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Subset of MIPS64

Dty rrmmafrrs Meawve duitia berween neginters gnd memory. or betwern e imieger and FIP or special regisiers; only
mamory addrein mode by [6-Ir displocement + conrents af o GPR

LB, LBY, 58 Load byie, load byle nnsigned. store byle (in/ffrom inbeger registers)

LH, LHU, 5H Lavaaad hall word, biad half word unsigned, siore hall word (affrom iseger regissers)

LW, Lils, 54 Load word, load word unsigned, siore word (wffrom imeger regissers)

LD, 50 Load double word, store double wind (boffoom imeger regissers )

L.5,L.0,5.5,5.0 Load SP flost, load DP Hoal, store SP Boat, ssore DP Boat

WFCO MTCO Copy fromao GPR mofrom o special regisaer

MOV .5 MOV . D Copy ome 5P or DF FP regisier o another FP? regisber

WFC1,MTC] Copy 32 bits fromio FP regisiers in/from integer reg

Arithmeticlogion] hperaions on integer o logical datr in GPRS dgned eritkmetic trap o overfiow

CADD, DADDT , DADDU,  DARDIU Adid, ade immedinie (all immedinies are 16 bais); signed and unsigned

bSUB, DSUaL Subirsct: signed and wnsigned

OMUL , DMULL, BOTY, Mudtiply and divide, signed and ansigned; multiply-sdd; all operations take and yiekd td-bat

CelyE VL), MADD walues

AND, ANDT And, uned immedile

OR,ORT, XOR, XOR] O on immedisie, exchosive or, exclesive of immediaie

L Lind upper immediate; losds bits 32 10 47 of register with immediaie, then sign-cxicnds

DSLL, DSRL, DSAA, DSLLY, Shafts: both immediate (D5__ ) and variabbe form (05 __W); shifis are shift left loghcal. night kogical,

DSALY , D5RAY right arsihimene

SLT,SLTILSLTU, SLTIU Sel less than, sel less than Miabe: skpmod sl unsigned
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Subset of MIPS64

Cranird

Comnatitional branches amd jumps; PC-relative or throsgh reploed

HEQT , BNEZ Hranch (PR equalfmot egual 1o rero; 16-bit offset from PC + 4

BED), BRE Brunch GPR equalfmot equal; 16-bit offser from PC + 4

BCIT,BCIF Test cormparison bt in the FP staius register and branch, 16-bit offset from PC = 4
W MOV Copy GFR 10 anciher GPR if thind GPR s negative, zero

J R Jumps: 26-bal offset from F£'+41Jr1||:lur“uin1rqml.n1.lﬂ_l

AL, JALR Jamp and link: sve PC 4 4 in R31, trget is PC-relnative (JAL) or & register | JALR)
TRAP Trumsfer o operating sysiem = a vectored address

ERET Bustari io user code (rom en excephon: restong uwser niode

Floating point FI opevationy oa [P and 5P foreamty

MDD D, ADD. 5, ADD. PS5
5516, D, 5U8. 5 ,ADD, P5
ML D MUL .5, MUL . PS
WAL ), MATID. 5, MALID. PS5
BIY.D,00%.5,019.P5
oV .

Addd DF. 5P numbsers, and padrs of 5P sumbors

Subtract DF, 5P mambers, amd pairs of 5P nanshers
Mudtiply D¥, 5P fosling point, sed pairs of S mumbaers
Multiply-add DFF, SP pumbers and pairs of 5P numbers
Daviale TIF, 5P Boating point, and pairs of SF sumbers

Comvert msmsctions. CVT, 2. y consens from tyge 2 rq-lyr‘ ¥, where & and ¥ are Lisd-hin imlegon ),
W32-hit ineger), O (DP), or 5 (5P), Both operamds e FI"Rs.

