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Contents and Goals

B Four key concepts about how modern computers
work

- Three concern parallel execution (Data<level, Thread-level, Explicit
ILP (VLIW))

- Two concern challenges of accessing memory (Latency and
Throughput)

B Understanding these architecture basics will help you

- Understand and optimize the performance of your parallel
programs

- Gain intuition about what workloads might benefit from fast
parallel machines



Example Program

Compute sin(x) using Taylor Expansion: sin(x)=x-x"3/3!1+xA5/5!-x"7/7!+...
For each element of an array of N floating-point numbers

void sinx(int N, int terms, float * x,
float *result) {
for (int i=0; i<N; i++) {
float value = x[i];
float numer = x[i1]*x[1]*x[1];
int denom = 6; // 3!
int sign = -1;

for (int j=1; j<=terms;Lj#+) {
value += sign\* numer / denom;

numer *= x[TINA x[1];
denom #=(2%3+2) * (2%j+3);
sign/*=1;

}

result[i] = value;
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Compile Program

Compute sin(x) using Taylor Expansion: sin(x)=x-x"3/3!1+x"5/51-xA7/7+...

For each element of an array of N floating-point numbers

void sinx(int N, int terms, float * X, X[”
float *result) { <
for (int i=0; di<N; i++) {
float va% ue = x[1]; Id ro, addr[rl]

float numer = x[i]*x[i1]*x[1];
int denom = 6; // 3!

int sign = -1; mul r1, rl, r0

for (int j=1; j<=terms;\j++) {
value += siga\*\numer / denom;

mul r1, rO, rO

numer *= x[GIN% x[1];

denom #= \(2*3+2) * (2*%j+3);

sign/* =--1; o
} st addr[r2], rO
result[1] = value; J ‘J:ZL’

) y 7 result[i]




Execute Program
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"\I?rO addr([r1]

mul r1, rO, rO

mul rl, rl, rO

st addr[r2], rO
< L

result][i]



Execute Program

A simple processor: executes one instruction per clock
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mul rl, r1, rO

‘I‘b« Id r0, addr[r1]
@ mul r1, rO, rO
\

J?g

st addr[r2], rO
< L

result[i]




Execute Program

A simple processor: executes one instruction per clock

|d rO, addr([r1]

mul rl, rO, rO

mul rl, rl, rO

st addr[r2], rO
< L

result[i]




Execute Program

A simple processor: executes one instruction per clock

rLQQ%%

<L >
'S‘\I}ro, addr[r1]

ALY @\I\ mul rl, rO, rO

st addr[r2], rO
< L

result[i]




Superscalar (in order) Processor

Recall from last class: instruction level Parallelism (ILP)
Decode and execute two instructions per clock (if possible)

o ILP exists,in this
==region of-thevprograrg

Xli]
>

|d rO, addr[r1]
—Tmulri,r0, r0

mul rl, rl, rO

st addr[r2], rO
<

result[i]



Uniprocessors in the Real World

e Real processors have
Hpipelining
[la form of parallelism, like an assembly line.in a-factory
(Data, Control, Structure hazards)
BSuperscalar and OoO
Omultiple “functional units”.that-can run in parallel
(Multi-way & multi-issue)
Cldifferent orders, instruction mixes have different costs
(000)
HMregisters and caches
CIsmall'amounts of fast memory
Cstore values of recently used or nearby data
Odifferent memory ops can have very different costs



Recap: Pipeline and Superscalar

B Higher levels of device integration have made available a large
number of transistors. Current processors use these-resources
in multiple functional units and execute multiple'instructions in

the same cycle.

B Pipelining overlaps various stages of instruction execution to
achieve performance, however, it has several limitations.

OThe speed of a pipeline’is eventually limited by the slowest
stage.

Oin typical program traces, every 5-6th instruction is a
conditional jump! This requires very accurate branch
prediction. The penalty of a misprediction grows with the
depth of the pipeline, since a larger number of instructions
will have to be flushed.
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Recap: Superscalar Execution

B Scheduling of instructions is determined by a number of factors:

CITrue Data Dependency: The result of one operation is an input
to the next. (Read after Write, RAW)

CIResource Dependency: Two operations require the same
resource.

CIBranch Dependency: Scheduling instructions across
conditional branch statements’cannot be done
deterministically a-priori

OIThe scheduler,-a piece of hardware looks at a large number of
instructions in an instruction queue and selects appropriate
numberof instructions to execute concurrently based on these
factors.

