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Instruction Interactions

= An instruction in the pipeline may need a resource being used by
another instruction in the pipeline

= Structural hazard
= An instruction may depend on something produced by an earlier
Instruction

= Dependence may be for a data calculation
= Data hazard

= Dependence may be for calculating the next address

= Control hazard (branches, interrupts)
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Modern Processors: Complex Pipeline Structures
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Modern Processors: Complex Pipeline Structures
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Modern Processors: Complex Pipeline Structures

Intel Nehalem microarchitecture

Quadruple associative instruction cache 32 KB, Tnears
128-entry TLB-4K, 7 TLB-2/4M per thread
128 I —
k2 Quick Path =
| Prefetch buffer (16 bytes) ‘ Brgngh Inter-
prediction connect | 4
global/bimodal, >
Predecode & loop, indirect T 4x20 Bit
instruction length decoder jmp 6.4GTis
111111 [ =
Instruction queue
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Loop \ L3-cache
stream —|Decoded instruction queue (28 p-op entries) |¢ Micro 8MB
ilzseden l l l l instruction
micro-op fusion | sequencer
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‘ Reservation station (128-entry) fused ‘ 8-way,
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private

Integerl L2-cache

MMX

512-entry
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Result Bus
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Octuple associative data cache 32 KB, h
64-entry TLB-4K, 32-entry TLB-2/4M A

GT/s: gigatransfers per second
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Execution Concurrency Limits

» Which features of an ISA limit the number of instructions in the
pipeline?
= Number of Registers

= Which features of a program limit the number of instructions in
the pipeline?
= Control transfers
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Instruction Execution Phases

PC
v

I-cache
v

Fetch

Buifer Decode: Instructions placed in appropriate issue (aka

“dispatch”) stage buffer

Fetch: Instruction bits retrieved from cache

Issue
Buffer

Func.
Units

Result
Buffer . o .
Commit: Instruction irrevocably updates architectural
state (aka “graduation” or "completion”)

State
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Branch Penalty

= How many instructions need to PC
be killed on a misprediction? Teache | FEEEH
= Modern processors may have > 10 =

plpel|n§ stages between next pc Buifer S
calculation and branch resolution! TesUo
Buffer

Func.
Units

—1 Result
Buffer
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Average Branches Distance
» Average Run-Length between Branches
= Average dynamic instruction mix from SPEC92:

SPECint92 SPECfp92

ALU 39 % 13 %
FPU Add 20 %
FPU Mult 13 %
load 26 % 23 %
store 9 % 9 %
branch 16 % 8 %
other 10 % 12 %

SPECint92: compress, egntott, espresso, gcc, li
SPECfp92: doduc, ear, hydro2d, mdijdp2, su2cor
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Branches and Jumps

= Each instruction fetch depends on one or two pieces of

information from the preceding instruction:
1. Is the preceding instruction a taken branch?

2. It so, what is the target address?

Instruction Taken known? Target known?
J After Inst. Decode After Inst. Decode
JAL/JALR After Inst. Decode After Reg Fetch

B EQ/ BNE After Inst. Execute After Inst. Decode
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Branches and Jumps

= Each instruction fetch depends on one or two pieces of
information from the preceding instruction:
1. Is the preceding instruction a taken branch?
2. It so, what is the target address?

Direction at fetch | Number of possible When is next fetch address
time next fetch addresses? | resolved?
Conditional Unknown 2 Execution (register dependent)
Unconditional | Always taken 1 Decode (PC + offset)
Call Always taken 1 Decode (PC + offset)
Return Always taken Many Execution (register dependent)
Indirect Always taken Many Execution (register dependent)
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Branch Penalties in Modern Pipelines

= UltraSPARC-III instruction fetch pipeline stages (in-order issue,
4-way superscalar, 750MHz, 2000)

A PC Generation/Mux

P Instruction Fetch Stage 1

F Instruction Fetch Stage 2
Branch Target B Branch Address Calc/Begin Decode
Address Known -

I Complete Decode

] Steer Instructions to Functional units

Branch Direction &

Jump Register Target R | Register File Read
Known T

E Integer Execute

Remainder of execute pipeline
(+ another 6 stages)
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Control Dependencies

= Branches are very frequent
= Approx. 20% of all instructions

» Can not wait until we know where it goes
= Long pipelines
» Branch outcome known after x cycles
* No scheduling past the branch until outcome known
= Superscalars (e.g., 4-way)
= Branch every cycle or so!

