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Control Hazards § Branch Prediction
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Control Hazard on Branches

10: beq rl1l,r3,36

=> Three Stage Stall

14pand x2;x3x55e - Advarfee

18: or «r6,rl,xr7

22: add r8,rl,r9
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36: xor rl0,rl,rll




Conventional MIPS Pipeline
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Branch Optimized MIPS Pipeline

Branching at 2”0' stage
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Four Branch Hazard Alternatives

#1: Stall until branch direction is clear
#2: Predict Branch Not Taken
NEESL PredictBranchdFakenputer Architecture - Dr. John Jose, |IT Guwahat

#4:. Delayed Branch



Four Branch Hazard Alternatives

#1: Stall until branch direction iIs clear
#2: Predict Branch Not Taken

s Execute successor instructions in sequence

NPTEL BnR@Uasis S nEiuGtions IR RiReing L Aaneh agtyallytaked wanat

Untaken branch instruction IF 11D EX MEM WhB

Instruction § + 1 IF D EX MEM wB

Instruction i + 2 IF D EX MEM WwWB

Instruction i + 3 IF ID EX MEM WB
Instruction i + 4 IF D EX MEM WwWB
Taken branch instruction IF 1D EX MEM wWB

Instruction i + 1 IF idle idle idle idle

Branch target IF D EX MEM wWB

Branch target + 1 IF ID EX MEM WB

Branch target + 2 IF 1D EX MEM WwWB




Four Branch Hazard Alternatives

#3: Predict Branch Taken
“*But branch target address in is not known by IF stage

wptelargetds known.at sametime asbranch,outcome (tDstage)

¢ MIPS still incurs 1 cycle branch penalty



*» 1 slot delay allows proper decision and branch target address in
NPTEDstage pipeline(MIRScuses this-appreoach): John Jose, IIT Guwahat

*Where to get instructions to fill branch delay slot?

#4: Delayed Branch

“*Define branch to take place AFTER one instruction following the
branch instruction.

Four Branch Hazard Alternatives

Untaken branch instruction IF D EX MEM WB

Branch delay instruction (i + 1) 1F 1D EX MEM WB

Instruction § + 2 IF D EX MEM WB

Instruction i + 3 IF 1D EX MEM WB
Instruction § + 4 IF ID EX MEM WB
Taken branch instruction IF D EX MEM wWEB

Branch delay instruction (i + 1) 1F [1D] EX MEM WB

Branch target IF D EX MEM WB

Branch target + 1 IF ID EX MEM WwB

Branch target + 2 IF ID EX MEM WB




Filling Branch Delay Slot

(a) From before

DADD R1, R2, R3

if R2 = 0 then

|  Delaysiot |

NF

Advanc

(b) From target

DSUB R4, R5, R6 —=—

DADD R1, R2, R3

if R1 =0 then

Delay slot

DSUB R4, RS5, R6

DADD R1, R2, R3

if R1 =0 then

| DSUB R4, R5, R6

ure :

(c) From fall-through

DADD R1, R2, R3

if R1 =0 then

Delay slot
OR R7, R8, R9

DSUB R4, R5, R6 —=—

-

DADD R1, R2, R3

if R1 =0 then

OR R7, R8, R9

DSUB R4, R5, R6 —~—




Conditional Branches

* When do you know you have a branch?

¢ During ID cycle (Could you know before that?)
* When do you know if the branch is Taken or Not-Taken

¢ During EXE cycle/ ID stage depending on the design
NPTEL Online (ourse : Advanced Gomputer Arc ﬂec}urT . Dr. John Jose, |IT Guwahat
< We need for sophisticated solutions for following cases

** Modern pipelines are deep ( 10 + stages)
¢ Several instructions issued/cycle
*» Several predicted branches in-flight at the same time



Dynamic branch prediction

“+ Execution of a branch requires knowledge of:

«» Branch instruction - encode whether instruction is a branch or
not. Decide on taken or not taken (i.e., prediction can be done
at IF stage)

wpTee Whether the branchds §akep/Neot;taken (hence abranch, ana

prediction mechanism)

¢ If the branch is taken what is the target address (can be
computed but can also be “precomputed’, i.e., stored in some
table)

¢ If the branch is taken what is the instruction at the branch
target address (saves the fetch cycle for that instruction)



Dynamic branch prediction

¢ Use a Branch Prediction Buffer (BPB)

s Also called Branch Prediction Table (BPT), Branch History
Table (BHT)