CThe complexity of this hardware is an important constraint on
superscalar processors.




Recap: Superscalar (In-order and 000)

H In the simpler model, instructions can be issued only in the
order in which they are encountered. That is, if the.second
instruction cannot be issued because it has a data
dependency with the first, only one instruction-is issued in
the cycle. This is called in-order issue:

B In a more aggressive model, instructions can be issued out of
order. In this case, if the second’instruction has data
dependencies with thefirst, but the third instruction does
not, the first and third instructions can be co-scheduled. This
is also called dynamic issue.

B Performance of in-order issue is generally limited. However,
000 is expensive, with the cost of: Issue Queue, Scoreboard,
Register Renaming, Reorder Buffer, Store Buffer, etc.



Superscalar Execution: Efficiency Considerations

e Not all functional units can be kept busy at all times.

e If during a cycle, no functional units are utilized,-this is
referred to as vertical waste.

e If during a cycle, only some of the functional'units are utilized,
this is referred to as horizontal waste.

e Due to limited parallelism in/typical instruction traces,
dependencies, or the inability of the scheduler to extract
parallelism, the performance of superscalar processors is

eventually limited. - .
Vertical waste - . - horizontal waste




Processor: pre Multi-core era

Majority of chip transistors (area and energy) used to perform operations that
help a single instruction stream run fast (instruction level parallel, ILP)

| O
= [
— @\l\ (a big one)

Execution Unit 6(\

L

More transistors = larger cache, smarter out-of-order logic, smarter branch
predictor, etc. (Also: more transistors - smaller transistors = higher frequencies)
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Processor: Multi-core era

ALU
(Execute)

|dea #1:
rL'?)
Use increasing tran '{,@5 th to add more

cores to the c§

er than use transistors to increase

) sophistication of processor logic that
accelerates a single instruction stream

(e.g., out-of-order and speculative operations)
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Two cores: compute two elements in parallel

X[i]

Id rO, addr[r1]

ulrl r0 r0

X[j

=

Id rO, addr[r1]

miilrl r0O r0D

| M Two execution (threads) based on the same program and
refers to same process memory

B Different threads run.concurrently (on different cores) or
interleaved

e

result[i]

A 2 | 7

e

result[j]

Simpler cores: each core is slower at running a single instruction stream than

our original “fancy” core (e.g., 25% slower)

But there are now two cores (physically or Logically) : 2 X 0.75=1.5

(potential for speedup!)
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MIMD Shared Memory : Symmetric Multiprocessors (SMPs)

B Symmetric:
— identical processorsconnected to common memory

— all processors have equal access to system (mem & 1/0)
— OS can schedule any process on any processor

B Uniform Memory Access (UMA)
— processor/memory connected by bus or crossbar

— all processors have equal memory access performance to all
memory locations

— caches need to stay coherent 18



MIMD Shared Memory : Symmetric Multiprocessors (SMPs)

Bus Interconnect '

B UMA hard to scaleidue to concentration of BW

B Large scale SMPs have distributed memory with non-uniform
memory (NUMA)
— “local” memory pages (faster to access)
- “remote” memory pages (slower to access)
— cache-coherence still possible but complicated

19



Shared-Memory Multicores

Today’s general-purpose multicore processors are MIMD,
symmetric, shared memory

— individual cores follow classic von Neuman
— common access to physical address space and mem
— processes/threads on different cores communicate by

writing and reading agreed-upon mem locations

C C. ®oeee
e 0 ¢ €CPU o CPU :: CPU 5 CPU G C“ . E e
8 | ‘Coreil Core: iCore:l Core:| 1 I I ]
il : Al Pl GPU!
e T R R R T T R
g ~ Media
! r Memory

" cpu it cpu icpu eyl

- Core "~ Caore " " Core "~ Core °|

|

Intel i7 Gen8th/9th
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Terminology (Program & Process)

Program: An executable task
— Example: Calculating the sum of 1,000,000 number

Process: An instance of a running program or portion of program

— Example a running instance of sum of 1,000,000

Process provides each program/with two key

abstractions:
Logical control flow .- Each program seems to have
exclusive use of the CPU
Private address’space(Virtual Mem). Each program
seems to have exclusive use of main memory.

Memory

Stack
Heap
Data
Code

CPU Core

Registers

21



Processes Execution

Memory Memory Memory
Stack Stack Stack
Heap Heap Heap
Data Data ooe Data
Code Code Code

CPU Core CPU Core CPU Core

Registers Registers Registers

" Processor runsimany processes simultaneously
— Applications for one or more users
* Web browsers, email clients, editors, ...