D8 and SF compares: *_ "= LT,6T,LEGE, EQ,NE: sers bit in FP status reglae
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Code Sample

Loop: L.D FO, O(R1)
ADD.D F4, FO, F2
S.D F4, O(R1)
DADDUI R1, R1, #-8
BNE R1, R2, LOOP
BEQZz R1, LOOP
9/27/2007 6




Code Sample

Loop: L.D FO, O(R1) ; load floating point
ADD.D F4,F0,F2 ;addfp
S.D F4,0(R1) ; storefp
DADDUI R1, R1, #-8 ; add unsigned immediate
BNE R1, R2, LOOP ; branch if not equal
BEQZ R1, LOOP ; branch if R1=zero
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Floating Point

* We need a way to represent
- numbers with fractions, e.g., 3.1416
- very small numbers, e.g., .000000001
- very large numbers, e.g., 3.15576 X 10

; ; exponent
decimal point / (Sign, magnitude)
23
6.02 x 10
Mantissa radix (base)

(Sign, magnitude)
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IEEE 754 Floating-Point Standard

» Standard form for double precision:
(_1)sign X (1+mantissa) X 2 exponent-1023

» 1-bit for sign, 11-bit for exponent, and 52-bit for
64-bit

EEEFP. +1Mx2 1023

s e | M |

exponent=e-1023, mantissa=1.M
or

(-1px 1.M x 21023

9/27/2007

mantissa =

IEEE 754 Floating-Point Standard
« Example:

—-0.078125 =-1.01, x 2

— Exponent: e-1023 = -4
=>e=1019=011 1111 1011,

— Mantissa: 1+M = 1.01 , => M=0.01,

— IEEE format: 1 01111111011 010...00

9/27/2007
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Overview of Chap. 2 & 3

* Pipelined architecture allows multiple
instructions run in parallel (ILP)

» But, it has data and control hazard problems

 How can we avoid or alleviate the hazard
problems in pipelined architecture?

» Key idea is to “reorder” the execution of
instructions !!!
— Partially or entirely
— By software (compiler, static) or hardware (dynamic )
— “Dependence analysis” is important

9/27/2007
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Instruction Level Parallelism

* Instruction-Level Parallelism  (ILP): overlap the
execution of instructions to improve
performance

» 2 approaches to exploit ILP:

1)Rely on hardware to help discover and exploit the parallelism

dynamically (e.g., Pentium 4, AMD Opteron, IBM Power) , and

2)Rely on software technology to find parallelism, statically at
compile-time (e.g., ltanium 2)

9/27/2007
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Instruction-Level Parallelism (ILP)
» Basic Block (BB) ILP is quite small

— BB: a straiﬂht-line code sequence with no branches in

except to't

— average dynamic branch frequency 15% to 25%
=> 410 7 instructions execute between a pair of br

— Plus instructions in BB likely to depend on each ot her

» To obtain substantial performance
enhancements, we must exploit ILP across

multiple basic blocks

» Simplest: loop-level parallelism _ to exploit
parallelism among iterations of aToop. E.g.,
for (i=1;i<=1000; i=i+1)
[i] = X[i] + Y[il;

9/27/2007 13

e entry and no branches out exceptatt  he exit

anches

Loop-Level Parallelism

» Exploit loop-level parallelism to parallelism by

“unrolling loop” either by
— dynamic via branch prediction or
— static via loop unrolling by compiler

. Determininganstruc_tion dependence is critical to
Loop Level Parallelism

e |If 2 instructions are

— parallel , they can execute simultaneously in a
pipeline of arbitrary depth without cau§|ng any

stalls (assuming no structural hazards

— dependent , they are not parallel and must be
executed in order, although they may often be

partially overlapped

9/27/2007
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Data Dependence and Hazards

Instr ; is data dependent (aka true dependence ) on
Instr .
* Instr, tries to read operand before Instr | writes it

l:add rl,r2,r3

J: sub r4, rl,r3

« orInstr , is data dependent on Instr . which is dependent on Instr

» If two instructions are data dependent, they cannot
execute simultaneously or be completely overlapped

