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Agenda for Today & Next Few Lectures

" Single-cycle Microarchitectures
" Multi-cycle and Microprogrammed Microarchitectures
" Pipelining

" Issues in Pipelining: Control & Data Dependence
Handling, State Maintenance and Recovery, ...

" Qut-of-Order Execution

“ Issues in 000 Execution: Load-Store Handling, ...



Readings for Next Few Lectures (I)

" Guy: P&H CO&D, Chapter 4 - “The Processor”
Guy: H&P CAQA, Appendix C - "Pipelining: Basic and
Intermediate Concepts"

Smith and Sohi, “The Microarchitecture of Superscalar
Processors,” Proceedings of the IEEE, 1995

< More advanced pipelining
< Interrupt and exception handling
<4 Qut-of-order and superscalar execution concepts

McFarling, “Combining Branch Predictors,” DEC WRL
Technical Report, 1993.

Kessler, “The Alpha 21264 Microprocessor,” IEEE Micro
1999.



Readings for Next Few Lect%%

TN NAIMD

The Microarchitecture of Superscalar Processors

James E. Smith
Department of Electrical and Computer Engineering
1415 Johnson Drive
Madison, W1 53706
ph: (608)-265-5737
fax:(608)-262-1267
email: jes@ece.wisc.edu

Gurindar S. Sohi
Computer Sciences Department
1210 W. Dayton
Madison, WI 53706

ph: (608)-262-7985 --—i [
e .

email: sohi@cs.wisc.edu

Aug. 20, 1995

Gurindar S. Sohi
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ftp://ftp.cs.wisc.edu/sohi/papers/1995/ieee-proc.superscalar.pdf

ANNNN 1NN %

Abstract - '7v [0 nIVaATNN

Superscalar processing is the latest in a long series of innovations aimed at producing
ever-faster microprocessors.

By exploiting instruction-level parallelism, superscalar processors are capable of
executing more than one instruction in a clock cycle. This paper discusses the
microarchitecture of superscalar processors. We begin with a discussion of the
general problem solved by superscalar processors: converting an ostensibly sequential
program into a more parallel one. The principles underlying this process, and the
constraints that must be met, are discussed.

The paper then provides a description of the specific implementation techniques used in
the important phases of superscalar processing. The major phases include: i) instruction
fetching and conditional branch processing, ii) the determination of data dependences
Involving register values, iii) the initiation, or issuing, of instructions for parallel execution,
Iv) the communication of data values through memory via loads and stores, and v)
committing the process state in correct order so that precise interrupts can be
supported.

Examples of recent superscalar microprocessors,

the MIPS R10000, the DEC 21164, and the AMD K5 are used to illustrate a variety of
superscalar methods.
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Readings for Next Few Lectures (II)

Smith and Plezskun, “Implementing Precise Interrupts in
Pipelined Processors,” IEEE Trans on Computers 1988
(earlier version in ISCA 1985).

562
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Implementing Precise Interrupts in Pipelined
Processors

JAMES E. SMITH, memeer, e, aAND ANDREW R. PLESZKUN, MEMBER, [EEE

Abstract—This paper describes and evaluates solutions to the
precise interrupt problem in pipelined processors. An interrupt is
precise if the saved process state corresponds with a sequential
model of program execution where one instruction completes
before the next begins. In a pipelined processor, precise inferrupts
are difficult to implement because an instruction may be initiated
before its predecessors have completed.

The precise interrupt problem is described, and five solutions
are discussed in detail. The first solution forces instructions to
complete and modify the process state in architectural order. The
other four solutions allow instructions to complete in any order,
but additional hardware is used so that a precise state can be
restored when an interrupt occurs. All the methods are discussed
in the context of a paralle]l pipeline structure. Simulation results
based on the CRAY-1S scalar architecture are used to show that
the first solution results in a performance degradation of at least
16 percent. The remaining four solutions offer better perform-
ance, and three of them result in as litfle as a 3 percent
performance loss, Several extensions, including vector architec-
tures, virtual memory, and linear pipeline structures, are briefly
discussed.

model, then the interrupt is precise. To be more specific, the
saved state should reflect the following conditions.

1) All instructions preceding the instruction indicated by
the saved program counter have becn executed and have
modified the process state correctly.

2) All instructions following the instruction indicated by the
saved program counter are unexecuted and have not modified
the process state.

3) If the interrupt is caused by an exception condition raised
by an instruction in the program, the saved program counter
points to the interrupted instruction. The interrupted instruc-
tion may or may not have been executed, depending on the
definition of the architecture and the cause of the interrupt.
Whichever is the case, the interrupted instruction has either
completed, or has not started execution.

If the saved process state is inconsistent with the sequential
architectural mode! and does not satisfy the above conditions,
then the interrupt is imprecise.



Recap of Last Lecture

Data Dependence Handling
< Data Forwarding/Bypassing

<4 In-depth Implementation
MIPS Pipelining
Register dependence analysis
Stalling
Performance analysis with and without forwarding

9 Questions to Ponder
HW vs. SW handling of data dependences
Static versus dynamic scheduling
What makes compiler based instruction scheduling difficult?

Profiling (representative input sets needed; dynamic adaptation difficult) -
demo: see next slide

Introduction to static instruction scheduling (e.g., fix-up code)
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Review: Control Dependence

Question: What should the fetch PC be in the next cycle?

Answer: The address of the next instruction
< All instructions are control dependent on previous ones. Why?

If the fetched instruction is a non-control-flow instruction:
< Next Fetch PCis the address of the next-sequential instruction

- Easy to determine if we know the size of the fetched
instruction

If the instruction that is fetched is a control-flow
instruction:;

9 How do we determine the next Fetch PC?

In fact, how do we even know whether or not the fetched
instruction is a control-flow instruction?
11



Branch Types
Number of

Direction at fetch When is next fetch

: possible next
time address resolved?
fetch addresses?

Type

Conditional Unknown 5 Execution (register
(beq, bne) dependent)
(LjJ)ncondltlonaI Always taken 1 Decode (PC + offset)
Call (jal) Always taken 1 Decode(PC + offset)
. Execution (register
Return (jr) Always taken Many dependent)
Indirect (jr) Always taken Many Execution (register

dependent)
Different branch types are being handled differently 12



How to Handle Control Dependences

Critical to keep the pipeline full with correct sequence of
dynamic instructions.

Potential solutions if the instruction is a control-flow
iInstruction: ‘0'IWON NINND NY'Y

210 XD |NND

Stall the pipeline until we know the next fetch address
Guess the next fetch address (branch prediction) o

Employ delayed branching (branch delay slot) | s

Do something else (fine-grained multithreading)

Eliminate control-flow instructions (predicated
execution)

Fetch from both possible paths (if you know the

addresses of both possible paths) (multipath execution)
2 -1 TN YWNnal1 3-6,1 N1IINNON NX NIX{71 INND 13



Stall Fetch Until Next PC is Available: Good Idea?
NI'OYNON DY NOT'O N'NX) OPY .OTIPN Hpwinn NlIYXIn NNWHNN

I,
s,
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I,
I,
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This is the case with non-control-flow and unconditional br instructions!



How to Handle Control Dependences

Critical to keep the pipeline full with correct sequence of
dynamic instructions.

Potential solutions if the instruction is a control-flow
instruction:

Stall the pipeline until we know the next fetch address

Guess the next fetch address (branch prediction) "°'“§}8
Employ delayed branching (branch delay slot) .

12 2V 1AM
Do something else (fine-grained multithreading)f xan poa

Eliminate control-flow instructions (predicated
execution)

Fetch from both possible paths (if you know the

addresses of both possible paths) (multipath execution)
15



Doing Better than Stalling Fetch ...

m Rather than waiting for true-dependence on PC to resolve, just guess nextPC =

PC+4 to keep fetching every cycle

PC+4 TN N7 ;002 0 110NN N'NN
Is this a good guess?

What do you lose if you guessed incorrectly?
m ~20% of the instruction mix is control flow

O ~50 % of “forward” control flow (i.e., if-then-else) is taken

O ~90% of “backward” control flow (i.e., loop back) is taken Not Take ==>

next PC =
PC+4

Overall, typically ~70% taken and ~30% not taken

[Lee and Smith, 1984]

m Expect “nextPC = PC+4” ~86% of the time, but what about the remaining 14%?
80% + 20%*30% = 86%, 100%-86% = 14% 110 16



Guessing NextPC =PC + 4

Always predict the next sequential instruction is the next
instruction to be executed

This is a form of next fetch address prediction (and
branch prediction)

How can you make this more effective?

Idea: Maximize the chances that the next sequential
instruction is the next instruction to be executed

< Software: Lay out the control flow graph such that the
“likely next instruction” is on the not-taken path of a branch

o Profile guided code positioning - Pettis & Hansen, PLDI
Nan 1990.

< Hardware: ??? (how can you do this in hardware...)

Cache traces of executed instructions = Trace cache
17



Adjust code according to profiling - SW

Compiler profile:

A,

(99[/0)T< > NT (1[/0)

B: C;

‘ N o ‘
<«

Option I
A,
if (x) {B}
else {C};
D;

A,

Option II:
A;

if (Ix) {C}
else {B};
D;

A;

C;

Option Il is better since in 99% of the cases NT is PC+4:



Trace Cache (adjust by HW)%
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Trace Cache - read

https://en.wikipedia.org/wiki/Trace_cache :n'19'pll ,IN1 NIN

Trace Cache: a Low Latency Approach to High Bandwidth Instruction Fetching

Eric Rotenberg
Computer Science Dept.
Univ. of Wisconsin - Madison
ericrof cs. wisc.edu

Abstract

As the issue width of superscalar processors is increased,
instriction fetch bandwidh requirements will also increase.
It will become necessary to jetch multiple basic blacks per
cvele. Conventional instriction caches hinder this effort be-
cause long instriction sequences are not always in contigu-
ous cache locations.

He propase supplementing the conventional instruction
cache witha trace cache. This structure caches traces of the
dynamic instruction stream, so instructians that are other-
wise nanconiguons appear contigious. For the Instruction
Benchmark Suite (185} and SPECY2 integer benchmarks,
a 4 kilobyte trace cache improves performance on average
by 28% aver comventional sequential feiching. Furiher, it
is shawn that the trace cache’s efficient, low latency ap-
proach enables it to ouiperform more complex mechanisms
that work solely out af the instruction cache.

1. Introduction

High performance superscalar processor organizations
divide naturally into an instruction fetch mechanism and
an instruction execution mechanism {Figure 1). The fetch
and exccution mechanisms are separated by instruction is-
sue buffer(s), for example queues, reservation stations, etc.
Conceptually, the instruction fetch mechanism acts as a
“producer” which fetches, decodes, and places mstructions
ntothe buffer. The instruction execution engine is the “con-
sumer” which removes instructions from the buffer and ex-
ecutes them, subject to data dependence and resource con-
straints. Control dependences (branches and jumps) provide
a feedback mechanism between the producer and consumer.

Processors having this organization employ aggressive
techniques to exploit instruction-level parallelism.  Wide
dispatch and 1ssuc paths place an upper bound on peak in-
struction throughput. Large issue buffers are used to main-
tain a window of Instructions necessary for detecting paral-
lelism, and a large pool of physical registers provides desti-
nations for all the in-flight instructions 1ssued from the win-

Steve Bennett
Intel Corporation
shennett/@ichips. intel.com

James E. Smith

Dept. of Elec. and Comp. Engr.

Univ. of Wisconsin - Madison
Jesimece.wisc.edu

brarch matzome, jump adksess

Irstruction
Bauferis)

Figure 1. Decoupled fetch/execute engines.

dow. To enahle concurrent execution of instructions, the
execution engine 15 composed of many paralle] functional
units. The fetch engine speculates past multiple branches in
order to supply & continuous instruction stream to the win-
dow.

The trend in superscalar design 15 to increase the scale
of these techniques; wider dispatch/issue, larger windows,
maore physical registers, more functional units, and deeper
speculation. To maintain this trend, 1t is imporant to bal-
ance all parts of the processor —any bottlenecks diminish the
benefit of aggressive ILF techniques.