“* Records previous outcomes of the branch instruction.
NPTEL Online Course : Advanced Computer, Architecture : Dr. John Jose, |IT Guwahat
“How to index into the table is an issue.
¢ A prediction using BPB Is attempted when the branch

Instruction is fetched (IF stage or equivalent)

“ Itis acted upon during ID stage (when we know we have a
branch)



Dynamic branch prediction

¢ Has a prediction been made (Y/N)

 If not use default “Not Taken”
** IS It correct or incorrect ?
NWE‘[\NOHC@B@E,EE - Advanced Computer Architecture : Dr. John Jose, |IT Guwahat

“+Case 1: Yes and the prediction was correct (known at
ID stage) or No but the default was correct: No delay

*»Case 2: Yes and the prediction was incorrect or No and
the default was incorrect: Delay



Prediction Scheme with 1 or 2 bit F'SM

% The use of a 2-bit not taken taken
taken
predictor will allow 0 ) 1
B not taken
branches that favor taken .. predict predict
do not take branch “take branch”
state state

NP(ornotitaken)to: bevanced Computer Architecture @ Dr. John Jose, IIT Guwahat

Taken -"-_‘

mispredicted less often - s -
Predict taken
than the one-bit case. < ) """""" S

Taken

(reinforcement learning) < =

Not taken



Branch Prediction In Hardware

¢ Branch prediction is extremely useful in loops.

*» A simple branch prediction can be implemented using a small

amount of memory indexed by lower order bits of the address of
“Fthe branch instructiGn' “tb rdneh gredictiof b ufrer)" Jose. I Guwahal

+» One hit stores whether the branch was taken or not.

+» The next time the branch instruction is fetched refer this bit



Advanced Branch Prediction Techniques

s Basic 2-bit predictor:
< For each branch:- Predict T or NT

< If the prediction is wrong for two consecutive

NPTEL Online Courge : Adva-wc:ea.ﬁf;m:juter Architecture : Dr. John Jose, |IT Guwahat
Imes, change prediction

s Correlating predictor: |
If(x==2) [* br-1*/

. . . . X = 01
+ Multiple 2-bit predictors for each branch . (y==2) [*br-2¥
: L y =0;
<« One for each possible combination of if (x!=y * br-3/
do this

outcomes of preceding n branches else do that



Advanced Branch Prediction Techniques

% Local predictor:
< Multiple 2-bit predictors for each branch

<« One for each possible combination of outcomes for the last

NP TEL Online Course : Advanced Computer Architecture : Dr. John Jose, Il Guwahat
n occurrences of this branch

s Tournament predictor:

<« Combine correlating predictor with local predictor



Branch-Target Buffer

* To reduce the branch penalty, know whether the as-yet-un-
decoded instruction is a branch. If so, what the next
program counter (PC) should be.

<+ 1If thelinstructiondis adoranchiand-we-knowrwhat the next:RPCat
should be, we can have a branch penalty of zero.

“+ A branch-prediction cache that stores the predicted address
for the next instruction after a branch is called a branch-
target buffer (BTB) or branch-target cache.



Branch-Target Buffer

PC of instruction to fetch

Predicted PC

Mumber of
entries

NRTEPr@eime Course—Advanced Compute
target
buffer

i sopgm 5 i | o~ PSP (Il |
idre . of. 90NN 9058e, S wahat

Mo: instruction is

- = not predicted to be Branch
branch; proceed normally predicted
taken or
untaken

Yes: then instruction is branch and predicted
PC should be used as the next PC



Branch-Target Buffer

Branch History Table
(Branch Target Buffer)

3320 —— pPC . Target PC . Prediction
A ——— %m—» Prediction

3340 4460 1(T) Branch history
— 4520 3320 1(T) _0110
4460 ————— |<— n —)l
4520 —/——— ——— bits
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Branch History Table

Fetch PC | | Jo,0]
= " - 1
k L] 2k-entry
I-Cache BHT Index L | BHT,
i | 2 bits/entry
Instruction 1 E
I Opcode I | offset |
! iy !
n_+ / '
; I
Branch? Target PC Taken/-Taken?

4K-entry BHT, 2 bits/entry, “80-90% correct predictions

Pattern history table

ohn Jose

[IT Guwahat



Branch Folding

“* Optimization on BTB to make zero cycle branch

ssLarger branch-target buffer- store one or more target
Instructions

i Add target instruction, into BT B to.deal with longer, ...
decoding time required by larger buffer
¢ Branch folding can be used to obtain 0-cycle
unconditional branches and sometimes 0-cycle
conditional branches.
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