» Data dependence in instruction sequence
= data dependence in source code = effect of
original data dependence must be preserved

» If data dependence caused a hazard in pipeline,
called a Read After Write (RAW) hazard

9/27/2007 15

Name Dependence #1: Anti-dependence

* Name dependence : when 2 instructions use same
register or memory location, called a  name, but no
flow of data between the instructions associated
with that name; 2 versions of name dependence

* Instr ; writes operand before Instr reads it

I: sub r4, rl,r3
J:;add rl1,r2,r3
K: mul r6,r1,r7

Called an “ anti-dependence " by compiler writers.
This results from reuse of the name “  rl1”

* If anti-dependence caused a hazard in the pipeline,
called a Write After Read (WAR) hazard

9/27/2007 16




Name Dependence #2: Output dependence

Instr ; writes operand before Instr writes it.

I: sub rl ,r4,r3
J;add rl1,r2,r3
K: mul r6,r1,r7

 Called an “ output dependence ” by compiler writers
This also results from the reuse of name “  rl1”

* If anti-dependence caused a hazard in the pipeline,
called a Write After Write (WAW) hazard

* Instructions involved in a name dependence can
execute simultaneously if name used in instructions is
changed so instructions do not conflict
— Register renaming resolves hame dependence for regs
— Either by compiler or by HW

9/27/2007 17

Control Dependencies

» Every instruction is control dependent on
some set of branches, and, in general, these
control dependencies must be preserved to
preserve program order

if p1 {
S1;

%

if p2 {
S2;

}

» Slis control dependent on pl, and S2is
control dependent on p2 but noton pl.

9/27/2007 18




Control Dependence Ignored

Control dependence need not be preserved

— willing to execute instructions that should not hav e been
executed, thereby violating the control dependences , if we can
do so without affecting correctness of the program

if p1 { aa=10;
aa=10; ;ifpl {3}

h ) ifp2{

if p2 { aa = 20;
aa=20; }

}

Instead, 2 properties critical to program
correctness are

» exception behavior and
 data flow

9/27/2007 19

Exception Behavior

Preserving exception behavior
— any changes in instruction execution order
must not change how exceptions are raised in

program
(= no new exceptions)
Example:

DADDU R2,R3,R4

BEQZ R2,L1

LW R1,0(R2)
L1:

— (Assume branches not delayed)

Problem with moving LWbefore BEQZ

— No data dependence => OK

— Control dependence exists and it could cause memory
protection exception (new exception)

9/27/2007 20
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Data Flow

» Data flow : actual flow of data values among
instructions that produce results and those that
consume them

— branches make flow dynamic, determine which instruc tion is
supplier of data

* Example:
DADDU R1,R2,R3
BEQZ R4,L Preserving that order alone is

DSUBU R1,R5,R6 insufficient for correct execution
L: >

OR  R7RLRS

* ORdepends on DADDWr DSUBQ
Must preserve data flow on execution

9/27/2007 21

Outline

o ILP

* Compiler techniques to increase ILP
» Loop Unrolling

 Static Branch Prediction

» Dynamic Branch Prediction

» Overcoming Data Hazards with Dynamic
Scheduling

» (Start) Tomasulo Algorithm
» Conclusion
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Software Techniques - Example

» This code, add a scalar to a vector:
for (i=1000; i>0; i=i—1)
X[i] =X[i] +s;

 First translate into MIPS code:

Loop: L.D  FO,0(R1) ;FO=vector element
ADD.D F4,FO,F2 ;add scalar from F2
S.D O0(R1),F4 ;store result
DADDUI R1,R1,-8 ;decrement pointer 8B
BNEZ R1,Loop ;branch R1!=zero

9/27/2007

FP Loop Showing Stalls

1 Loop: L.D FO,0(R1) ;FO=vector element
stall

staII
) 21
stall e
S.D  O(R1),F4 ;store result
DADDUI R1,R1,-8 decrement pointer 8B (DW)
stall «
BNEZ R1,Loop br'fa'ﬁCthl--zero

© 00N O WN

n-nn‘-' o

Assume these avoidable stall cycles

* 9 clock cycles: Rewrite code to minimize stalls?

