An innovation in branch predictors in 1993 X
\

 Using branch history
 global branch history
* local branch history

» 2-level branch predictor and Gshare

» Assume predicting the sequence 1110 1110 1110 1110 1110 ...

11101110 ?
111011101 ?
1119111011 »
11191110111 ?
111911101110 ?

~ ="
) 7
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Recommended Reading
\

e Combining Branch Predictors
e Scott McFarling, Digital Western Research Laboratory
« WRL Technical Note TN-36, 1993

* A quote:
“In this paper, we have presented two new methods for improving
branch prediction performance. First, we showed that using the bit-
wise exclusive OR of the global branch history and the branch address
to access predictor counters results in better performance for a given

counter array size."

=)

~ ="
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Gshare (TR-DEC 1993)
* How to predict x

« Using the exclusive OR of the global branch history and PC to access PHT,
then MSB of the selected counter is the prediction.

* How to update
« Shifting BHR one bit left and update LSB by branch outcome in IF stage.
e Update the used counter in the same way as 2BC in WB stage.

Program 1110111011 (shift register)

Counter
\ /Br'anch History
Register (BHR)
n m Taken
4 4 Pattern History Table (PHT) Taken
l l on entry STf'Ol’lgly e — Weqkly
XOR (P Taken (11) Untaken Taken (10)
Taken e -
-’ Untaken
n ' Prediction g
/ > Taken
7 > —> Weakly — Strongly
Untaken (01) TJ T k_ > Untaken (00) \
A= \ ) nraken V\ _ /
~@ 2 bit Untaken
) 9
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Bi-Mode (MICRO 1997)
\

* A choice predictor (bimodal) is used as a meta-predictor

* How to predict
e Like Gshare, both of Taken PHT and Untaken PHT make two
predictions.
« Select one among them by the choice predictor which tracks the
global bias of a branch.

e How to upda-re BHR | Program ClounTer
e The used PHT is updated
in the same way as 2BC. 14 ‘
XORP g ]

« Choice predictor is update
in the same way as bimodal

Choice predigtor

> <«
Taken PHT ‘ Untaken PHT
Prediction

49‘
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YAGS (Yet Another Global Scheme)

» Using two tagged PHTs
* When a PHT miss, choice PHT makes a prediction.

Figure 3.

address

history

.Gf} |

Bi-Mode

choice PHT

—

™

A@‘

direchon PHT NT direchon PHT T

pradicion

=

address history
(o
choice PHT
T:ache NT (E.I:I'IE'
1 tag 2be ?be =
S S (e

cache hit E ‘

predichon

From YAGS paper
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Alpha 21264's hybrid branch predictor

e A hybrid of local prediction and global prediction implemented in DEC
Alpha 21264 which was the state-of-the art commercial processor.

* A choice predictor is used as a meta-predictor

BHR
Choice Prediction ]
Program Counter (4,096 x 2 bit)
Local History Table | gcal Prediction
(1,024 x 10bit) (1,024 x 3 bit)

?‘ Global Prediction
— 4 096 x 2 bit
~@9 Prediction ( x 2 bit)
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E-gskew (ISCA 1997)

» Using nhot a meta-predictor but a majority vote

™

Program Counter

Program Counter  BHR
[ ]

F1

\ 4

F2

A 4

49‘
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Perceptron (HPCA 2001)

=)

How to predict
« Select one perceptron by PC

« Compute y using the equation. It predicts1if y>=0, predicts O if y<O

How to update

e Train the weights of used perceptron when the prediction missor |y| < T

@ Program Counter
wO wl w2 /wn

Branch History (x)

Perceptron Model

T
Yy — wp + E T w;.
i=1

49‘

\
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Perceptron

Prediction

Table of Perceptrons (w)
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Branch predictors based on pattern matching \
\

« Find the longest matching pattern (green rectangle)
« Select the proper matching length or long matching pattern (blue rectangle)

e Count the number of O and the number of 1 after the pattern (red rectangle),
then predict.

Global branch history Prediction O or 1

?

]

The longesT maTchmg pattern

0 ?

The Iong matching pattern

Pl"edICTIOH

G 0 Appearmg O twice and 1 once, so the prediction will be O




Partial Pattern Matching (CBP 2004)

Table 4 Table 3 Table 2 Table 1 Table O
pc pc h[0:9] pc h[0:19] pc h[0:39] pc h[0:79]
. [ﬁash hash hash hash hashL] hash hash hash
i 1oi 8L 1oi 8L 1o<t 84 1oi 8L
| [sbiebit | f|[sbi8bit ! f|[s0i8bit i || [30i 8bit
Stbr im ctri tag ;u ctri tag !u ctri tag ;u ctri tag !u
8 8 8 8
A1 A1 A1 A1 A1 A1 A1 A1
1 \\ 4

7
T
Z.
7
1 %\/
Z.

7/

1

prediction 0/1
i Daa' From CBP2004 presentation slide
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Some typical branch predictors until 2004

Filter
BTB, de-alias paAcCT 1996

Bimodal
ISCA 1981 /| Two-level adaptive
" MICRO 1991

Gshare
TR-DEC 1993

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

Agree
ST PPM
o S CBP 2004
skew, E-gskew ZBc-gskew ..................................
NESCANISTES TR-INRIA 1999
::' .............................................................. hyb/ﬂ/-d :
Bi-Mode YAGS
MICRO 1997 MICRO 1998
..............................a ......... 7 rreaned »
€-allas pepceptron  Fast-Neural
HPCA 2001 MICRO 2003

table element
Variable Length Path
ASPLOS 1998

....................................... | 2
history length optimization

[
»

;‘@‘

ISCA (International Symposium on Computer Architecture)

MICRO (International Symposium on Microarchitecture)

PACT (International Conference on Parallel Architectures and Compilation Techniques)
ASPLOS (International Conference on Architectural Support for Programming Languages and Operating Systems)
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Prediction accuracy

« The accuracy of 4KB Gshare is about 93%.
« The accuracy of 4KB PPM is about 97%.