— Background tasks
* Monitoring network & 1/0 devices



Process on Single core Processor

Memory
Stack Stack Stack
Heap : Heap Heap
Data : Data cee Data
Code : Code Code
: Saved Saved
reqisters reqisters
:( CPU Core\:
| | Registers | |:

= Single core executes multiple processes concurrently
— Process executions interleaved (multitasking)
— Address spaces managed by virtual memory system
— Register values for nonexecuting processes saved in memory



Process on Single core Processor

Memory
Stack Stack Stack
Heap Heap Heap
Data Data cee Data
Code Code Code
Saved Saved Saved
reqisters reqisters reqisters
:( CPU Core\:
| | Registers | |:

= Save current registers in memory



Process on Single core Processor

= Schedule next process for execution

Memory
Stack Stack Stack
Heap Heap Heap
Data Data cee Data
Code Code Code
Saved Saved
reqisters reqisters
{ CPU Core |:
| | Registers | |:
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Process on Single core Processor

Memory
Stack Stack Stack
Heap Heap Heap
Data Data cee Data
Code Code Code
Saved Saved Saved
reqisters reqisters reqisters
{ CPU Core |:
| | Registers | |:

* Load saved registers and switch address space (context switch)

26



Process on Multicore Processor

Memory
Stack : Stack Stack
Heap  © Heap : Heap
Data  © Data . eee Data
Code : Code ; Code
- ; Saved
registers

[cpu corel: [ cPU Core |

Registers || :| | Registers

= Multicore processors
— Multiple CPUs on single chip
— Share main memory (and some lower level caches)

— Each can execute a separate process
* Scheduling of process onto CPU cores is done by OS



Context Switching

Control flow passes from one process to another via a context
switch, that conducted by Operating System (OS)

Process A Process-B

user code

~r----

kernel code } context switch

Time
user code

kernel code } context switch

user code

28



Recap: Terminology

Program: An executable task
— Example: Calculating the sum of 1,000,000 number, could partition a single
problem into multiple related tasks (threads) through paralfel programming

Process: An instance of a running program or'portion of program
— Example a running instance of sum of 1,000,000

Software Thread (Programmer view point): it is an abstraction to
the hardware to make multi-processing possible, the smallest

unit of processing assigned-and scheduled by OS
— Example: using 100 threads to conduct the sum of 1,000,000

Hardware Thread{Architecture view point) : Can be thought of as
the physical/logical CPU or cores. hardware thread can run many

software threads by time-slicing by the OS.
— Example: Your Laptop i7 CPU with 4 core/8 thread; Lab Server Xeon CPU with
24core/48 thread

Thread models : two very different implementations POSIX Threads and OpenMP.
29



A Process With Multiple Threads

B Multiple threads can be associated with a process, each thread

has:

- Dedicated PC (program counter)

- Separate registers

- Private variables (local stack variables)

- Accesses the shared memory (static variables, global heap)
B Threads communicate and coordinate implicitly by

writing/reading shared variables (will coming soon!)

Thread 1 (main thread)\ \\Thread 2 (peer thread) Shared code and data

ghac Sl Saeig shared libraries
Thread 1 context: Thread 2 context:
Data registers Data registers run-timfg heap
Condition codes Condition codes read/write data
SP, SP, read-only code/data
PC, PC,

30



Threads vs. Processes

m How threads and processes are similar
= Each has its own logical control flow
= Each can run concurrently with others (possibly on different cores)
= Each is context switched

m How threads and processes are different

" Threads share all code anddata{except local stacks)
= Processes (typically).do not

" Threads are somewhat less expensive than processes

= Process control (creating and reaping) twice as expensive as thread
control

= Linux numbers:
— ~20K cycles to create and reap a process
— ~10K cycles (or less) to create and reap a thread

31



Thread-Level Parallelism (TLP)

Many workloads can make use of thread-level parallelism (TLP)
— TLP from multiprogramming (run independent sequential jobs)

— TLP from multithreaded applications'(run one job faster using
parallel threads)

Multithreading: uses TLP to improve utilization of a single
processor

Multi-/Many-core: Duplicate Processors, it plays a major role from
the low end to the-high end

Modern CPU do both
— Multiple or tens of cores with multiples threads per core

32



Expressing parallelism using pthreads

sequential parallel sequent1u1 parallel
| ]

S <>

Threads are dynamigc, that they can be created during program
execution. When a program starts, there is one thread active:
the masterthread. Other threads are created by thread

spawning, and the master thread can wait for their completion.