In this paper, we are concerned with mstruction fetch
bandwidth becoming a performance bettleneck.  Instruc-
tion feich performance depends on a number of factors. In-
struction cache hitrate and branch prediction accuracy have
long been recognized as important problems in fetch perfor-
mance and are well-researched arcas. In this paper, we are
mterested in additional factors that are only now emerging
as processor 1ssue rates exceed four nstructions per cyele:

» Branch threughput — If only one conditional branch is
predicted per cycle, then the window can grow at the
rate of enly one basic block per cycle. Predicting mul-
tiple branches per cycle allows the overall instruction
throughput to be correspondingly higher,

noncontiguous instruction alignment — Because of
branches and jumps, instructions to be fetched duning
any given cvcle may not be in contiguous cache loca-
tions. Hence, there must be adequate paths and logic
available to feich and align noncontiguous basic blocks
and pass them up the pipeline. That is, it 1s not encugh

\

Trace Cache: a Low Latency

Approach to High Bandwidth

Instruction Fetching
by Rotenberg, Bemmett & Smith

http://www.eecs.harvard.edu/
cs146-246/micro.trace-cache.pdf
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Pentium 4

System Bus
-4 t >
Bus Unit Level 1 Data Cache
t > i
Level 2 Cache Execution Units
Memory Subsystem Integer and FP Execution Units
Trace cache
o ; ; !
A Trace Cache Out-of-order
Fetch/Decode P cxecution e Retirement
re Microcode BOM ]Ggiﬂ
. +
Microcode ¢ T
BTB/Branch Prediction < Branch Historv Update
Front End Out-of-order Engine

Figure 1: Basic block diagram

Source: Hinton et al, "The Microarchitecture of the Pentium 4
Processor", Intel Technology Journal Q1, 2001
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The Microarchitecture of the Pentium® 4 Processor

Glenn Hinton, Desktop Platforms Group, Intel Corp.
Dave Sager, Deskiop Platforms Group, Intel Corp.
Mike Upton, Desktop Platforms Group, Intel Com.

Darrell Boggs, Deskiop Platforms Group, Intel Corp.

Doug Carmean, Deskiop Platforms Group, Intel Corp.
Alan Kyvker, Desktop Platforms Group, Intel Corp.

Patrice Roussel, Desktop Platforms Group, Intel Corp.

Index words: Pentium” 4 processor, NetBurst™ microarchitecture, Trace Cache, double-pumped
ALU, deep pipelining

ARSTRACT provides an in-depth examisation of the features and

functsons of the lntel MetBurst microarchitecture.
This et describes the Intel® MetBurs™

microarchitecture of lotel's new flagship Pentium® 4 Tha Pestivm 4 |J.||:-|.'|.' a1 IJHI'E'““]' o debiver

. r I € ACH0S! Wb Al “l .il. LSETs Call Ir I'\'
processor.  This microarchitecture is the basis of a new pe e and i " farts E |
family of processors from Intel starting witls the Pentium d|mli:|_ et "I:ll'illul: ke Ak EI“ v o e T"m:]r £,

: L use TR |]| dicds SUCh as
4 processor.  The Pe cntiun 4 ]mxl."i'im ]rtl:-'.:u.'ll."i a =i =
Internet au |J|.-ir md strearming video, image ading,
|:|.1l:.u|l: al ]h.lf Hancs |_.,,.1. 1 for v ke ey |'l|'l| Al
eas whese the end Lser cam i |.|.|1.- appreciate IJ |lJl:v:r Ll.IIIlLIII. creation, [IL L|| recogi |I:|.m| ’!-[."
5 e L L)

These traces consist of uops running saquentlall}f down
the predicted path of the [A-32 program execution. This
allows the target of a branch to be included in the same
trace cache line as the branch itselt even 1f the branch and
its target instructions are thousands of bytes apart in the
program.

Note to self: /nhome/telzur/science/Teaching/CPU/lectures/09/extra reading/Pentium4.pdf

‘ The Microarchitecture of the Pentium® 4 Processor 1
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Guessing NextPC = PC + 4, more!

“ How else can you make this more effective?

" Idea: Get rid of control flow instructions (or minimize
their occurrence)

= How? = 0'XIN TIN'X

1. Get rid of unnecessary control flow instructions -
combine predicates (predicate combining)

= Nininm Nnimps

2. Convert control dependences into data dependences -
predicated execution = WX VIQp VIX']

This is actually #5 - Eliminate control-flow instructions

25



Predicate Combining (not Predicated Execution)
O'NIN TIN'XR . .
Complex predicates are converted into multiple branches
24 if (@ ==Db) && (c < d) && (a >5000)) {...}
3 conditional branches

Problem: This increases the number of control
dependencies NN 9pwa 120N

Idea: Combine predicate operations to feed a single branch
instruction instead of having one branch for each

< Predicates stored and operated on using condition registers
<4 Asingle branch checks the value of the combined predicate

+ = Fewer branches in code - fewer mipredictions/stalls

- = Possibly unnecessary work |NO'NiN

-- If the first predicate is false, no need to compute other predicates
Condition registers exist in IBM RS6000 and the POWER architecture 26



Predicate Combining
NI1D1IN NIDYNDNA 7'y N70 TIZn hwnna

if (a !=b) jX QYN RINT Tj7Y
if (c>=d) j Y SRITO
1f (a<=5000) j Z

do A

X:

Y:



1) Predicate Combining — o'NIn TIN'X

If(Xx && y && z ) {A};

NT

NT

l

bit 0 of CondReg=x
bit 1 of CondReg=y
bit 2 of CondReg=z

l G

A




2) Predicated Execution nnm jixa

Idea: Convert control dependence to data dependence

Simple example: Suppose we had a Conditional Move instruction...
4 CMOQV condition, R1T €& R2
9 R1 =(condition == true) ? R2 : R1

<4 Employed in most modern ISAs (x86, Alpha, ARM)
NI'BYNON 0'DYNY [N CMOV NKIIN NIVXNAXA |92

| If true R1=R2
L If false then nop

A

Code example with branches vs. CMOVs

if (@==5){b=4;}else {b=3;}

N2DI X121 NIYX2NN NIXINN 22
CMPEQ condition, a, 5; PC -2 '1'¥ |'N |20 .NIX'Dp
CMOV condition, b < 4;
CMOV !condition, b <« 3; 30




C# -1 C n1ovwd n<na1T

Examples of conditional expressions

The following expression determines which variable has the greater value, y or z, and assigns the greater value to the variable x:

X = (y » Z2) 7 ¥ : Z;

The following statement is equivalent to the previous expression.

if (v » z)
X = ¥
else
X = Z;

The syntax for a conditional ref expression is as follows:
C#

condition ? ref consequent : ref alternative

Demo: /home/telzur/science/Teaching/CPU/lectures/09/code/predicate_exe




Predicate Execution T

Instead of: We have:

| l

CMPEQ condition, a, 5; CMPEQ condition, a, 5;

l|\|T T l CMOV condition, b < 4;

l

MOV, b < 3; MOV, b < 4; CMOQV !condition, b < 3;

l

Show a demo: Both CMOQOV instructions are executed,

/home/telzur/science/Teaching/CPU/lectures/09/ one of them becomes NOP
code/predicate_exe

9'7NN 011NN D'N2N 0977w :2: |IDTY

XD TIj7'7
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Let’s check with Compiler Explorer

X86 - 13 LOC

COMPILER ,.. .

—s EXPLORER

C source #1 &

Av

1
2
3
4
5

B +- v

int z;
z = (y > X) ?V:ix;

More ~

Templates

|

@c -

/* Type your code here, or load an example. */
void foo(int x, int y) {

mips64 clang 20.1.0

v

A~

9
10
11
12
13
14
15
16

-

&

g- v- B F
Sw
1w
lw
slt
beqz
nop
b
nop

Lo e .

+ -

$1,
$2,
$1,
$1,
$1,

Z o

’
8($fp)
8(%$fp)

12($fp)
$1, $2

.LBBO_3

. LBBO_2

-00 -march=mips4

B output (0/0) mips64 clang 20.1.0 { - 362ms (40528) ~238 lines filtered

Xx86-64 gec 14.1 (Editor #1) £ X

x86-64 gcc 14.1

Av

1
2
3
4
5
6

12
13

t o B g

Yv

foo:

8 ,

push
mov
mov
mov
mov
mov
cmp
cmovge
mov
nop
pop
ret

Share v Policies@® ~

~ [ @ Compiler options...
+v /v

rbp

rbp, rsp

DWORD PTR [rbp-20], edi
DWORD PTR [rbp-24], esi
edx, DWORD PTR [rbp-20]
eax, DWORD PTR [rbp-24]
edx, eax

eax, edx

DWORD PTR [rbp-4], eax

rbp

Other -

O X

-



Let’s check with Compiler Explorer

Old MIPS - 21 LOC

p— LER - -
= EXPLORER Add... More Templates
C source #1 &
A~ B Save/load =+ Addnew..~ VVim @ C

/* Type your code here, or load an example. */
void foo(int x, int y) {

int z;

zZ = (y>X)?vy:x;

a s W N

A4

|

mips gcc 4.9.4 (Editor #1) & X

Share ¥

Policies @~

mips gcc 4.9.4

v [ @ Compiler options...

A~ ®output. v VFiter..>~ B Libraries 4 Overrides =+ Addnew..~ ” Addtool...~

© o0 ~N OB WNRE

[
R o

12
13
14
15
16
17
18
19
20
21

foo:

sL2:

addiu
sw
move
sw
sw
Tw
w
nop
slt
beq
nop

move
sw
move
Tw

addiu

nop

$sp, 20 = 0x14 = 2.80259693e-44f = "\ub014

$fp,20(%sp)
$fp, $sp

$4,24($fp)
$5,28($fp)
$3,28($fp)
$2,24($fp)

$4,%2, $3
$4,%0,35L2

$2,%$3

$2,8(%fp)
$sp, $Tp
$fp,20($sp)
$sp, $sp, 24
$31

Other ¥




Conditional execution

r8=cmp(rl, r2)
* Conditional executionf T 5 £ (r8) rd4=15 + r6

]
, r/=rd4+rl?2
bne rl r2 Skl%///
r4=r5+ro l
skip: ri/=rd+rl2

r8=cmp(rl, r2)
r9=r5+ro6

cmov (r8, rd4d €& r9)
r/=r4+rl?2



Predicated Execution - summary

Eliminates branches - enables straight line code (i.e., larger basic
blocks in code)

Advantages
< Always-not-taken prediction works better (no branches)

4 Compiler has more freedom to optimize code (no branches)
control flow does not hinder (vn9n7) inst. reordering optimizations
code optimizations hindered only by data dependencies

Disadvantages

0 Useless work: some instructions fetched/executed but discarded
(especially bad for easy-to-predict branches)

4 Requires additional ISA support
9 (770 N7Ta0) N1MOYN0ON 7W 12710 1)

Q: Can we eliminate all branches this way?

A: No (loops....) 36



How to Handle Control Dependences

Critical to keep the pipeline full with correct sequence of dyrmmnin
instructions.

Potential solutions if the instruction is a control-flow instruction:
O'"YHON NNINNSD Ny

Stall the pipeline until we know the next fetch address

| Guess the next fetch address (branch prediction) |

N'MD1N NXXINN 7Y D157190 N1

Employ delayed branching (branch delay slot)
Do something else (fine-grained multithreading)
Eliminate control-flow instructions (predicated execution)

Fetch from both possible paths (if you know the addresses of
both possible paths) (multipath execution) 37



Review: Guessing NextPC = PC + 4

Always predict the next sequential instruction is the next
instruction to be executed

This is a form of next fetch address prediction (and
branch prediction)

How can you make this more effective?

Idea: Maximize the chances that the next sequential
instruction is the next instruction to be executed

< Software: Lay out the control flow graph such that the
“likely next instruction” is on the not-taken path of a branch

Profile guided code positioning - Pettis & Hansen, PLDI
1990.

< Hardware: 7?7 (how can you do this in hardware...)

Cache traces of executed instructions - Trace cache
38



Review: Guessing Next PC=PC + 4

How else can you make this more effective?

Idea: Get rid of control flow instructions (or minimize their
occurrence)

How?
1. Get rid of unnecessary control flow instructions >
predicate combining — condition registers

2. Convert control dependences into data dependences >
predicated execution

D'NTI7N D'9{7¥1 1112 T 12D N7X 7Y

39



Reducing number of branches
executed

* Loop unrolling

for (1=0;1<10000;1++)
{

A[i]=B[1]+C[1i];
}

for (1=0;1<10000;1=1+2)
{
A[i]=B[i]+C[1i];
A[i+1]=B[i+1]+C[i+1];
}

Demao: ~/science/Teaching/CPU/lectures/09/code/loop_unrolling

WIX'|7'7 N'A0N ITHIMUVNN OV 2'0N 'N'YaY DN ,N'Ynn 0DDNY 0y/7NY Ty ! :caution
Credit: NI'OYNDONN DIXNAYX X71 NXN N2 'oNYTN
https://lwww.eecs.umich.edu/courses/eecs470/OLD/wl4/lectures/470L17W14.pdf



How to Handle Control Dependences

| 7

Critical to keep the pipeline full with correct sequence of
dynamic instructions.