9/27/2007
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Revised FP Loop Minimizing Stalls

1Loop:L.D FO,0(R1)

DADDUIR1,R1,-8

ADD.D F4,F0,F2

stall

stall

S.D 8(R1),F4 altered offset when move DSUBUI
BNEZ R1,Loop

N o o b wWwN

7 clock cycles,
but just 3 for execution (L.D, ADD.D,S.D),
and 4 for loop overhead;

How can we make it faster?

9/27/2007
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Unroll Loop

1Loop: L.D FO,0(R1
2 DADDUI R1,R1,-8 /QP
ADD.D  F4,FO,F2

stall
stall
S.D 8(R1),F4

BNEZ  R1,Loop ’QP

stall

o g~ Ww

stall

/\b
1Loop: L.D F0,0(R1) -8

2 DADDUI RLR1-§ 15
3 ADD.D  F4,FOF2

4 stall

5 stall

6 S.D 8(R1),F4

7 BNEZ  R1,Loop

9/27/2007
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Unroll Loop Four Times
(straightforward way)

1Loop:LD  FO,0(R1) 1 cycle stall

3 ADDD F4,FO,F2 2 cycles stall

6 SD  ORL),F4 .drop DSUBUI & BNEZ
7 LD  F6, -8 (R1)

9 ADD.D FB8,F6,F2

12 SD -8 (RL)F8 drop DSUBUI & BNEZ
13 LD  F10, -16 (R1)

15 ADD.D FI2,F10,F2

18 SD  -16 (R1),F12  :drop DSUBUI & BNEZ
19 LD  Fl4, -24 (R1)

21 ADD.D F16,F14,F2

24 SD 24 (R1)F16

25 DADDUI RLR1, #32  :alter to 4*8

26 BNEZ R1,LOOP

27 clock cycles, or 6.75 per iteration
(Assumes R1 is multiple of 4)
9/27/2007

Rewrite loop to
minimize stalls?
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Unrolled Loop That Minimizes Stalls

1Loop:L.D  FE0(R1)
2 LD {F6,-8(R1)
3 LD  iF10,-16(R1)
4 LD  Fl4.24(R1)
5 ADD.D F4,FO,F2
6 ADD.D F8,F6,F2
7 ADD.D F12,F10,F2
8 ADD.D F16,F14,F2
9 SD  O(R1)F4

10 SD  -8(R1)F8

11 SD  -16(R1),F12

12 DSUBUI R1,R1,#32

13 S.D 8(R1),F16 ; 8-32 = -24
14 BNEZ R1,LOOP

14 clock cycles, or 3.5 per iteration

9/27/2007
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5 Loop Unrolling Decisions

* Requires understanding how one instruction depends on
another and how the instructions can be changed or
reordered given the dependences:

» Determine loop unrolling useful by finding that loo p
iterations were independent (except for maintenance code)

* Use different registers  to avoid unnecessary constraints
forced by using same registers for different comput ations

» Eliminate the extra test and branch instructions an d adjust
the loop termination and iteration code

» Determine that loads and stores in unrolled loopca  nbe
interchanged by observing that loads and stores fro m
different iterations are independent

¢ Transformation requires analyzing memory addresses and finding
that they do not refer to the same address

» Schedule the code, preserving any dependences neede d
to yield the same result as the original code
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3 Limits to Loop Unrolling

+ Decrease in amount of overhead amortized with
each extra unrolling

* Growth in code size

* Reaqister pressure : potential shortfall in
registers created by aggressive unrolling and
scheduling

Loop unrolling reduces impact of branches on
pipeline; another way is  branch prediction
(Section 2.3)
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