This is know as the fork-join model.

33



Expressing parallelism using pthreads

void sinx(int N, int terms, float *
float *result) {

for (int i=0; i<N; i++) {
float value = x[i];

float numer = x[i]*x[1]*x[1];

int denom = 6; // 3!
int sign = -1;

for (int j=1; j<=terms; j++) {
value += sign * numer /_denhaow];
humer *= x[1] * x[i1]4
denom *= (2*j+2)* ) (Z*5+3);

sign *= -1;

}

resultfid>= vatle;

X,

4

This program, compiled with gcc will run as one thread on one of the processor
cores. Requires explicit programming (e.g. POSIX thread and OpenMP)

https.//hpc-turotials.linl.gov/posix/ 34



Expressing parallelism using Pthreads

typedef struct {
int N; int terms; float™ x; float* result;
} my_args;

void parallel_sinx(int N, int terms, float* x, float* result)
{ pthread_t thread _id;
my_args args;

args.N = N/2;
args.terms = terms;
args.x = x;
args.result = result;

pthread_create(&thread_id, NULL, my thread_start,
&args); // launch thread

sinx(N - args.N, terms, x\+.args.N, result + args.N); //
do work

pthread_join(thread=id, NULL); }

void my_thread_start(void* thread_arg)
{ my_args* thread_args = (my_args*) thread_arg;
sinx(args->N, args->terms, args->x, args->result); //
do work

}

void sinx(int N, int terms, float * x,
float *result) {
for (int i=0; i<N; i++){
float value = x]il;
float numer = X[i*x[i]*x[i];
intdenom =6: // 3!
int sign ="-1;

for (int j=1; j<=terms; j++) {
value += sign * numer / denom;
numer *= X][i] * X]i];
denom *= (2%j+2) * (2*j+3);
sign *= -1;

}

result[i] = value;

: y

https://hpc-turotials.linl.gov/posix/
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Pthread routines (1)

pthread create (thread _id, attr, start_routine, arg)

pthread _create creates a new thread and makes it executable

M thread_id: An opaque, unique identifier for the new thread returned by
the subroutine.

M gttr: An opaque attribute object that may be used to set thread attributes.

You can specify a thread attributes.object; or NULL for the default values.
M start_routine: the C routine that-the thread will execute once it is created.
M arg: A single argument that may be passed to start_routine. It must be
passed by reference as\a pointer cast of type void. NULL may be used if no
argument is to be(passed.

The pthread_create() routine permits the programmer to pass one argument to the
thread start routine. For cases where multiple arguments must be passed, this
limitation is easily overcome by creating a structure which contains all of the
arguments, and then passing a pointer to that structure in

the pthread_create()routine.
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Pthread routines (2)

pthread join (threadid,status)

1’:‘::::; pthread create ()| & pthread\join H.vl —t

Worker
Thread
DO WORK ' <——® pthread exit()|

Worker
Thread

B "Joining" is one way to accomplish synchronization between threads

B The pthread_join() subroutine blocks the calling thread until the
specified threadid thread terminates

B A joining thread can match one pthread_join() call. It is a logical error to
attempt multiple joins on the same thread.

37



Expressing Parallelism with Pthreads

Parallel Application

E Abstraction for concurrent computation: a thread ~ o Thrend.
' * Programming

e B s l ____________ P PR

pthread m'@—"\d

pthread }emmtatlun

System call API
05 support: kernel thread management

x86-64
modern muiti-core CPU

38



Hardware-supported multi-threading

B Core manages execution contexts for multiple threads

OO Runs instructions from runnable threads (processor makes decision
about which thread to run each clock, not the operating system)

O Core still has the same number of ALU resources: multi-threading only
helps use them more efficiently inthe face of high-latency operations
like memory access

B Interleaved multi-threading (a.k.a. temporal multi-threading)

0 As described on the previous slides: each clock, the core chooses a
thread, and runs an instruction from the thread on the ALUs

B Simultaneous multi-threading (SMT)
0 Extension of out-of-order CPU design
OO Example: Intel Hyper-threading (2 threads per core)

39



Simple Multithreaded Pipeline (SMT)

e Have to carry thread select down pipeline to ensure correct state bits
read/written at each pipe stage

e Appears to software (including OS) as multiple, albeit slower, CPUs

40



Simultaneous Multi-Threading(a.k.a Hyperthreading)