Potential solutions if the instruction is a control-flow
instruction:

Stall the pipeline until we know the next fetch address

ranch prediction)
Employ delaved branchina (branch delav slot)

Do something else (fine-grained multithreading)

Eliminate control-flow instructions (predicated
execution)

Fetch from both possible paths (if you know the

addresses of both possible paths) (multipath execution)
41



Delayed Branching (I)

Change the semantics of a branch instruction
29 Branch takes effect after N instructions (N'1"0 N1j7 X7)
<4 Or the branch takes effect after N cycles nnTIj77 n71;7& nnmw i

Idea: Delay the execution of a branch. N instructions (delay
slots) that come after the branch are always executed
regardless of branch direction.

In MIPS N=1 (1 delay slot)

Problem: How do you find instructions to fill the delay slots?
4 Branch must be independent of delay slot instructions

Unconditional branch: Easier to find instructions to fill the delay slot

Conditional branch: Condition computation should not depend on
instructions in delay slots - difficult to fill the delay slot 42



Delayed Branching (II) ]

Normal code: Timeline: Delayed branch code: Timeline:
A if || ex A if || ex
B Cvﬁ
(;vﬁ A BC XV A
BC XYV B A B C A
D C B D BC C
E BC C E B BC
F - BC F G B

X:| G G - X: |G
6 cycles 5 cycles

Branch-n T1NN? B NN 11N12yN .16.67% -1 D'VIX'2ID'Y

43



® Delayed branch with squashing
< In SPARC

<4 Semantics: If the branch falls through (i.e., it is not taken),
the delay slot instruction is not executed

<4 Why could this help?

Normal code: Delayed branch code: Delayed branch w/ squashing:
11vn
XA X:

BY

CY

BC XYV

D branchin DX
awn1 Npo"

E D D NO DNI A NN

NoNn N5 XN |'X [ND E E wwn'A

delay slot -n NN
MIPS 5w 11T NN2I2 DW NIpN1 210 Nt 44



Delayed Branching (IV)

Advantages:

+ Keeps the pipeline full with useful instructions in a simple way assuming

1. Number of delay slots == number of instructions to keep the pipeline full
before the branch resolves (m79mon 777 wann NX 7907 AN N7 AN 71T 1M79M0NY 733 1)

2. All delay slots can be filled with useful instructions

Disadvantages:

-- Not easy to fill the delay slots (even with a 2-stage pipeline)

1. Number of delay slots increases with pipeline depth, superscalar execution
width (wynx7nn 2 0-7 1 0 12119000 DTV MNXIY TAYNI)

2. Number of delay slots should be variable with variable latency operations.
Why?

-- Ties ISA semantics to hardware implementation
-- SPARC, MIPS, HP-PA: 1 delay slot (?01217,”n11nNX" 70N0n7)

-- What if pipeline implementation changes with the next design?

AVUNNN 7Y XN T2 NINYD WIN™N OX WTND 79077 X 45



An Aside: Filling the Delay Slot

reordering data
independent
(RAW, WAW,
WAR)
instructions
does not change

program semantic

[Based on original figure from P&H CO&D, COPYRIGHT

2004 Elsevier. ALL RIGHTS RESERVED.]

a. From before

b. From target

c. From fall through

DN NMIp NN
W' sub DIpN2
npIonnt div
?05N1 X'N
X' Nt AT
.exception
DN
exception-n
INIX ANIN!
DIpN212TN

<
add $s1, $s2, $s3 sub $t4, $t5, 316 add $s1, $s2, $s3
if $s2 = 0 then —— if $s1 = 0 then
add $s1, $s2, $s3
| Delaysiot | |  Delaysiot |
if $s1 = 0 then ——
— | Delaysiot | sub $t4, $t5, $t6
Becomes Becomes Becomes
sub $t4, $t5, $t6 add $s1, $s2, $s3
if $s2 = 0 then — if $s1 = 0 then ——

|add $s1, $s2, $s3 I

add $s1, $s2, $s3

if $s1 = 0 then ——

| sub $t4, $t5, $t6 |

| sub $t4, $t5, $t6 |

delay n Sw
2777slot

| — Safe?

within same
basic block

For correctness:

add a new instruction

to the not-taken path?

P—

For correctness:
add a new instruction
to the taken path?

K

Fix-up code (compensation code)

46




a. From before

b. From target

c. From fall-through

add $s1, $s2, $s3 sub $t4, $t5, $t6=— add $s1, $s2, $s3

if $s2 = 0 then —— if $s1 = 0 then ——
Delay slot add $s1, $s2, $s3 Delay slot
if $s1 = 0 then —
I Doy o sub $t4, $t5, $t6 |
Becomes Becomes Becomes

add $s1, $s2, $s3

if $s2 = 0 then —— if $51 = 0 then ——

add $s1, $s2, $s3

add $s1, $s2, $s3 sub $t4, $t5, $t6

if $s1 = 0 then —

——— sub $t4, $t5, $t6 —

FIGURE 4.64 Scheduling the branch delay slot. The top box in each pair shows the code before scheduling;
the bottom box shows the scheduled code. In (a), the delay slot is scheduled with an independent instruction
from before the branch. This is the best choice. Strategies (b) and (c) are used when (a) is not possible. In the
code sequences for (b) and (c), the use of $s1 in the branch condition prevents the add instruction (whose
destination is $s1) from being moved into the branch delay slot. In (b) the branch delay slot is scheduled from
the target of the branch; usually the target instruction will need to be copied because it can be reached by
another path. Strategy (b) is preferred when the branch is taken with high probability, such as a loop branch.
Finally, the branch may be scheduled from the not-taken fall-through as in (c). To make this optimization legal for
(b) or (c), it must be OK to execute the sub instruction when the branch goes in the unexpected direction. By
“OK” we mean that the work is wasted, but the program will still execute correctly. This is the case, for example,
if $t4 were an unused temporary register when the branch goes in the unexpected direction.

[Based on original figure from P&H CO&D, COPYRIGHT Copyright © 2014 Elsevier Inc. All rights reserved. 47

2004 Elsevier. ALL RIGHTS RESERVED.]



How to Handle Control Dependences

ﬂ

Critical to keep the pipeline full with correct sequence of
dynamic instructions.

Potential solutions if the instruction is a control-flow
instruction:

Stall the pipeline until we know the next fetch address
Guess the next fetch address (branch prediction)
Employ delayed branching (branch delay slot)

Eliminate control-flow instructions (predicated execution)

Fetch from both possible paths (if you know the addresseg,

nf hanth nAccihla nathaeaY (milyinath avaciitian))



1. Fine-grained Multithreading: switching among threads happens
at each instruction, independently from the the fact that the thread
instruction has caused a cache miss.

 Instructions “scheduling” among threads obeys a round robin
policy, and the CPU must carry out the switch with no overhead,
since overhead cannot be tolerated

« Ifthere is a sufficient number of threads, it is likely that at least one
is active (not stalled), and the CPU can be kept running.



* (a)-(c) three threads and associated stalls (empty slots).
(d) Fine-grained multithreading. Each slot is a clock cycle, and we
assume for simplicity that each instruction can be completed in a
clock cycle, unless a stall happens.
(Tanenbaum, Fig. 8.7)

(a) |A1|A2 A3|A4|A5 A6|A7|A8| (d) |A1|B1|C1[A2(B2|C2|A3|B3|C3|A4|B4|C4
(b) [B1 B2 B3|B4|B5|B6|B7|B8
(c) |C1|C2|C3|C4 C5(C6 C7/C8

Cycle —»—

* In this example, 3 threads keep the CPU running, but what if A2
stall lasts 3 or more clock cycles? d o'wAn MY STALLS 17n7N' Nt 117031 :NIWn



 (CPU stalls can be due to a cache miss, but also to a true data
dependence, or to a branch: dynamic ILP techniques do not always
guarantee that a pipeline stall 1s avoided.

» With fine-grained multithreading in a pipelined Architecture, if:

— the pipeline has £ stages,
— there are at least & threads to be executed,
— and the CPU can execute a thread switch at each clock cycle

« then there can never be more than a single instruction per thread in
the pipeline at any instant, so there cannot be hazards due to
dependencies, and the pipeline never stalls ( ... another assumption
is required ...).

...000'2" J'S0N YUY



Fine-grained multithreading in a CPU with a 5-stage pipeline: there
are never two instructions of the same thread concurrently active in
the pipeline. If instructions can be executed out of order, then it 1s
possible to keep the CPU fully busy even 1n case of a cache miss.

5 threads 1n execution:

IF

Al

A2

A3

A4

AS

A6

El

Bl

B2

B3

B4

B5

B6

IF

Cl

C2

C3

C4

C5

Co6

A2

D1

D2

D3

D4

D5

D6

El

E2

E3

E4

ES

E6

IF

B2

ID EX MEM WB
DI Cl Bl Al
ID EX MEM WB
El D1 Cl Bl
ID EX MEM WB
A2 El DI Cl

clock




Fine-Grained Multi-threading

® Idea: Hardware has multiple thread contexts. Each cycle,
fetch engine fetches from a different thread.

< By the time the fetched branch/instruction resolves, no
instruction is fetched from the same thread

< Branch/instruction resolution latency overlapped with
execution of other threads’ instructions

Instruction Operands

+ No logic needed for handling control and  [tfeam 2 eoratsen

Tnstruction Fetch

Stream 2 Instruction

data dependences within a thread Operand Fetch

Stream 1 Instruction

-- Single thread performance suffers.mnn-ovo) |[Treea s ertroet

tream B [nstruction
Execution Phase

-- Extra logic for keeping thread contexts

-- Does not overlap latency if not enough

Stream 4 Instruction
Result Store

threads to cover the whole pipeline

(M1 Non< 1701 MNI1O™70N 700N 1IN MV

53



Fine-grained Multi-threading (II)

Idea: Switch to another thread every cycle such that no two
instructions from a thread are in the pipeline concurrently

Tolerates the control and data dependency latencies by
overlapping the latency with useful work from other
threads

Improves pipeline utilization by taking advantage of
multiple threads

Thornton, “Parallel Operation in the Control Data 6600,” AFIPS
1964.

Smith, “A pipelined, shared resource MIMD computer,” ICPP

1978. 7N DMINPXN YN DMIDTN DA O'XAN D'O77WN YA
54



Fine-grained Multi-threading: History

CDC 6600’'s peripheral processing unit is fine-grained
multi-threaded

<4 Thornton, “Parallel Operation in the Control Data 6600,” AFIPS

1964.

< Processor executes a different I/0 thread every cycle

<4 An operation from the same thread is executed every 10 cycles

Denelcor HEP (Heterogeneous Element Processor)

Q

Q

Q

Smith, “A pipelined, shared resource MIMD computer,” ICPP 1978.
120 threads/processor
available queue vs. unavailable (waiting) queue for threads

each thread can have only 1 instruction in the processor pipeline; each
thread independent

to each thread, processor looks like a non-pipelined machine

system throughput vs. single thread performance trade-off
55



PARALLEL OPERATION IN THE CONTROL DATA 6600

James E. Thornton
Control Data Corporation
Minneapoliz, Minnesota

T ISTRUC TICM
T REGISTERS
INSTRUCTION
STACK T 4
8 &0-BIT
WORDS 1
]
BUEFER REGISTER
FROM CEMTRAL MEMORY 'y

Figure 5. 6600 Instruction Stack Operation.



First commercial machine to use hardware threading in main CPU
— 120 threads per processor
— 10 MHz clock rate
— Up to 8 processors
— precursor to Tera MTA (Multithreaded Architecture)

Wikipedia: The Heterogeneous Element Processor (HEP) was introduced by Denelcor, Inc. in
1982 as the world's first commercial MIMD computer. The HEP's architect was Burton Smith.
The machine was designed to solve fluid dynamics problems for the Ballistic Research
Laboratory.[1] A HEP system, as the name implies, was pieced together from many
heterogeneous components -- processors, data memory modules, and I/0O modules. The
components were connected via a switched network.