20 |
18 8KB hardware budget H Bimodal
B Gshare
16
O Bimode
g4 mPPM
(]
w12
o
210
.0
o
2= 8
o
3 0
=
4
2
0

SERV-5 .

Average 00—
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Mid-term report x
\

1. For details of the assignment, please visit the lecture support page.
http://www.arch.cs.titech.ac.jp/lecture/ACA/

2. Submit your report printed on A4 paper at the beginning of the next
lecture on January 7, 2019

™

A@‘
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Four stage pipelined processor supporting ADD and BNE, which does not

adopt data forwarding (procO7.v)

If stage Id stage Ex stage Wb stage
Ex_TKN | IfId IdEx ExWb
IdEx_TPC s
x
I1£Id NPC IdEx_TPC
— \‘ Id_TPC
+
Id_IM .
4 — Sign extend & J
Shift left 2
If_NPC Id_132
pc - —
_h
'5'_ Id OP IdEX_OP
| _
If_IR || %
—|Pe imem using negedge CLK Ex_TKN
Id RS to update ~_
r—>
Id_RRS IdEX_RRS
Id_RT >
- [
s
ExWb_RD [ & ExWb_RSLT
[}
= o
Id_RRT IdEX_RRT e
X
n
{
—
Id RD IdEx_RD ExWb_RD

™

49‘
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Four stage pipelined processor supporting ADD and BNE, which does not
adopt data forwarding (procO7.v)

RES, ERT, TEN: 1 1 1
I IR
hegin /*% initialize the instruction & data memory & resfile %/ 2 2 :
p.imem.mem[0] = [8°h0, 5°d0, 5°d0, 5°d0, 5°d0, &°h20]; NOP kR, RET. THM. 4 4 [
p.imem.mem[1] = {6°h0, 5°d5, 5°dl, 5°d5, 57d0, 6°h20}: // L1t add 45, 45, $1 bh>. BRT, TEN: 22 0 1
p.imem.mem[2] = {6°h0, 5°d0, 5°d0, 5°d0, 5°d0, 6°h20}; 4/ NOP ko, BRI, THN: 4 | 1
p.imem.mem[3] = [8°h0, 5°d0, 5°d0, 5°d0, 5°d0, &°h20}; //  NOP RRS, RRT, TEN: 4 2 1
p.imem.mem[4] = [8°h0, 5°d0, 5°d0, 5°d0, 5°d0, &°h20}; //  NOP RS, RRT. TEN: 4 3 1
p.imem.mem[b] = {6'hb, b'd4, 6'db, 16 hfffbl; / bne $4, $b, L1 Es. ERT. TEN: 4 4 i
p.imem.men[B] = [8°h0, 5°d0, 5°d0, 5°d0, 5°d0, 8°h20}; //  NOP RS, RRT, TEN: 79 0 1
p.imen.men[7] = {6°h0, 5°d0. 5°d0, 5°d0. 5°d0, 6°h20}; //  NOP RS, RRT, TEN: 1 1 1
p.imen.men[8] = {6’h0, 5°d0; 57d0, 5’db, 5°d0, 67h20}: //  add $5, $0, $0 RS, RRT, TEN: 4 2 1
p.imem.mem[9] = [8°h0, 5°d0, 5°d0, 5°d0, 5°d0, 8°h20}; //  NOP RRS. RRT. TEN: 4 5 1
p.imem.mem[10]= [8°h0, 5°d0, 5°d0, 5°d0, 5°d0, &°h20}; //  NOP RS, RRT. TEN: 4 i (
p.imem.mem[11]= {6'hb, b'dZ, 6°d0, 16 hfffb}; I bne $2. %0, L1 ER%, RRT, TEN: oo () 1
p.imem.mem[12]= {8°h0, 5°d0, b°d0, 5°d0, b°d0, 8°h20}: // WOF RS RRT. TEN: 1 T T
p.imem.meml13]= {8°h0, 5°d0, 5°d0, &0, 540, &§°hio}t; S/ HOF RRS. RRT. TEN: 4 5 1
File.r[1] = 1: RRS, RRT. TEN: 4 3 1
p.regfile.rll] =1, B3, RRT. TEM: 4 4
p.regfile.r[2] = 2&; TENY.. T L
: L RS, KRT, TEN: 70 0 _
p.regfile.r[3] = 0; E=. EE EN: 4 1 ]
el = RRS, BRT, TEN: i 7 1
p.regille.rlol = . 1 ’ :
RES, ERT, TEN: 4 3 1
end B4’ BRT. TEN: i i i
RRY. RRT. TEN: 9 0 1
RES, RRT, TEM: 4 1 1
S mTThE : ]
wnile ER<. ERT. TENW: 4 Fi 1
hile(1
. c A 1 n. s PRS, RRT, TEN: 29 0 1
RES, ERT, TEN: 4 5 1
FES, ERT, TEN: 4 5 1
} RS, RRT. TEN: A i 0
} RES, RRT, TEN: 79 0 1
B3, ERT, TEN: 1 T |
RS, RRT. TEN: 4 7 1
RS, RRT. TEN: 4 3 1
RS, RRT. TEM: 4 4 0
= RS, RRT, TEN: 22 0 1

=1
S = : ;z T nnT T -
A
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Exercise: how to update PHT and BHR of Gshare

\
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