Data cache a

Replicate in-order resources

Share out-of-order resources
» Does not improve (or penalize) single-thread performance

» May get improved multi-threaded performance

B Single core (physically) does the work of multiple cores (logically)
Fetch/decode independent instruction streams from different threads
Map onto shared out-of-order execution unit

Make fuller use of execution unit when ILP is low

Ooooano

Reduce impact of stalls / mispredictions

41



Superscalar Machine Efficiency

Issue width

Instruction

\E—

issue

———Completely idle cycle

(vertical waste)

Time

Partially filled cycle,
i.e., IPC<4

(horizontal waste)
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Vertical Multithreading (temporal multi-threading)

Issue width

Instruction _

issue 1
_— Second thread interleaved
cycle-by-cycle
rime lly filled cycl
i Partially filled cycle,
2o AN - y fi y

X ie., IPC<4
—— (horizontal waste)

e Cycle-by-cycle interleaving removes vertical waste, but
leaves some horizontal waste
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Ideal Superscalar Multithreading

[Tullsen, Eggers, Levy, UW, 1995]
Issue width

Time

P
&

e Interleave multiple threads to multiple issue slots with no
restrictions (no data dependence between threads, hence
no stall or forwarding among threads)
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Summary: Multithreaded Categories

<—Time (processor cycle)

Superscalar

Simultaneous

Fine-Grained Coarse-Grained Mult|processmg Multithreading
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] Thread 1 Thread 3
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. ﬁ :12.:::
IS

=
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ZIuIN

Thread 5
Idle slot
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Multi-threading reduces stalls

B Idea: interleave processing of multiple threads on the same

core to hide stalls

B Helps even with in-order processing-of instructions

B Like prefetching, multi-threading is a latency hiding, not a
latency reducing technique

B We will consider several forms of multi-threading
B Context switch is costly
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Hiding stalls with Multi-Threading

16(?{:21 thread)
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Hiding stalls with Multi-Threading

Thread 1 Thread 2 Thread 3 Thread 4
Time Elements0...7 Elements8... 15 Elements 16... 23 Elements 24 ... 31

o

BERRIRENR




Time

Hiding stalls with Multi-Threading

Thread 1 Thread 2 Thread 3 Thread 4
Elements0...7 Elements 8 ... 15 Elements 16... 23 Elements 24 ... 31
OoOOOOOoOO0 OOoOOoooOOoo OODoOoOoOoO OOoOOooOo/|md
‘!Ihodll‘ (2} (3 ) L4)
! o 1 Core (4 hardware threads)
Stall
Runnable
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Time

Hiding stalls with Multi-Threading

Thraad 1 Thread 2 Thread 3 Thraad 4
Elements0 ... 7 Elements & ... 15 Elements 16 ... 23 Elements 24 ... 31

1 | | o | o I:II:H:H:II:IEII:II:I I | G | I:II:II:II:II':II:II:ID

Q/’?)

1 Core (4 hardware threads)
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Time

Throughput computing trade-off

Thread 1 Thread 2 Thread 3 Thread 4
Elementsd...7 Elements 8 ... 15 Elements16... 23 Elements 24 ... 31

OOOOOOO0OO0 OOOOOO0oOo OOOOOO0OO0 OOOoOodoOoadAbD

{%#:@LJ Key idea of throughput-oriented systems:
Stall Potentially increase timeto.complete work by any
one thread, in orderto.increase overall system

throughput when running multiple threads.

NP— During this time, this thread is runnable, but it is not
being executed by the processor. (The core is running

q somée other thread.)

Donel!
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Four cores: compute four elements in parallel

0 O
P =

! }

] ]

| L W\

oot =

+
] L] ==

Four cores, four simultaneous instruction streams
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Sixteen cores: compute sixteen elements in parallel

,_
-
(-

- =

Sixteen cores, sixteen simultaneous instruction streams
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Logical Core and Physical Core

Physical cores are physical units on a CPU, whereas, Logical core are

a software abstraction

Logical processors are also related to threads. They are enabled by
the Simultaneous Multi-Threading (short-for SMT, hyper-
threading technology for Intel Processors.)

Logical cores are the number of Physical cores times the number

of threads that each core.canrun.