A PIPELINED, SHARED RESOUCE MIMD COMPUTEK

Burton J. Smith

Denelcor, Inc.
Denver, Colorado 80205

PROCESSOR L PROCESSOR
.I -.
. PIPELINE ) .
: SWITCE 9

MEMORY l L

Figure 2. Overall System Layout



Fine-grained Multi-threading in HEP

FROM DATA MEMORY TO DATA MEMORY

= Cycle time: 100ns VIA SWITCH VIA SWITCH

" 8 stages - 800 nsto
complete an
Instruction

< assuming no
memory access

“ No control and data
dependency checking

FETCH
INSTRUCTION

FROGRAM
MEMORY

QUEUE




Multi-threaded Pipeline Example - MIPS

Instruction
Queue

Thread 0 IIIIIII

Thread 1

Execution Pipeline

|-
%E

-
= T
22
T O
L W



Multi-threaded Pipeline Example

e

X

1$ —IR—| GPR1 I\
N

153

> — D <

Slide credit: Joel Emer 61



Niagara2 Chip Overview

©®Sun

8 Sparc cores, 8
threads each

Shared 4MB L2,
8-banks, 16-way
associative

Four dual-channel
FBDIMM memory
controllers

Two 10/1 Gb Enet
ports

One PCI-Express
X8 1.0A port

342 mm”2 die
size in 65 nm

711 signal /O,
1831 total




Sun Niagara MyHrthreaded Pip&me

Crossbar
Interface

—— Instruction type

Misses

Traps and intermapis

Resource conflicts

Kongetira et al., “Niagara: A 32-Way Multithreaded Sparc Processor,” IEEE Micro 2005.
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Fetch Thread select Decode Execute Memory Writeback
Reqgister
file
# 4
I NG -
I(IJ_?EEE Igsftfructm: ALU DCache
utter x Thread MUL = DTLB Crossbar
select = Decode —m=| Shift store interface
Mux N e——— buffers x 4
DIV -
A
-2+—— Instruction type
Thread selects Thread | o  Misses
select
logic -«—— Traps and interrupts
~4—— Resource conflicts
PC
Thread logic
select w4
Mux

Figure 3. Sparc pipeline block diagram. Four threads share a six-stage single-issue pipeline with local instruction
and data caches. Communication with the rest of the machine occurs through the crossbar interface.



g .
4?32;%9:-3 ' - Dram control
L2 BO Channel 0
Sparc pipe
4-way MT
Sparc pipe DDR
4-way MT - | Dram control
Channel 1
L2 B1
Sparc pipe e
4-way MT @
0
oy
8
Sparc pipe ) D trol DDR
4-way MT - - ram contro
4 Channel 2 w
L2 B2
Sparc pipe -
4-way MT
Sparc pipe b ol DDR
A-wav MT ] ram contro
’ - = Channel 3
L2 B3
Sparc pipe =1
4-way MT
YVYYY
I/0 and shared functions e -
I/O interface

Figure 2. Niagara block diagram.



Thread # Decode

instructior

Instructions

DtS-a-l:I-I:I Etﬂ-ﬂ.l:ﬂ M‘L‘B-ﬂ[ﬂ

' Flﬂnadd Sm-add Dt-n-add Eto-add

Figure 4. Thread selection: all threads available.



Fine-grained Multi-threading
Advantages
+ No need for dependency checking between instructions
(only one instruction in pipeline from a single thread)
+ No need for branch prediction logic

+ Otherwise-bubble cycles used for executing useful instructions from
different threads

+ Improved system throughput, latency tolerance, utilization

Disadvantages

- Extra hardware complexity: multiple hardware contexts (PCs,
register files, ...), thread selection logic

- Reduced single thread performance (one instruction fetched every
N cycles from the same thread)

- Resource contention between threads in caches and memory

- Some dependency checking logic between threads remains
(load/store) 67



Multithreaded Categories

,-a, Superscalar  Fine-Grained Coarse-Grained Multiprc;cessing l\ﬁlurrtlijtl:l?;laegil;sg
© Wl = E == AENN EFES
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-4 NN N [
S EEEE SSS ]
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bubbles xm ] Thread 1 Thread 3
Credit: EEC 171 John Owens,mrlplrﬁaﬁlagures” Thread 4

https://www.nvidia.com/content/cudazone/cudau/courses/ucdavis/lectures/tip2.pdf
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H&P CAQA, 7 Edition

Execution slots ——»

Superscalar Coarse MT Fine MT SMT

+— Time

= el —m

Figure 3.31 How four different approaches use the functional unit execution slots of a superscalar processor. The haorizontal
dimension represents the instruction execution capability in each clock cycle. The vertical dimension represents a sequence of clock
cycles. An empty (white) box indicates that the corresponding execution slot is unused in that clock cycle. The shades of gray and
black correspond to four different threads in the multithreading processors. Black is also used to indicate the occupied issue slots in
the case of the superscalar without multithreading support. The Sun T1 and T2 (aka Niagara) processors are fine-grained,
multithreaded processors, while the Intel Core i7 and IBM Power7 processors use SMT. The T2 has 8 threads, the Power7 has 4, and
the Intel i7 has 2. In all existing SMTs, instructions issue from only one thread at a time. The difference in SMT is that the subsequent
decision to execute an instruction is decoupled and could execute the operations coming from several different instructions in the

same clock cycle.




1 Superscalar Execution * Superscalar Execution

. Issue Slots . Issue Slots
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Credit for this slide and the next two slides:
ANKIK JOSHI and DHARMESH TANK, “A FINE-GRAIN MULTITHREADING
SUPERSCALAR ARCHITECTURE"



Superscalar Execution with Fine-Grain
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Superscalar Execution with Fine-Grain

I_Multithreading
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How to Handle Control Dependelﬂces

Critical to keep the pipeline full with correct sequence of
dynamic instructions.

Potential solutions if the instruction is a control-flow
instruction:

Stall the pipeline until we know the next fetch address
Guess the next fetch address (branch prediction)

Employ delayed branching (branch delay slot) |

Do something else (fine-grained multithreading)
Eliminate control-flow instructions (predicated execution)

Fetch from both possible paths (if you know the addresses

of both possible paths) (multipath execution) s



Branch Prediction




Branch Prediction: Guess the Next Instruction
to Fetch

PC [0®gos | [ B N
-$ DEC —{RFI——1 !
X000 | b R1, MEM[RO]
0x0002 {D-g|
0x0003 BRzero 0x0001 |
0x0004
ADD R3, R2, #1 12 cycles

00005 UL R1, R2, R3

OX0008 Branch prediction o
%971 b RO, MEM[R2] 3 cycles
nnNina

A
I 1 ThY




Misprediction Penalty

0x0001

0x0002

0x0003 BRzero 0x0001

0x0004

00005 UL R1, R2, R3

0x0006

%971 b RO, MEM[R2]

PC

v

I-$

0x0007

st

0x0006 0x0005

A 4

RF

[

0x0004

D-$

0x0003




Branch Prediction S

“ Processors are pipelined to increase concurrency

“ How do we keep the pipeline full in the presence of branches?
<4 Guess the next instruction when a branch is fetched
<4 Requires guessing the direction and target of a branch

A

7

Bl B3 Pipeline

Branch condition, TARGET

Fetch Decode Rename Schedule RegisterRead Execute
; es) L rlelo]e]a)]

E Fhigbtfdmptedotite @etegtad! Flush MeribjpdnErediction

Ty 0117w 13 IXDY 1IN 177910 NXI1 D'WIN2
Inioynonn (I Nann w77



Basic Pentium lll Processor Misprediction Pipeline

1 2
Fetch Fetch

3
Decode

4

Decode Decode

6
Rename

7
ROE Rd

Rdy/Sch

Dispatch

10
Exec

Basic Pentium 4 Processor Misprediction Pipeline

123Ja
TI:*HJP TC Fhﬁ

Dirive

Alloc

9 10 11
Gm|54:h Sch

12
Sch

13
Disp

14
Disp

15
RF

16
RF

17

18
Flgs

19
Br Ck

20
Dirive




.« JINT NN1V7

ARM Cortex®-M0+ Pipeline

The ARM® Cortex®-M0+ core has a two-stage pipeline (Cortex-M0, M3 and M4 have three stages). This two-stage
pipeline decreases the core response time and power consumption.

« Stage 1: Fetch & Pre-Decode
» Stage 2: Main Decode & Execute

Pre-decode Main decode

Clock

Instruction N m code

fnstruction N+1

Credit;


https://microchipdeveloper.com/32arm:m0-pipeline

Branch Prediction: Always PC+4

¥When a branch resolves
- branch target (Inst,) is fetched

- all instructions fetched since
inst, (so called “wrong-path”

Inst, is a branch instructions) must be flushed



Pipeline Flush on a Misprediction

nst,
nst.
nst.
nst,
nst,

|

tO tl t2 t3 t4 t5
IF._[[ID__[[ALU |[MEM|IWB
..
IF... (LID JIALU [|WB
IFE[LIC ALL
IF_|[ID
IF

Inst, is a branch
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Instruction u o
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Performance Analysis

correct guess = no penalty, 80%+0.2*0.3=86% of the time
incorrect guess = 3 bubbles, 14% of the time

Assume

< no data dependency related stalls - M17N 7¥ D"INX D'0O79X 1'X
< 20% control flow instructions

- Always taken. 30% correct guesses and 70% are wrong

guesses NLYNN [NIN2 NIYLN DY 1'NNN
O CPI=[1+ *134]_/ N1 NN'N Xow TAKEN
\
=11+ =142 NI PINY 19510 DN
probability of penalty for L YTAnAxmANMM

ARARIED

Can we reduce either of the two penalty terms?
83



Performance Analysis

correct guess = no penalty, 80%+0.2*0.3=86% of the time
incorrect guess = 2 bubbles, 14% of the time

Assume

< no data dependency related stalls - M17N 7¥ D"INX D'0O79X 1'X
< 20% control flow instructions

< Always taken. Of them 70% are wrong guesses

O _ * — |NIN2 NIYON DY 1'Nnn DNy
CPI=[1+ 2 ﬂ/ N11D1 NN'N XOW TAKEN no>nNn
=[1+% * ? 1=1.28
NI Py |"'DE)“E)|'1 ONX

probability of penalty for «—— SAM AN T NN
a Wrong gueSS a Wrong gueSS 7'X O'WVIX'AN '“Dlw')

\\ DMYIAN W DX 'OPND

Can we reduce either of the two penalty terms? "



Reducing Branch Misprediction Pengﬁy

® Resolve branch condition and target address early

9
m
x

_’@ _’k unit ) \

N ite |
P U ( >}\ - ]
19 O\V/ \

[ 5]

|
—

A

_—
_ X
Register -
P] Instruction | || | >ALU
memory I ~
M

v,
N

Is this a good idea?

(v]
u
i | HHH L
Forwarding
unit
[Based on original figure from P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.] 85

CPI=[1+(0.270.7) *1]1=1.14



Recall: Pipeline with Early Branch Resolution

Idea: Calculate branch target and condition in the Decode Stage

ranc
EqualD %PCSVGD
+
2
ot PCBranchD

Dependence Detection Logic

Credit: Lecture 14, DDCA Spring 2022


https://www.youtube.com/watch?v=XaW_O9nKPe0&list=PL5Q2soXY2Zi97Ya5DEUpMpO2bbAoaG7c6&index=15

36:
40:

44 .
48:
52:
56:

12:

nNAIT7 727N

R

Source: HP CO&D Section 4.8
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x10, x4, x8

x1, x3, 16 // PC-relative branch
// to 40+16*2=72

Xx12, X2, X5

x13, x2, x6 (PC+4) + 7 words =

x14, x4, x2 (PC+4) + 7*4bytes

x15, x6, X7

x4, 50(x7)
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Branch Prediction (Enhanced)

Idea: Predict the next fetch address (to be used in the next
cycle) DTIP VT JN0-2V NAINDN NX NITNY

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

EI (Conditional) branch direction |

3 Branch target address (if taken)

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

4 Idea: Store the target address from previous instance and
access it with the PC

< Called Branch Target Buffer (BTB) or Branch Target Address

Cache 90
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ADDR
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If PC == ADDR | already know then it's a branch



Credit: H&P CAQA 7" Edition (RISC-V)

PC of instruction to fetch

Predicted PC

Number of
entries

in branch-
target
buffer

No: instruction is not
= predicted to be a taken
branch; proceed normally

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

Figure 3.25 A branch-target buffer. The PC of the instruction being fetched is matched against a set of instruction addresses
stored in the first column; these represent the addresses of known branches. If the PC matches one of these entries, then the
instruction being fetched is a taken branch, and the second field, predicted PC, contains the prediction for the next PC after the
branch. Fetching begins immediately at that address. The third field, which is optional, may be used for extra prediction state bits.