» One cycle of work, then bubbles for ~x cycles?
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Control Flow Penalty

= Assume a 4-wide superscalar pipeline with 20-cycle branch resolution latency

= How long does it take to fetch 400 instructions?
= Assume no fetch breaks and 1 out of 4 instructions is a branch

100% accuracy
= 100 cycles (all instructions fetched on the correct path)
= No wasted work
» 99% accuracy
= 100 (correct path) + 20 (wrong path) = 120 cycles
= 20% extra instructions fetched
= 98% accuracy

= 100 (correct path) + 20 * 2 (wrong path) = 140 cycles
» 40% extra instructions fetched

» 95% accuracy

= 100 (correct path) + 20 * 5 (wrong path) = 200 cycles
= 100% extra instructions fetched
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Reducing Control Flow Penalty

= Software solutions

= Eliminate branches - loop unrolling increases the run length

= Reduce resolution time - instruction scheduling compute the branch condition
as early as possible (of limited value)

» Hardware solutions
= Stall the pipeline until we know the next fetch address
= Guess the next fetch address
= Speculate - branch prediction speculative execution of instructions beyond the branch
= Employ delayed branching (branch delay slot)
= Do something else (fine-grained multithreading)
= Eliminate control-flow instructions (predicated execution)

- Fetﬁh from both possible paths (if you know the addresses of both possible
paths)

= Multipath execution
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Branch Prediction

= Motivation:
= Branch penalties limit performance of deeply pipelined processors
= Modern branch predictors have high accuracy (>95%) and can reduce
branch penalties significantly
= Required hardware support:
= Prediction structures: branch history tables, branch target bufters, etc.

= Mispredict recovery mechanisms:
= Keep result computation separate from commit

= Kill instructions following branch in pipeline
= Restore state to state following branch
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Branch Prediction Techniques

= Compile time (static)
= Always not taken
= Always taken
= BTFN (Backward taken, forward not taken)
= Profile based (likely direction)
* Program analysis based (likely direction)
= Run time (dynamic)
= Last time prediction (single-bit)
= Two-bit counter based prediction
= Two-level prediction (global vs. local)

= Hybrid
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Static Branch Prediction
= Overall probability a branch is taken is ~60-70% but:

{

backward > forward
90% 50%

= |SA can attach preferred direction semantics to branches, e.g.,
Motorola MC88110

= bneO (preferred taken) beg0 (not taken)

= |SA can allow arbitrary choice of statically predicted direction, e.g.,
HP PA-RISC, Intel I1A-64

= Typically reported as ~80% accurate
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Static Branch Prediction

= Always not-taken
= Simple to implement: no need for BTB, no direction prediction
= | ow accuracy: ~30-40%
= Compiler can layout code such that the likely path is the “not-taken” path

= Always taken
= No direction prediction

» Better accuracy: ~60-70%

= Backward branches (i.e. loop branches) are usually taken
» Backward branch: target address lower than branch PC

= Backward taken, forward not taken (BTFN)
* Predict backward (loop) branches as taken, others not-taken
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Branch Prediction Techniques
= Compile time (static)

= Run time (dynamic)
= Last time prediction (single-bit)
= Two-bit counter based prediction
= Two-level prediction (global vs. local)

= Hybrid
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Dynamic Branch Prediction

» Key Idea: Predict branches based on the dynamic execution
behavior of the program

= Collected at run-time

» Advantages
= Prediction based on history of the execution of branches

= [t can adapt to dynamic changes in branch behavior

= No need for static profiling

= Disadvantages
= More complex architecture (requires additional hardware




STAM Center

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

%‘ Ira A. Ful_ton Schoo!s of
Engineering

Arizona State University

Dynamic Branch Prediction

= Learning based on past behavior

= Temporal correlation

= The way a branch resolves may be a good predictor of the way it will
resolve at the next execution

= Spatial correlation

= Several branches may resolve in a highly correlated manner (a
preferred path of execution)
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Dynamic Branch Prediction

= Requires three things to be predicted at fetch stage:
» Whether the fetched instruction is a branch

» (Conditional) branch direction

» Branch target address (if taken)
= So we also need to predict the next fetch address (to be used in the next cycle)

= Target address remains the same for a conditional direct branch
across dynamic instances

= Store the target address from previous instance and access it with the PC
» Branch Target Buffer (BTB) or Branch Target Address Cache
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Fetch Stage with Branch Target Bufter

?
— taken” :D l
PC + Inst size — Next Fetch
(e.g., 4) Address
Program 10
Counter hit:

G

target address
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Dynamic Prediction
Truth/Feedback

Input Prediction

I Predictor

Operations

e Predict

Prediction as a feedback control process e Update
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Predictor Primitive

* Indexed table holding values
= Operations

Index
» Predict
B Updaj[e | Depth  p Prediction
= Algebraic notation
- . Update
= Prediction = P[Width, Depth](Index; v ur
Update) Width
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One-bit Predictor

1 bit
PC A

\ ) > Prediction

ur Taken

= A21064(PC; T) = P[ 1, 2K [(PC; T)
= What happens on loop branches?