CPU Specifications

Total Cores 6
Total Threads j2

Max Turbo Frequency 4,10 GHz
Intel” Turbo Boost Technology 2.0 Frequenc el 4.0 GHz
Processor Base Frequency 2.20GHz

e.g. if you have a 6 core processors
like the Intel Core i7-8750H processor
with hyper threading enabled (2
thread/core), you essentially get 12
threads(logical cores) running
simultaneously.
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Multi-threading summary

B Benefit: use a core’s execution resources more efficiently

0 Hide memory latency

O Fill multiple functional units of superscalar architecture (when one
thread has insufficient ILP)

B Costs

0 Requires additional storage for thread contexts

0 Increases run time of-anysingle thread (often not a problem, we usually
care about throughput in parallel apps)

0 Requires additional independent work in a program (more independent
work than’ALUs!)

0 Relies heavily on memory bandwidth

» More threads = larger working set = less cache space per thread
» May go to memory more often, but can hide the latency

55



Embarrassingly Parallel Processing

Summing 10,000 elements from array A[ ]
In Sequential Algorithm:

For (i=0; i<10000; 1i=1+1)
sum = sum + A[i]

Assuming add”+” is 1 clock cycle, with-perfect mem access
T =10,000

56



Shared-Memory Pthreads Strategy 1

M Fork p=100 threads on a p-way

shared memory multiprocessor forkae <L\
(A[10000] and psum[i] are in T
shared Mem) E > >
B Child thread-i uses psum[i] to s/ /"4
compute its portion of the partial ) S
sum - >
B When all threads finish, parent » _ Jﬁ_ k:
join £<-~"

sums psum{ 0f~psum[99]
%Zpsum[n]-psum[gg]
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Thread Code of Strategy 1

double A[ARRAY_SIZE];
double psum[p];

double A[ARRAY_SIZE];
double psum[p];
double sum=0;

void *sumParallel(void *_id) {
int main(){

Tong id=(long) _id; 7/ .\ . skipped pthreads

long 1; boilerplate ...
for(i=0; i<p; i++ )
psum[id]=0; pthread_create( &tid[i],
NULL,
for(i=0;1<(ARRAY_SIZE/p);i++) §32$3£§1;?1,

psum[id]+=A[1d*CARRAY_SIZE/p)+il; for (i=0; i<p; i++ ) {

pthread_join(tid[i],&retval);
return NULL; sum+=psum[i];
}

}

Children Thread Code Parent Thread Code
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Performance Analysis (Strategy 1)

Summing 10,000 on 100 cores

— 100 threads performs 100 +’s each in parallel

— parent thread performs 100 +’s sequentially fork s ~= _

— T100= 100 + 100 A Ty

— Speedupio= 50 *q&l § g
If summing 100,000 on 100 cores ?EFL < ttta

— T100= 1000 + 100 S g

— Speedupio= 90.9 ;11 E
If summing 10,000 on 10 cores e

— Tio= 1000 + 10 join £<«-—~

— Speedupi=9.9
2 psum[0] ~psum[99]
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Recap: Amdal’s Law on Speedup

If only a fraction f (parallel fraction of a program) is speedup by P
time

original

(1-f1) f. f)q

time.

improved

(L=1) TP

1
(1-f)+f/P

-+

Speedup =

if f is small, P doesn’t matter
even f is large, diminishing return on P, eventually “1-f” dominates

Parallel portion is usually not perfectly parallel
B Synchronization overhead (e.g., updates to shared data, data races)
B Load imbalance overhead (imperfect parallelization)
B Resource sharing overhead (contention among N processors)
60



Thread Code of Strategy 2

double A[ARRAY_SIZE];
double psum[p];

double A[ARRAY_SIZE];
double psum[p];
double sum=0;

void *sumParallel(void *_id) {
int main({
// .. skipped pthreads
boilerplate ...
for(i=0; i<p; i++ )
pthread_create( &tid[i],
NULL,
sumParallel,
(void*)i);
for (i=0; 1i<p; i++ ) {
pthread_join(tid[i],&retval);
sum+=psum[i];

long id=(long) _id;
Tong 1; Each children thread do a

bit more of the reduction,

psum[1d1=0; 1t will cause “datarace”

for(i=0;1i<(ARRAY
psum[id]+=A[1

ZE/p);1++)
(ARRAY_SIZE/p)+'i ] ;

sum=sum+psum[id]l;

}

return NULL; }

}

Children Thread Code Parent Thread Code
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Data Races

For Strategy 2, sum is read(load) and updated(store) by all
threads at around the same time

For simplicity, assuming there are two threadsT1 and T2, and
sum is initially 0

T1l: added value is O T2 added value is B
R_X = load sUm R_X = Toad SUmM
‘[R_X=R_X+a RX =RX+ P
\storecsum, R_X) store(SUM, R_X)