Credit: H&P CAQA 7™ Edition (RISC:\)

Send PC to memory and
branch-target buffer

Entry found in
branch-target
buffer?

Normal
instruction
execution

Is
instruction
ataken
branch?

Yes

Send out
predicted
PC

Mo

Yas

Y

¥

Enter
branch instruction
address and next

FC into branch-
targei buffer

Mispradicted branch,
kill fetched instruction;
restart fetch at other

target; delete entry
from target buffer

1

Branch correctly
predicted;
confinue execution
with no stalls

Figure 3.26 The steps involved in handling an instruction with a branch-target buffer.



Credit: H&P CAQA 7" Edition (RISC-V)

Instruction in buffer Prediction Actual branch Penalty cycles
Yes Taken Taken 0
Yes Taken Not taken 2
No Taken 2
No Not taken 0

Figure 3.27 Penalties for all possible combinations of whether the branch is in the buffer and what it actually does,
assuming we store only taken branches in the buffer. There is no branch penalty if everything is correctly predicted and the
branch is found in the target buffer. If the branch is not correctly predicted, the penalty is equal to 1 clock cycle to update the buffer
with the correct information (during which an instruction cannot be fetched) and 1 clock cycle, if needed, to restart fetching the next
correct instruction for the branch. If the branch is not found and taken, a 2-cycle penalty is encountered, during which time the buffer

Is updated.



Instruction Instr. Decode
Fetch Reg. Fetch

4 >

éNext PC —».J
' [,

RS1

EBranch PC ‘ :

—
-

Execute
Addr. Calc

Return PC
(Addr + 4)

-0

Memory
Access

Write
Back

WB Data

RD

v

* BTB target & direction predictions

* Note BTB smaller (Faster) than ICache, shortens path

3l1ovL
Edited bv D. Seidner. 4/04

Credit:

Christopher Carothers
Computer Architecture
CS4250

CS252/Patterson
Lec 5.95



Fetch Stage with BTB and Direction Prediction

mNpo nxonn

mirection predictor (taken?)

Taken? 1 Tan NN NVD

—— > \ i
PC + w—’ Next Fetch
i A Address
12D mMp NI ,NaNN2 o"p hlt') -
nvo '/
Address of the
current branch
i
target address
TN taken=1 N7 2>w21 N1 ON
NIDYNON NIADW Cache of Target Addresses (BTB: Branch Target Buffer)
Always taken CPI =[ 1+ (0.2070.3) * 2] =1.12 (70% of branches taken)
" 96

nMj7ninn 30%-2 NYON 271770771 TNNY NN X R NINZ71 DMoynonnn 70% .nnTi70 NMD0NN NNAITa NNaNY N2190 [XD NNINn 27 n'w



More Sophisticated Branch Direction Prediction

Which direction earlier Direction predictor (taken?)

branches went o
taken” TN |
lobal branch 'J i
histor PC + inst size ——» Next Eetch
XOR Address
hit? s /
Address of the
current branch
)
target address

Cache of Target Addresses (BTB: Branch Target Buffer)

McFarling ¥ nxnn :|'2IN'o

97




Three Things to Be Predicted

Requires three things to be predicted at fetch stage:
1. Whether the fetched instruction is a branch‘

2. (Conditional) branch direction 7V NIY7 72100 N1'7 TaVnn 7V
NI78wn 3
3. Branch target address (if taken) PNIDYNDA NN 11995 DN (1

?2NNpY1 X' OXN LD DX (2

IT'ND TX ,NNPY1 X' DX (3
Third (3.) can be accomplished using a BTB 25YNDNY NAIMD

4 Remember target address computed last time branch was
executed

First (1.) can be accomplished using a BTB

- If BTB provides a target address for the program counter, then
it must be a branch

2 Or, we can store “branch metadata” bits in instruction

cache/memory - partially decoded instruction stored in I-cache

i ) ) 98
Cecond (2 ) How do we predict the direction?



Simple Branch Direction Prediction Schemes

Compile time prediction (static)

< Always not taken

< Always taken

9 BTFN (Backward taken, forward not taken)
< Profile based (likely direction)

Run time prediction (dynamic)
< Last time prediction (single-bit)

99



More Sophisticated Direction Prediction

Compile time prediction (static)
< Always not taken

< Always taken

9 BTFN (Backward taken, forward not taken) > D'NIN D'977WN
4 Profile based (likely direction)

< Program analysis based (likely direction)
/

-
Run time prediction (dynamic)

. . - . i
Last time prediction (single-Dbit) AR PR KT

- Two-bit counter based prediction

<4 Two-level prediction (global vs. local)
/

2 Hybrid 100



Static Branch Prediction (I)

Always not-taken
- Simple to implement: no need for BTB, no direction prediction
< Low accuracy: ~30-40% (for conditional branches)

4 Remember: Compiler can layout code such that the likely path
is the “not-taken” path - more effective prediction

Always taken
< No direction prediction

< Better accuracy: ~60-70% (for conditional branches)
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
101



Static Branch Prediction (I1)

Profile-based nnoninm N1 nwi

< Idea: Compiler determines likely direction for each branch
using a profile run. Encodes that direction as a hint bit in
the branch instruction format.

NI'DYNONN 222 NOIIA NN N IX T nOSNNN ,|22 0TI

+ Per branch prediction (more accurate than schemes in
previous slide) - accurate if profile is representative!

-- Requires hint bits in the branch instruction format
-- Accuracy depends on dynamic branch behavior:

[TTTTTTTTTNNNNNNNNNN = 50% accuracy
TNTNTNTNTNTNTNTNTNTN - 50% accuracy

-- Accuracy depends on the representativeness of profile
Input set 102




Itanium (IA 64): The Intel Itanium architecture (IA-64), based on the Explicitly ParaIIeI Instruction

omptting (EPIC) paradigm, heavily relied on compiler cooperation for performanee—t-had explicit
branch hints in its instruction set. The compller was responS|bIe for prowdmg these hints to the
hardware, guiding-the-branchpredictor. This was a core part¢ gestgrrphifosophy to expose
more hardware details to the compiler.

x86 (with nuances): The x86 architecture has a more complex history with explicit branch hints.

Early Intel Processors (e.g., NetBurst architecture like Pentium 4): Some older Intel architectures
did indeed respect specific instruction prefixes (Ox2E for "Branch Not Taken" and Ox3E for "Branch
Taken") as branch hints.

Later Intel Processors (e.g., Core 2 to Broadwell/Skylake): For a long time, these hints were
largely considered "no-ops" by compilers and processors, as dynamic branch predictors became
highly sophisticated and often out-performed static hints. The processors would primarily rely on
their internal dynamic predictors and static heuristics (like "backward taken, forward not taken").

specifically) for certain scenarios. These hintsare
branch predictor has no stored information about a partlcular branch. This can be particularly useful
for infrequently executed branches that are almost always taken, preventing an initial misprediction.
Compilers like GCC and LLVM/Clang have added support for emitting these hints based on profile-
guided optimization.
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Static Branch Prediction (I1I1)

Program-based (or, program analysis based)

< Idea: Use heuristics based on program analysis to determine

statically-predicted direction
np'oonI'n nuiy wb"Dmpn A1D1HND DlpNna

<4 Example opcode heuristic: Predict BLEZ as NT (negative integers used

as error values in many programs)
o . a1 n N.'7 (Y O OM™>'0n 211 W.HND
-4 Example loop heuristic: Predict a branch guarding a loop execution

as taken (i.e., execute the loop)
11120 NX N7 D'WT1T 17NIX NIXT717] ,N0N1T 191X

.O'MYON 11N2

: . 1 NIXIYN DWIY 11NIX W19 N2 :NO01 NATT
+ Does not require profiling 11N NXXINYT V1w 711 NT NN 10 a7 .0mM0mo 1

-- Heuristics might be not representative or good 1110nN o

-- Requires compiler analysis and ISA support (ditto - 7”15 for other static
methods)

Ball and Larus, "Branch prediction for free,” PLDI 1993.
-4 20% misprediction rate

105



Static Branch Prediction (IV)

Programmer-based
< Idea: Programmer provides the statically-predicted direction

< Via pragmas in the programming language that qualify a branch

as likely-taken versus likely-not-taken
INNNN I NNAITD

Compiler-assisted Source-to-Source
Skeletonization of Application Models for
System Simulation

+ Does not require profiling or program analysis

+ Programmer may know some branches and their program better
than other analysis techniques

-- Requires programming language, compiler, ISA support

-- Burdens the programmer?

106


https://www.osti.gov/servlets/purl/1513073

Pragmas %%

Idea: Keywords that enable a programmer to convey
hints to lower levels of the transformation hierarchy

- NINNAIT NININY N'A
if (likely(x)) { ... } .N2N Qpwa Nv'oInN -

if (unlikely(error)){...}

Many other hints and optimizations can be enabled with
pragmas

<4 E.g., whether a loop can be parallelized
- #pragma omp parallel

- Description

The omp parallel directive explicitly instructs the compiler to
parallelize the chosen segment of code.

107


https://en.cppreference.com/w/cpp/language/attributes/likely#:~:text=1)%20Applies%20to%20a%20statement,not%20include%20such%20a%20statement.
https://www.geeksforgeeks.org/branch-prediction-macros-in-gcc/

In gcc: —fguess-branch-probability is enabled by
default at -O1 and higher.

int f(int 1) { int f(int n) {
switch(i) { if (n > 5) [[unlikely]] {
case 1: g(o);
[[fallthrough]]; return n * 2 + 1;
[[likely]] case 2: }
++ :
C 20 return 1; return 3;
Document number: PO479R5 }
Date: 2018-03-16 }
Audience: Core Working Group, SG14 return 2 ’
Reply-to: Clay Trychta <clay.trychta@gmail.com=>

Proposed wording for Iilgely and unlikely attributes (Revision 5)
Wording

10.6.N Likelihood attributes [dcl.attr.likelihood]

The attribute-tokens 1ikely and unlikely may be applied to labels or statements. The attribute-tokens Likely and unlikely sh
shall not appear in an attribute-specifier-seq that contains the attribute-token unlikely.

[Note: The use of the Likely attribute is intended to allow implementations to optimize for the case where paths of execution includir
or label. The use of the unlikely attribute is intended to allow implementations to optimize for the case where paths of execution inc
statement or label. A path of execution includes a label if and only if it contains a jump to that label. Excessive usage of either of these

Acknowledgements

Thank you to Jens Maurer, Chandler Carruth, Andrew Pardoe, Davis Herring, John McFarlane, Bartosz Bielecki, Carl Cook, Matt Dziubinski
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3.11 Options That Control Optimization
These options control various sorts of optimizations.

Without any optimization option, the compiler's goal is to reduce the cost of compilation and to make debugging produce the expected results. Statemen
statements, you can then assign a new value to any variable or change the program counter to any other statement in the function and get exactly the re

Turning on optimization flags makes the compiler attempt to improve the performance and/or code size at the expense of compilation time and possibly t

The compiler performs optimization based on the knowledge it has of the program. Compiling multiple files at once to a single output file mode allows th
of them.

Not all optimizations are controlled directly by a flag. Only optimizations that have a flag are listed in this section.
Most optimizations are completely disabled at -oe or if an -0 level is not set on the command line, even if individual optimization flags are specified. Simil:

Depending on the target and how GCC was configured, a slightly different set of optimizations may be enabled at each -o level than those listed here. You
optimizations that are enabled at each level. See Overall Options, for examples.

-0
-01

Optimize. Optimizing compilation takes somewhat more time, and a lot more memory for a large function.

With -0, the compiler tries to reduce code size and execution time, without performing any optimizations that take a great deal of compilation time.

-0 turns on the following optimization flags:

-fauto-inc-dec
-fhranch-count-reg
-fcombine-stack-adjustments
-fcompare-elim
-fcprop-registers

-fdce

-fdefer-pop
-fdelayed-branch

-fdse

-fforward-propagate
-fif-conversion -
-fif-conversion2

£1_VI__ £ _axI___ __W1_3 ____

https://gcc.gnu.org/onlinedocs/gcc/Optimize-Options.html



Static Branch Prediction

All previous techniques can be combined
< Profile based - 12179115

<4 Program based - nn'an nnonn

9 Programmer based - n1onnn 7w nj7'uonim

How would you do that? nio'win 3 NX TNX7 N1

What is the common disadvantage of all three techniques?