= At best, mispredicts twice for every use of loop
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Last Time Predictor

= Last time predictor
= Single bit per branch (stored in BTB)
» |ndicates which direction branch went last time it executed

= TTTTTTTTTTNNNNNNNNNN = 90% accuracy
= Always mispredicts the last iteration and the first iteration of a
loop branch

= Accuracy for a loop with N iterations = (N-2)/N
= Works well for for loops with a large number of iterations

= Works poorly for loops with small number of iterations or non-correlated
branches

= TNTNTNTNTNTNTNTNTNTN = 0% accuracy
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Implementation of the 1-bit Predictor

Tag BTB Index
N'b't// T One
ag Bit
> BTB
Table Per
Branch
Taken? —— PC+4

O

\ 4
;::>__k\i_IiJ//

Next PC
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State Machine of the 1-bit Predictor

actually
taken
actually Predict actually
ltaken Taken taken
actually

Iltaken
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Two-bit Predictor

= Counter[W,D](l: T) = P[W, D]
= (. if T then P+1 else P-1)
= A21164(PC; T) = MSB(Counter[2, 2K](PC; T))

2 bits

PC N

P » Prediction

Taken

U < +/' Adder
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Branch Prediction Bits

= Assume 2 BP bits per instruction
= Use saturating counter
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Two-bit Saturation Predictor

actually actually
L
. actually
taken

actually actually

Itaken taken
actually
ltaken
actually
actually __“ ltaken

taken




STAM Center

SECURE, TRUSTED, AND ASSURED MICROELECTRONICS

%‘ Ira A. Ful_ton Schoo!s of
Engineering

Arizona State University

Forward Two-bit Predictor

actually actually
taken g\./!taken
"N—__actually
actually taken actually
ltaken
taken
actually
ltaken N\

actually
actually __“ Itaken

taken
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Branch History Table

Fetch PC [0i0
I\ J
Y~ |
. F k L1 2k-entry
I-Cache *L|BHT,
BHT Index : |2 bits/entry
Instruction
Opcode offset
3 y y |
\_ /
' v
Branch? Target PC Taken/—Taken?

4K-entry BHT, 2 bits/entry, ~80-90% correct predictions
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History Register

P » History

Taken

y ~— Concatenate

* History(PC, T) = P(PC; P Il T)
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Exploiting Spatial Correlation

1f (x[1] < 7) then
y = 1;

1f (x[1] < 5) then
c —= 4;

= |f first condition false, second condition also false

= History register, H, records the direction of the last N
branches executed by the processor
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Two-level Predictor

Global History Prediction

Concat « +/-

Taken

GHist(;T) = Counter(History(0, T); T)
Ind-Ghist(PC;T) = Counter(PC Il Hist(GHist(;T);T))
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= Alpha 21264

Tournament Predictor

= Minimum branch penalty: 7 cycles
= Typical branch penalty: 11+ cycles
= 48K bits of target addresses stored in |-cache
» Predictor tables are reset on a context switch

Program
Counter

L

Local
History
Table

1K x 10 bits

>

Local
Predict

1K x 3
bits

Local
Prediction

| Global History |

12

e

Global

a
v

Predict

4K x 2
bits

Global
Prediction

Choice
Predict

4K x 2
bits

'

Final Prediction
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Bimodal
Predictor

!

Hybrid Predictor

Local

Predictor

!

= Pentium-M

= Hybrid, but uses tag-based selection mechanism
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Global
Predictor

r

!

Prediction




STAM Center

SECURE, TRUSTED, AND ASSURED MICROELECTRONICS

%‘ Ira A. Ful_ton Schoo!s of
Engineering

Arizona State University

RISC-V Pipeline with a BTB

Flush
l *‘ taken target
'S: PC+4 (Not-taken target) PCSrc MEM
% EX/Mf]M WB
y IFID o ID/EX ,
J,[_predicted direction = . ) _ ™
predicted target Mispredict
> > > Detection
+ ,| |PC+4 (Not-taken target) ;l\' Unit
4 RegWrite +
— S ? ohift Branch
~1PC BTB 5
S i_“ MemWrite
pred target |- £ [TH ) |
pred dir  f— g - reg2 MemtoReg
o direction . = Read Read
= Write )
a target > reg ° D data 21 *lAddress Data
c . [J]
o Write
- »1S address ~oata X Writ Data
N rite
4— "IDats Memory
—] Address 32-0] 32 64 6 [ ALU
[ I > I(r;lg:: —*{Control MemlLead
Instruction
[30, 14-12] | |
Inst. 7 ?n] ALUOp
u > >
Memory [11-7] X > >
> 1
- o RegDst - -
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The pipeline Front-End with the BTB

)\ PC moves to next instruction

Y

Inst Mem gets PC
and fetches new inst

Y

BTB gets PC
and looks it up

IF yes no
BTB Hit ?
yes ___no

Y

IF/ID latch loaded .

Y

with new inst

PC € perd addr

yes

Branch ?

no

PC € PC + 4

l

l

IF/ID latch loaded
with pred inst

IF/ID latch loaded
with seq. inst
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Next learning Module

= Complex Pipelining: Superscalar Architecture