\ Critical Sections need to be atomic /
(no intervening R/W by other threads)

What are the possible final values of sum ?
o, B and a+p depending on the interleaving of the

load/update/store sequence in T1 and T2
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Critical Sections

Special “lock” variables and lock/unlock operators to demarcate
a “critical section” that only one thread can enter at-a time, e.g.,

pthread_mutex_lock(&lockvar)
sum = sum + psum[id];

pthread_mutex_unlock(&lockvar)

m Tock() blocks untillockvar is free or freed (released by
previous owner)

B On unlock(), if multiple 1ockO pending, only 1 should succeed;
the rest keep waiting

B Strategy 2 is now correct but actually slower
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Thread Code of Strategy 3

double A[ARRAY_SIZE];
double psum[p];
void *sumParallel(void *_id) {

Tong id=(Clong) _id;
Tong 1;

psum[id]=0;

for(i=0;1<(ARRAY_SIZE/p);i++)
psum[id]+=A[id* (ARRAY_SIZE/p)+i];

remain=p;

do {
pthread_barrier_wait(&barrier);
half=(remain+l) /24
if (id<(femain/2))
psum[idl=psum[id]+psum[id+half]; Ts
remain=half;
} while (remain>1);

return NULL:
}

Children Thread Code 64



Performance Analysis (Strategy 3)

Summing 10,000 on 100 cores

— 100 threads performs 100 +’s each in parallel
—children thread performs parallel reduction

— T100= 100 + 7

— Speedupioo= 93.5

If summing 100,000 on 100 cores

— T100= 1000 + 7
— Speedupioo= 99.3
If summing 10,000 on 10 cores

— T10= 1000 + 4
— Speedupio= 10.0
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Concerns of Memory Consistency

Memory consistency model says for each read which write
bound the value to be returned

Intuitively: a read should return value of “most recent™write to the
same address

In a shared-memory multicore, threads(cores) T1/T2/T3
perform following streams of reads and writes

Tl: .. STX) <
T2: ST, STX), ST(Y), LD(X), LD(Y)..
T3 V.. ST(X), STCY), ST(X) ..

Which is the last write to x before Lo(x) by T2?
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Sequential Consistency (SC)

A thread perceives its own memory ops in program order (of
course)

B Memory ops from threads in program order-can be interleaved

arbitrarily; different interleaving allowed'on/different runs, i.e.,
nondeterminism

B Across different executions, different global orders can be
observed (Debugging is difficult‘as order changes across runs)

L L I B N c

point oRgertalization -:\\ /

-"——-——————-

Memnry

(Memory is a switch that services one load or store at a time from any processor)
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Issues with Sequential Consistency

e Performance enhancement techniques that could make SC
implementation difficult

e Out-of-order execution

— Loads happen out-of-order with respect to each other and
with respect to independent stores 2 makes it difficult
for all processors to seethe:same global order of all
memory operations

e Caching
— A memory.location is now present in multiple places

— Prevents the effect of a store to be seen by other
processors = makes it difficult for all processors to see
the same global order of all memory operations



SC Example: what can and cannot be

Threads T1 and T2 and shared locations X and Y
(initially X =0, Y = 0)

T1: R T2\ ...
store(X, 1); | vy = load(Y);
store(Y, 1); vx = load(X);

SC says:

— vy and vx may get different values from run to run
e.g., (vy=0, vx=0), (vy=0, vx=1), or (vy=1, vx=1)

—but if vy is 1 then vx cannot be 0
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An Useful Example: Producer & Consumer

Threads T1 and T2 communicate via shared memory locations X

and Y

— T1 produces result in X to be consumed by, T2
— T1 signals readiness to T2 by setting Y

T1:

compute v
_> store)(X,

Y Inserts explicit “memory fence” instructions
to force serialization when it matters

fence

reorder?
store (Y, 1)

ready=load Y_
while (!ready) fenc
data=load X <1, . >

This works because SC says T1 and T2 must see the stores to X

and Y in the same order
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Weaker Memory Consistency

e The ordering of operations is important when the order affects
operations on shared data = i.e., when processors‘need to
synchronize to execute a “program region”

e Weak consistency

— ldea: Programmer specifies regions in which memory
operations do not need to be ordered

— “Memory fence” instructions delineate those regions

» All memory.operations before a fence must complete
before fence'is executed

» All'memory operations after the fence must wait for the
fence to complete

» fences complete in program order
— All synchronization operations act like a fence