< Cannot adapt to dynamic changes in branch behavior

This can be mitigated by a dynamic compiler, but not at a fine
granularity (and a dynamic compiler has its overheads...)

What is a Dynamic Compiler?

J Remember Transmeta? Code Morphing Software?

110
9 Java |lIT (just in time) compiler, Microsoft CLR (common lang. runtime)



* NINATN

Note to self:

Demos folders:

~/science/Teaching/CPU/lectures/09/code

* Profiling:
/home/telzur/science/Teaching/CPU/lectures/09/code/profiling
* loop unrolling(**):
/home/telzur/science/Teaching/CPU/lectures/09/code/loop_unrolling
* Predicate:
~/science/Teaching/CPU/lectures/09/code/predicate _exe

* likelylunlikely:
~/science/Teaching/CPU/lectures/09/code/branch_prediction?




11777791197 NNATN
Note to self:

Folder:
~/science/Teaching/CPU/lectures/09/code/profiling/May2025

1910 X7 ,NM1N91 :NNATNN 010VD
NNATNN D7VNNT7 TWOX D' T'NTN
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Note to self:

Folder: ~/science/Teaching/CPU/lectures/09/code/profiling/May2025

See the two folders: A) Instrumented, B) Optimized

echo 0 | sudo tee /proc/sys/kernel/perf_event_paranoid

rm *.gcda

gcc -02 -g -fprofile-generate -o test_profilel.o -c test_profilel.c -1lm
gcc -g -fprofile-generate -o test_profilel test_profilel.o -1m
./test_profilel

gcc -g -03 -fprofile-use -0 test_profilel.o -c test_profilel.c -1m

gcc -g -02 -fprofile-generate -o test_profilel.o -c test_profilel.c -1m
gcc -g -fprofile-generate -o my_program_instrumented test_profilel.o -1lm
./my_program_instrumented # Run with your typical workload

gcc -g -03 -fprofile-use -0 test_profilel.o -c test_profilel.c -1m

# For linking:

gcc -g -fprofile-use -0 my_program_optimized test_profilel.o -1m
./my_program_optimized

perf record -e branches,branch-misses ./my_program_optimized

sudo perf test

sudo perf list

sudo perf record -e branches,branch-misses -- ./my_program_optimized

# select the "cpu_core/branch-misses/" and then click a (for annotate)
sudo perf report

see:

./instrumented

./optimized

two profilings: the instrumented contains many more braches and mis-predicted branches



Demo #1:

#include<math.h>
#include<stdlib.h>
#include<stdio.h>
int NMAX=100;
float Func1() {
inti;
Float x = 0;
for (i=0;i<NMAX;i++) {
x+=sin((float)i/(Float)NMAX); }
return x+10; }
float Func2() {
inti:
float x =0;
for (i=0;i<NMAX;i++) {
x+=sin((Float)i/(Float)NMAX); }
returnx; }
int main() {
float a,b,c,d,e,f,g,h;
float x;

int N =100;

a = func1(); .
b = func2(); PrOﬁllng
For (int i=0;i<N;i++) {
x = (Float)rand()/(Float)RAND_MAX;
if (a==b)
{ ¢ = Func1(); printf("computing c\n"); }
else if (a>b+20+x)
{d = Func1(); printf("computing d\n"); }
else if (a>b+17+x)
{ e = Func1(); printF("computing e\n"); }
else if (a>b+9.5+x) // should somewhat be here
{ f = Func1(); printf("computing F\n"); }
else if (a>b+9+x) // should somewhat be here
{ g = Func1(); printf("computing g\n"); }
else
{ h = Func1(); printF("computing h\n"); }
}

return O;



Using gcov

$ info gcov # gcov - coverage testing
tool

$ cat ./run_gcov.sh

#!/bin/sh
rm *._ gcda
rm *.c.gcov

gce —fprofile—arcs —-ftest-coverage -o
test_profilel ./test_profilel.c -1lm

./test_profilel

gcov -b . /test profilel.e |




computing
the output [
p computing
computing
computing
computing
computing
computing
computing
computing
computing
computing
computing
computing
computing
computing
computing
computing
File 'test profilel.c'
Lines executed:85.71% of 28
Branches executed:100.00% of 16
Taken at least once:75.00% of 16
Calls executed:46.67% of 15
Creating 'test profilel.c.gcov'

OV WV W —Hh HO O WO WUV WV Hhy —H HWO WO —hH

Lines executed:85.71% of 28



26: a = funcl();

iLE
call 0 returned 100%
ik 27: b = func2();
call 0 returned 100%
101: 28: for (int 1=0;i<N;i++) {
branch 0@ taken 99%
branch 1 taken 1% (fallthrough)
100:  29: X = (float)rand()/(float)RAND_ MAX;
. call 0 returned 100%
output of: 100:  30: if (a==b)
test F-l 1 branch 0 taken 0% (fallthrough)
€S _prO e .C.gCOV branch 1 taken 100%
#EEEE: 31 { ¢ = funcl(); printf("computing c\n"); }
call 0 never executed
call 1 never executed
100: 32: else if (a=b+20+x)
branch 0@ taken 0% (fallthrough)
branch 1 taken 100%
#EEEE 33 { d = funcl(); printf("computing d\n"); }
call 0 never executed
call 1 never executed
100: 34: else if (a=b+17+x)
branch © taken 0% (fallthrough)
branch 1 taken 100%
#HEHE . 35 { e = funcl(); printf("computing e\n"); }
call 0 never executed
call 1 never executed
100: 36: else if (a>b+9.5+x) // should somewhat be here
branch 0 taken 43% (fallthrough)
00 i . . branch 1 taken 57%
1 iterations in 43:  37: { f = funcl(); printf("computing f\n"); }
total (43 + 57) call 0 returned 100%
call 1 returned 100%
5 38: else if (a=b+9+x) // should somewhat be here

branch 0 taken 100% (fallthrough)
branch 1 taken 0%
57: 39: { g = funcl(); printf("computing g\n"); }
call 0 returned 100%
call 1 returned 100%
-1 40: else
#HEEE 4l { h = funcl(); printf("computing h\n"); }




telzur@TUF: ~fscience/Teaching/CPU/lectures/09/code/profiling/Mm

Available samples
14 cpu_atom/branches/
221 cpu_core/branches/
6 cpu_atom/branch-misses/
221 cpu core/branch-misses/
0 dummy:u

note to selF:
demo folders:

/home/telzur/science/Teaching/CPU/lectures/09/
code/profiling/May2025/optimized

/home/telzur/science/Teaching/CPU/lectures/09/
code/profiling/May2025/optimized

telzur@TUF: ~/science/Teaching/CPU/lectures/09/code/profiling/My2025/optimized

Available samples
cpu_atom/branches/
cpu_core/branches/
cpu_atom/branch-misses/
cpu_core/branch-misses/
dummy :u

o WL o o=

using “perf”




telzur@TUF: ~fscience/Teaching/CPU/lectures/09/code/profiling/M{y2025/instrume n

Samples: 221 of event 'cpu core/branch-misses/', Event count (approx.): 342819
Overhead Command Shared Object Symbol

my program_inst 1libm.so0.6 [.] _sin_fma

my program_inst 1libc.so0.6

my program_inst my_program_instrumented

[.] _ _random
[ funcl
my program_inst my program_instrumented [
0.49% my program_inst [kernel.kallsyms] [
[
|
|
[

]
]
] _rb _erase color

] _pkru_allows pkey
]

]

]

0.47% my program_1inst kernel.kallsyms]
0.45% my program_inst kernel.kallsyms]
0.00% my program_inst kernel.kallsyms]
0.00% my program inst kernel.kallsyms]

irgentry _exit to user_mode
__intel _pmu_enable all.isra.@
perf ctx enable

e

telzur@TUF: ~/science/Teaching/CPU/lectures/09/code/profiling/Mag2025/optimized

Samples: 9 of event 'cpu core/branch-misses/', Event count (approx.): 40970

Overhead Command Shared Object Symbol
my program _opti 1libc.so0.6 [.] _ random
my program opti 1libc.so0.6 [.] _random_r

17.01% my program_opti my program optimized
0.00% perf-exec [kernel.kallsyms] [k] perf _ctx enable




telzur@TUF: ~/science/Teaching/CPU/lectures/09/code/profiling/Ma

Samples: 221 of event 'cpu core/branch-misses/', 4000 Hz, Event count (approx.): 342819

main /home/telzur/science/Teaching/CPU/lectures/09/code/profiling/May2025/instrumented/my_program_instru
Percent if (a==b)

MOVSS -0x24(%rbp) ,%xmm0O

ucomiss -@x20(%rbp),%xmm0d
130 —
MOVSS -0x24(%rbp) ,%xmmO

e 130 —
{ c

= funcl(); } // printf("computing c\n");

mov S0x0,%eax

call funci _
movd %xmmO , %eax

mov %eax, -0x4(%rbp)

mov __gcov@.main+0x18,%rax

add SOx1,%rax

mov %rax, gcovd.main+0x18
Lgmp  2f3 (=
else if (a=b+20+x)

MOVSS -0x20(%rbp) ,%xmm1

telzur@TUF: ~/science/Teaching/CPU/lectures/09/code/profiling/Ma3g2025foptimized

Samples: 9 of event 'cpu core/branch-misses/', 4000 Hz, Event count (approx.): 40970
main /home/telzur/science/Teaching/CPU/lectures/09/code/profiling/May2025/optimized/my program_optimized
Percent if (a==b)
{ ¢ = funci(); } // printf("computing c\n"); }
else 1f (a=b+20+x)
MOVSS _I0 stdin used+0x8,%xmml
MOVSS Oxc(%rsp) ,%xmm4
x = (float)rand()/(float)RAND MAX;
cvtsi2ss %eax,%xmm0

mulss _I0 stdin_used+0x4,%xmm@
else if (a=b+20+x)
MOVSS Ox8(%rsp),%xmm3

addss %xmme , %xmml



int main ()

Call graph (Guy) s

170 71N DMWj7 7Y 19D float funcl ()

float func?2 ()
Jtest profilel.c:13

Jtest profilel.c:5
"0VO 19D 1NT 72X

float Cflow

rand

Sourcetrall

Exported from Sourcetrail ®

int

$ ~/appimages/Sourcetrail_ 2021 _4_ 19 Linux_64bit.AppImage —--no-sandbox




Perf + FlameGraph !

TI{i70 71N DWW 7Y 19D
PXRIT M9 1NT NNY

Flame Graph
]
perfeventmmap |
- expand stack locked
setup_arg_pages ]
_load_eff binary
- search_binary_handler
exec_binprm [ |
_ bprm_execvepart0 |
- bprm_execve
- do_execveat_common.ist. _sin_fma
_xB4_sys_execve funct

x64_sys_call main

_start

FlameGraph is a visualization tool for profiling data (CPU, memory,
etc.). It shows where time/samples are spent in your program as an
inverted "flame" chart — each layer represents a function/call in the
stack, wider = more time spent.

file:///home/telzur/science/Teaching/CPU/lectures/09/code/profiling/
May2025/FlameGraph/callgraph.svg



Demo #2: Loop unrolling

S cat ./code with_a loop.c

/] compile: gcc -00 -o code with a loop ./code with a loop.c -1lm
/] execute using: time ./code with_a loop
#include<math.h>
#include<stdio.h>
int main() {

int SIZE = 40000;

int LOOP 1000;

int i,7;

The original code

float A[SIZE],B[SIZE],C[SIZE],D[SIZE];

for (1=0;1<SIZE;1++) {
A[1]=1+1;
B[1]=2%1+1;
C[1]=3*1+1;
D[1]=4%1+1;
}
for (J=0;3<LO0P; j++)
for (1=0;1<SIZE;1++) {
A[1]=4+1;
B[1]=2*1-cos(A[1]);
C[1]=sin(B[1])+sqrt(B[1])/sqrt(A[1])+sin(A[1]);
D[1]=cos(C[1])-cos(C[1])*sin(B[1])-sqrt(B[1]);
// uncomment the next line for debugging. print the last 5 iterations:
/] i1f (1>=SIZE-5) printf("%d, %f, %f, %f, %f\n",i,A[1],B[1],C[1],D[1]);
}

return 0;



The same code with loop unrolling

for (j=0;j<LO0P; j++)

for (1=0;1<SIZE;i1+=4) {
A[1]=4+1;
B[1]=2*1-cos(A[1]);
C[i]=sin(B[1])+sqrt(B[1])/sqrt(A[1])+sin(A[1l]);
D[1]=cos(C[1])-cos(C[1])*sin(B[1])-sqrt(B[1]);

A[1+1]=4+1;

B[1+1]=2*1-cos(A[1+1]);
C[i+1]=sin(B[1+1])+sqrt(B[1+1])/sqrt(A[1+1])+sin(A[1+1]);
D[1+1]=cos(C[1+1])-cos(C[1+1])*sin(B[1+1])-sqrt(B[i1+1]);

A[1+2]=4+1;

B[1+2]=2*1-cos(A[1+2]);
C[i+42]=sin(B[1+2])+sqrt(B[1+2])/sqrt(A[1+2])+sin(A[1+2]);
D[1+2]=cos(C[142])-cos(C[1+2])*sin(B[1+2])-sqrt(B[1+2]);

A[1+43]=4+1;
B[1+3]=2*1-cos(A[1+3]);
C[1+3]=sin(B[143])+sqrt(B[1+3])/sqrt(A[1+3])+sin(A[1+3]);
D[1+3]=cos(C[1+3])-cos(C[1+3])*sin(B[143])-sqrt(B[1+3]);
// uncomment the next line for debugging. print the last 5 iterations:
/] if (i1>=SIZE-5) printf("%d, %f, %f, %f, %f\n",1,A[1],B[1],C[1],D[1]);
}

return 0;

}



The results

: S cat ./run_me.sh
#!/bin/sh

gcc -g -03 -0 ./code with_loop unrolling ./code with loop unrolling.c -1m

gcc -g -03 -0 ./code with_a loop ./code with a loop.c -1lm
echo "Now running a simple loop:"

time ./code with_a_ loop

echo " "

echo "Now running the same loop but unrolled:”

time ./code with_loop unrolling

echo " "

NIXTNVOIN 1T-7V NDO1NN NIXT717 NDMO 7¥ V7OXN NPATN N1IATNON

NIXT1071 WXIQ1 YXIN 17790170 N1901)

$ ./run_me.sh

MNow ruiiing a simple loop:
1.65user (.00system 0:01.66elapsed 100%CPU (Oavgtext+Oavgdata 2400maxresident)k
UenputsTYoutputs (Omajor+237minor)pagefaults Oswaps

Now runiteng the same loop but unrolled:
0.75user (.00system 0:00.75elapsed 99%CPU (Oavgtext+0avgdata 2400maxresident)k
Otipets+Ooutputs (Omajor+237minor)pagefaults Oswaps



Demo #3: Predicate execution

S more ./testl.c

void foo(int x, int y) {

int z;
z = (y>Xx)?y:ix;

gcc -S ./test1.c

Compiler Explorer -2 W1N™W DY DT1{7 12D NINT 1T NNAT


https://godbolt.org/

AMD64

CMOVGE

conditional move if greater or equal .

The CMOVcec instructions check the
state of one or more of the status
flags in the EFLAGS register (CF, OF,
PF, SF, and ZF) and perform a move
operation if the flags are in a specified
state (or condition). A condition code
(cc) is associated with each
instruction to indicate the condition
being tested for. If the condition is not
satisfied, a move is not performed

and execution continues with the
instruction following the CMOVcc
instruction.

.cfi_startproc
endbré64

pushg  %rbp
.cf1 _def _cfa offset 16
.cf1_offset 6, -16

movq %rsp, %rbp
.cfi_def _cfa register 6
mov L %edi, -20(%rbp)
mov L %esi, -24(%rbp)

mov 1 -20(%rbp), %edx
movl -24(%rbp), %eax
cmpl %eax, %edx

cmovge %edx, %eax
mov L %eax, -4(%rbp)

nop

alelele %rbp
.cfi1_def cfa 7, 8
ret

.cfi1_endproc



MOVZrd, s, rt

‘This instruction means:

If the value in register rt is zero,

then copy the contents of register

s into register rd. Otherwise, do

“nothing (i.e., rd retains its original

“value).

Therefore there is no branch as a

foo:

I\-ﬁ"-ﬂ, \':'l‘-lll"‘—l—l—vl|

$fp,16,%31
Ox40000000, -4
OxO00000000,0
noreorder
nomacro
Ssp,Ssp,-16
$fp,12(Ssp)
$fP:$SP
S4,16(S5fp)
$5,20(5fp)
$2,20(5fp)
$4,16(S5Fp)
$3,16(S5fp)
$4,%$4,52
$2,$3,%4
$2,4(sfp)

Ssp,Sfp
$fp,12(%$sp)
Ssp,$sp,16
$31



telzur@TUF:~/science/Teaching/CPU/lectures/09/code/predicate_exes
file "testl.c"

RISC-V 64
.attribute arch, "rvée4iZpl m2p0@ a2pl f2p2 d2p2 c2p® zicsr.

.attribute unaligned access, ©
.attribute stack _align, 16

Ltext

.align 1

.globl foo

.type foo, @function
foo:

addi sp,sp,-48

sd ra,40(sp)

sd s0,32(sp)

addi s0,sp,48

my a5,al

mv ad,al

SW a5,-36(s0)

mv ak,ad

SW a5,-40(s0)

lw a5,-40(s0)

my az,as

Tw a5,-36(s0)

sext.w a3,as
sext.w ad,a’

bge a3,ad,.L2

mv a5,a2

SW a5,-20(s0)

nop

1d ra,40(sp)

1d s0,32(sp)

addi sp,sp,48

jr ra

.size foo, .-foo
.ident "GCC: () 15.2.0"
.section .note.GNU-stack,"",@progbits




Guy
Aside: compare the code size

telzur@TUF:~/science/Teaching/CPU/lectures/09/code/predicate_exes 11 *.s.*
-rw-tw-r-- 1 telzur telzur 744 May 30 21:23 testl.s.mips

-rw-Tw-r-- 1 telzur telzur 634 May 30 18:28 testl.s.riscved

-rw-rw-r-- 1 telzur telzur 680 Jan 26 2023 testl.s.x86
telzur@TUF:~fsciencefTeachingltPU!lecturesfﬂgfcndefpredicate_exe$|]



Branch hints: Likely/Unlikely

3 versions

versionO: no “hints” - to be used as a reference version

: S cat ./version0.c
#include<stdio.h>

#idefine likely(x) __builtin_expect(!!(x),1)
#idefine unlikely(x) __builtin_expect(!!(x),0)
int main(int argc, char *argv[])
{
int n;
printf("Enter a number....\n");
scanf("%d",&n);
if (n > 0) {
printf("Positive\n");
} else {
printf("Zero or Negative\n");
}
return 0;

Reference:



https://medium.com/software-design/likely-unlikely-directives-802c09bd5232

/bin/clear

cp version@.c version@ _mips.c
cp versionl.c versionl mips.c
cp version2.c version2 _mips.c

a script to test the
codes, for X86 and
for MIPS echo " "

gcc -o version® ./version@.c
Folder: gcc -o versionl ./versionl.c
gcc -o version2 ./version2.c

/home/telzur/science/Teaching/CPU/
lectures/09/code/branch_prediction2

gcc -S ./version®.c
gcc -S ./versionl.c
gcc -S ./version2.c

diff ./version®.s ./versionl.s

echo "MIPS: "
echo "======
mips-linux-gnu-gcc -S ./version® mips.c
mips-linux-gnu-gcc -S ./versionl mips.c
mips-linux-gnu-gcc -S ./version2 _mips.c

diff ./version® mips.s ./versionl mips.s




The results:

"version®.c"
"versionl.c"
L2

%al, %eax

%rax, %rax
.L2

D'NINN 7197 %al

1 "version® mips.c"
1 "versionl mips.c"

$2,5L2

O'X1Nn 19 $2,50,52

$2,42,0x00Ff
$2,%0,5L2




version 1

: S cat ./versionl.c
#include<stdio.h>

#idefine likely(x) __builtin_expect(!!(x),1)
#idefine unlikely(x) __builtin_expect(!!(x),0)
int main(int argc, char *argv[])

{

int n;

printf("Enter a number....\n");
scanf("%d",&n);
if (likely(n > 0)) {
printf("Positive\n");
} else {
printf("Zero or Negative\n");
}

return 0;




version 2

: S cat ./version2.c
#include<stdio.h>

#idefine  likely(x) __builtin_expect(!!(x),1)
#idefine unlikely(x) __builtin_expect(!!(x),0)
int main(int argc, char *argv[])

{

int n;

printf("Enter a number....\n");
scanf("%d",&n);
if (unlikely(n > 0)) {
printf("Positive\n");
} else {
printf("Zero or Negative\n");
}

return 0;




[+~ telzur@TUF: ~/science/Teaching/CPU/lectures/09/code/branch_prediction2
S diff version® mips.c versionl mips.c

if (n > 0) {

if (likely(n > 0)) {

S diff version® mips.s versionl mips.s

.file 1 "version@_mips.c'
file 1 "versionl mips.c"
blez  $2,5L2

slt 2,%0,52

andi 2,52,0x00ff
beq $2,%0,5L2




Dynamic Branch Prediction



Dynamic Branch Prediction

Idea: Predict branches based on dynamic information
(collected at run-time)

Advantages

+ Prediction based on history of the execution of branches

+ It can adapt to dynamic changes in branch behavior
NIDNN NXM T N NI7aN0n

+ No need for static profiling: input set representativeness
problem goes away

Disadvantages

-- More complex (requires additional hardware)
138



Last Time Predictor

Last time predictor
< Single bit per branch (stored in BTB) BTB=Branch Target Buffer
< Indicates which direction branch went last time it executed
[TTTTTTTTTNNNNNNNNNN - 90% accuracy
‘x NIIWUXIN N'TNN2 NXpNn N'nN :nawn ?210%-n 120
20 7mn 2 .apann 719 7Y N'TNNAT

Always mispredicts the last iteration and the first iteration
of a loop branch
< Accuracy for a loop with N iterations = (N-2)/N

+ Loop branches for loops with large N (number of iterations)
-- Loop branches for loops with small N (number of iterations)

TNTNTNTNTNTNTNTNTNTN = 0% accuracy
Last-time predictor CPI=[ 1+ *2] =1.06 (Assuming 85% accuracy)

nNLONN'7 '12'0 15%-1 niovnon'7 1>'0 20% DM N9 139




Implementing the Last-Time Predictor

BTB=Branch Target Buffer

tag BTB idx PC .
g AL y BHT=Branch History Table
N ~N
. BHT:
N-bit
- One
tag Bit BTB: one target
> [
table address per entry
per
entry

/}\ taken? | ——— PC+4
. 1o

The 1-bit BHT (Branch History Table) entry is updated V\HEX

/

tPC

the correct outcome after each execution of a branch

141



State Machine for Last-Time Prediction

1 bit FSM
actually
actually taken actually
not taken

predict
not
taken

taken
predkj:“lll’
taken

actually
not taken

142



Improving the Last Time Predictor

Problem: A last-time predictor changes its prediction
from T->NT or NT>T too quickly

- even though the branch may be mostly taken or mostly not
taken

Solution Idea: Add hysteresis to the predictor so that
prediction does not change on a single different
outcome

4 Use two bits to track the history of predictions for a branch
instead of a single bit

9 Can have 2 states for T or NT instead of 1 state for each

Smith, “A Study of Branch Prediction Strategies,” ISCA
1981.
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A STUDY OF BRANCH PREDICTION STRATEGIES

Program Prediction Accuracy
JAMES E. SMITH
ADVAN 99.4
Control Data Corporation LR S0
Arden Hills, Minnesota SCIz 96.2
SINCOS B0D.2
SORTST 57.4
Strategy 1: Predict that all branches will be TBLLNK 61.5
taken.
Figure 1. Accuracy of Prediction {36} for Strategy 1
Strategy 2: Always predict that a branch will be
decided as on its last execution.
Program Prediction Accuracy
> ADVAN 98.9
1197 1011 D '1101
NNIV7 NMYN N10100X] GIBSON 97.9
1IJTUXN N1IVT0D0NXIN sCI2 96.0
SINCOS 76.2
SORTST 81.7

TELLNK 91.7

Figurs 2. Accuracy of Pradiction (%) for Strategy 2
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Two-Bit Counter Based Prediction

Each branch associated with a two-bit counter | T=Taken
N=Not Taken

One more bit provides hysteresis

A strong prediction does not change with one single
different outcome

Accuracy for a loop with N iterations = (N-1)/N
TNTNTNTNTNTNTNTNTNTN = 50% accuracy 7™ mmn

(assuming counter initialized to weakly taken)
TN V' DV 1221102 DIpNNN 100% -2 DIPN2A L'ITNN NN NIRYWY "D N D' YD 11X

+ Better prediction accurac
10% <-- 20 MmN oM7n 2-2ny vl TT...TTTNNN...NNN D'Dpw 150N 190N NNAITA

2BC predictor CPI=[ 1+ *21] =1.04 (90% accuracy)

-- More hardware cost (but counter can be part of a BTB entry) ”



Hysteresis Using a 2-bit Counter

actually actually “weakly
taken faken”
“strongly
taken”
actually taken actually
ltaken
taken ltake
aCtua”y “Strongly
' . 'taken”
“weakly actually
'taken” actually ltaken

taken

Change prediction after 2 consecutive mistakes 147



Credit: H&P CAQA 7™ Edition, appendix C

=W

Taken
v
Not taken
Predict taken f Predict taken
11 10
Taken
Taken ‘ Not taken
Mot taken
Predict not taken / Predict not taken
01 0][0]
Taken

Not taken

Figure C.15 The states in a 2-bit prediction scheme. By using 2 bits rather than 1, a branch that strongly favors taken
or not taken—as many branches do—will be mispredicted less often than with a 1-bit predictor. The 2 bits are used to
encode the four states in the system. The 2-bit scheme is actually a specialization of a more general scheme that has an
n-bit saturating counter for each entry in the prediction buffer. With an n-bit counter, the counter can take on values
between 0 and 2" - 1: when the counter is greater than or equal to one-half of its maximum value (2" - 1), the branch is
predicted as taken; otherwise, it is predicted as untaken. Studies of n-bit predictors have shown that the 2-bit predictors
do almost as well, thus most systems rely on 2-bit branch predictors rather than the more general n-bit predictors.

© 2019 Elsevier Inc. All rights reserved. 1



State Machine for 2-bit Saturating Counter

" Counter using saturating arithmetic

9 Arithmetic with maximum and minimum values

actually actually TN
taken e Itaken
taken

11 actually
taken

actually
ltaken

actually
taken

[WIVE]
Itaken

actually

actuall
Y Itaken — 149

taken




2-Bit Predictor H&P.CO&D RISC-VEd.,

Chapter 4

Only change prediction on two successive

mispredictions

Mot taken

Taken

Mot taken

Not taken

‘ Taken

Taken

@

Chapter 4 — The Processor — 87



Is This Good Enough?

~85-90% accuracy for many programs with 2-bit counter
based prediction (also called bimodal prediction)

Is this good enough?

How big is the branch problem?
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Rethinking the The Branch Problem

Control flow instructions (branches) are frequent
9 15-25% of all instructions

Problem: Next fetch address after a control-flow
instruction is not determined after N cycles in a pipelined
processor

<4 N cycles: (minimum) branch resolution latency

If we are fetching W instructions per cycle (i.e., if the
pipeline is W wide)

9 A branch misprediction leads to N x W wasted instruction
slots
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Importance of The Branch Problem
Assume N = 20 (20 pipe stages), W =5 (5 wide fetch)
Assume: 1 out of 5 instructions is a branch
Assume: Each 5 instruction-block ends with a branch

How long does it take to fetch 500 instructions?

100% accuracy

100 cycles (all instructions fetched on the correct path) 1V N0 791 TRTIR XD

No wasted work, IPC=500/100=5 IWAT |27 .NIXRTIN S NYXI1AD
nnitnn 100=500/5

99% accuracy

(nix11n 500) v maurnn 100 v 0N
100 (correct path) + 20 (wrong path) = 120 cycles 795 1x 1w 1mn Am 0AIrANA TANAL

20% extra instructions fetched, IPC=500/120=4.17 -DN'7Y TN7 00X Iy Nithn 20
100+20>"nho

98% accuracy
100 (correct path) + 20 * 2 (wrong path) = 140 cycles
40% extra instructions fetched, IPC=500/140=3.57

0
95% accura Cy oW throughput -nn 50% TaNN

100 (correct path) + 20 * 5 (wrong path) = 200 cycles il
1000 extra in<triiction< fetched T1PC=500/200=? §



NIXIN S 7w yixna n7o1 nnAT 20 1IN 1179119

Q011 120N 7'27n2
DTN q7W7

R ——

122 nN'7¥n 95% M2y 1212 nn'7xn 100% M2y
DTN TRXAL (IR 500) lyw mithn 100 w1 DX 100 -2 |27 .nix1n 5 NyX1an 11w 1mnn 701
NT.AITNYZ 0XAY Iy Nirnn 20 1ImaN' IN 'y Irn nn JDiXAN 500 yxiar jiyw nitnn

5 o nInin NNt 95% N j7rTn oxX 72X .99% 7w 71T
Jiww irnn 100 1i'7o TR n7'w iy Nirnn N
v nitnn 100+ 100-2 aiw'nin NX 0'7w1 0Y9n D0
Jwwirnn 200-7 7711 ni'7o

IPC=500/200=2.5 IPC=500/100=5




Can We Do Better?

Last-time and 2BC predictors exploit “last-time”
predictability

NDTI7N DYONN NI9YNONN 7Y N100™7 71 DN NN

Realization 1: A branch’s outcome can be correlated with
other branches’ outcomes

9 = Global branch correlation

Realization 2: A branch’s outcome can be correlated with
past outcomes of the same branch (other than the
outcome of the branch “last-time” it was executed)

9 = Local branch correlation _
2BC=2 bhit counter

155



What did we cover in this lecture?

Predicated Execution Primer

(VD7 "DNXY IXIN 717179 NIIDTN) WUXIN V117 VIN]
Delayed Branching
< With and without squashing

Branch Prediction
< Reducing misprediction penalty (branch resolution latency)
< Branch target buffer (BTB)

Static Branch Prediction
Dynamic Branch Prediction
How Big Is the Branch Problem?

156



ARM Cortex-A15 Block Diagram

{nig) yun soepeyu| sng

|oijuod ayaed

1

Branch Prediction

Global History Buffer

MicroBTE (bi-entry)

Branch Target Buffer
(BTB) (256-entry)

Return Stack

L1 Instruction Cache

l 128 bits

Instruction Fetch

i _

3-way Instruction Decode

3|nstrucn'oml l 1

Register Rename

I 11

Dispatch

sabeg §

SabEg [

Issue (8-entry Queue per Issue port)

0.0}5/pEO

] Q o
8 §s g§s
- =
LN
=
E Ineger ALY &
w hifter
{i es
SIMD)

-

{W} l Retirement Buffer

12 Stage
In-Order
Pipeline

3-12 Stage
Out-of-Order

Pipeline




Spectre & Meltdown Side Channels Attacks

CVE-2017-5715 ' rususheo View JSON 2 4

SPECTRE
© Important CVE JSON 5 Information +

Assigner: Intel Corporation
Published: 2018-01-03 Updated: 2021-08-16

Systems with microprocessors utilizing speculative execution and indirect branch prediction
may allow unauthorized disclosure of information to an attacker with local user access via a
side-channel analysis.

Product Status

© Learn About the Versions Section +
Vendor Versions
Intel Corporation Default Status: unknown
Product » affected at All

Microprocessors with
- Speculative

Execution



GCC Mitigation (check man gcc)

Branch Target Injection / CVE-2017-5715 / INTEL-SA-00088

Branch target injection takes advantage of the indirect branch predictors used by processors to
direct what operations are speculatively executed after a near indirect branch instruction. By
controlling how indirect branch predictors operate (“training”), an attacker can cause certain
instructions to be speculatively executed and then use the effects the malicious code has on the
processor’s caches to infer data values.

Ref: https://www.intel.com/content/www/us/en/developer/articles/technical/software-security-guidance/advisory-guidance/branch-target-injection.htmi

telzur@GL553VD ~/science/Downloads

File Edit WView Search Terminal Help

- TR chos e
Convert indirect call and jump with choice. The default 1s keep, which keeps indirect call and jump unmodified. thunk converts indirect call
and jump to call and return thunk. thunk-inline converts indirect call and jump to inlined call and return thunk. thunk-extern converts
indirect call and jump to external call and return thunk provided in a separate object file. You can control this behavior for a specific
function by using the function attribute "indirect branch".

Note that -mcmodel=large 1s incompatible with -UbLGINgIqedlENMi=thunk and -SNUNGCTas dELtd=thunk-extern since the thunk function may not be

reachable i1n the large code model.

Note that -[FGUMEIasdIElld=thunk-extern 15 compatible with -fcf-protection=branch since the external thunk can be made to enable control-flow
check.

-mfunction-return=choice
Convert function return with choice. The default 1s keep, which keeps function return unmodified. thunk converts function return to call and
return thunk. thunk-inline converts function return to inlined call and return thunk. thunk-extern converts function return to external call
and return thunk provided in a separate object file. You can control this behavior for a specific function by using the function attribute
"function_return"”.

Note that -mindirect-return=thunk-extern 1s compatible with -fcf-protection=branch since the external thunk can be made to enable control-flow

check.

Note that -mcmodel=large 1s incompatible with -mfunction-return=thunk and -mfunction-return=thunk-extern since the thunk function may not be
reachable i1n the large code model.



telzur@GL553VD ~/science/Teaching/CPU/lectures/09/code

File Edit View Search Terminal Help

CPU= lscpu
Architecture: x86_ 64

CPU op-mode(s): 32-bit, 64-bit

Byte Order: Little Endian

Address sizes: 39 bits physical, 48 bits virtual
CPU(s) :

On-line CPU(s) list:

Q-7
hread(s) per core: 2
Core(s) per socket: 4 Output Of lscpu
Socket(s): 1
NUMA node(s): 1
Vendor ID: G
CPU family:
Model: 158
Model name: Intel(R) Core(TM) i7-7700HQ CPU @ 2.80GHz
Stepping: 9
CPU MHz: 2800.000
CPU max MHz: 38600.0000
CPU min MHz: 800.0000
BogoMIPS: 5599.85
Virtualization: VT-x
L1d cache: 128 KiB
L1i cache: 128 KiB
L2 cache: 1 MiB
L3 cache: 6 MiB
NUMA node® CPU(s): 0-7
Vulnerability Itlb multihit: KVM: Mitigation: VMX disabled
Vulnerability L1tf: Mitigation; PTE Inversion; VMX conditional cache flushes, SMT vulnerable
Vulnerability Mds: Mitigation; Clear CPU buffers; SMT wvulnerable
Vulnerability Meltdown: Mitigation; PTI
Vulnerability Spec store bypass: Mitigation; Speculative Store Bypass disabled via prctl and seccomp
Vulnerability SpectrejiiilE Mitigation; usercopy/swapgs barriers and _ user pointer sanitization
Vulnerability Spectre v2: Mitigation; Retpolines, IBPB conditional, IBRS FW, STIBP conditional, RSB Til

ling

Vulnerability Srbds: Mitigation; Microcode
Vulnerability Tsx async abort: Not affected
Flags: fpu vme de pse tsc msr pae mce cx8 apic sep mtrr pge mca cmov pat pse36 clflu
sh dts acpi mmx fxsr sse sse2 ss ht tm pbe syscall nx pdpelgb rdtscp 1m const
ant_tsc art arch_perfmon pebs bts rep good nopl xtopology nonstop tsc cpuid a
perfmperft pni pclmulgdqg dtes64 monitor ds_cpl vmx est tm2 ssse3 sdbg fma cxl16
xtpr pdcm pcid ssed4 1 ssed 2 x2apic movbe popcnt tsc deadline timer aes xsav
e avx Tlec rdrand lahf 1lm abm 3dnowprefetch cpuid fault epb invpcid single pt
i ssbd ibrs ibpb stibp tpr_shadow vnmi flexpriority ept vpid ept ad fsgsbase
tsc_adjust bmil avx2 smep bmi2 erms invpcid mpx rdseed adx smap clflushopt in
tel pt xsaveopt xsavec xgetbvl xsaves dtherm ida arat pln pts hwp hwp notify
hwp_act window hwp _epp md_clear flush 11d

enuinelntel
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