Main Design Issues in Tightly-Coupled MP

B Shared memory synchronization
— How to handle locks, atomic operations, barrier synch

B Memory consistency: Ordering of allkmemory operations

— What should the programmer expect the hardware to provide?
Communication is necessary when tasks need values from each other

B Cache coherence

— How to ensure correct operation in the presence of private caches
keeping the same memory address cached

B Shared resource management
B Communication: Interconnects



Add ALUs to increase compute capability

ALU 1

ALU2

ALU 3

| |ALUS

ALU &

ALU7

Idea #2: O\
Amortize cost/complexity of managing an
Instruction stream across many ALUs

SIMD processing

Single instruction, multiple data

Same instruction broadcast to all ALUs
Executed in parallel on all ALUs
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Data Parallel

e SIMD exploits operation-level parallelism on different data
— Same operation concurrently applied to different pieces of data
— A form of ILP where instruction happens to be'the/same across data

e Basic requirements
— Need to load/store vectors 2 vector registers (contain vectors)

— Need to operate on vectors-of different lengths 2 vector length
register (VLEN)

— Elements of a vector might be stored apart from each other in memory
—> vector stride register (VSTR)

» Stride: distance in memory between two elements of a vector
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Scalar v.s Vector Program (using AVX intrinsics)

void sinx(int N, int terms, float * x, #include <immintrin.h> //get AvX intrinsics

for (int i=0; i<N; i++) {
float value = x[i];

float *result) {
float three_fact = 6; // 3!

for (int i=0; i<N; 1+=8) {

void sinx(int N, int terms, float* x, float* result) {

float numer = x[i]*x[i]1*x[i]; __m256 origx = _mm256_Tload_ps(&x[i]1);
int denom = 6: // 3! __m256 value = origx;
int sign = -1; __m256 numer =
__m256 denom = _mm256_setl ps(three_fact);
for (int j=1; j<=terms; j++) { float sign = -1;
value += sign * numer / denom; . . . .
for (int~j=1; j<=terms; j++) {

}

result[i] = value;

numer *= x[i] * x[i];
denom *= (2*j+2) * (2*j+3);

sign *= -1;

// value += sign * numer / denom

value = _mm256_add_ps(value, tmp);
numer =

denom =

sign *= -1; }
_mm256_store_ps(&result[i], value);
}

4

2 M256tmp = _mm256_div_ps(_mm256_mul_ps(_mm256_setlps(sign),
numer), denom);

_mm256_mul_ps(numer, _mm256_mul_ps(origx, origx));
_mm256_mul_ps(denom, _mm256_setlps((2*j+2) * (2*j+3)));

} //end for i

Processes one array element using
scalar instructions on scalar
registers (e.g., 32-bit floats)

_mm256_mul_ps(onigx, _mm256_mul_ps(origx, origx));

Processes 8 array elements simultaneously
using vector instructions on 256-bit vector
registers (e.g., 256=32-bit floats x 8)
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A short intro about Intel AVX

Intel® Advanced Vector Extensions (Intel® AVX) is a set of
instructions for doing Single Instruction Multiple Data (SIMD)
operations on Intel® architecture CPUs.

Ay thaat

SSE ard AVK-128 types | i )| 2xdodkle

(ITTTTTTTTATNINAY e
‘ - ._ E A 32-bit doublewad
m 25 BBl cuadveand

I 178 bit daiblequackene
B FEA typas

[ O O W W W e
| El \ ;.I _..-_J jﬂr-:ll.'ul.:lv

SIMD Mode Scalar Mode
EOonk Do B
[l - T=T=T b
CEEECEEE E
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Many ways to Vectorize

Compiler: Ease of use

Auto-vectorization (no change of code)

Compiler:
Auto-vectorization hints (fpragma vector )

Compiler:
OpenMP* 4.0 and Intel® Cilk™ Plus

SIMD intrinsic cl
(e.g.: "32“%{{

Mgctgr intrinsic

(e.g. M&@dt} _mm_add_ps(.), )

Assembler code

(e.g.: [v]laddps, [v]addss ) I Programmer control

Intel compilers use heuristics to vectorize, also there are
extensions that allow expression of vectorization explicitly
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Example using AVX intrinsics

#include <immintrin.h>

double A[40], B[40], C[40];
for (int 41 = 0; i < 40; i += 4) {

m256d a = _mESE_luad_pd{EA[i]ﬂ’LQ
] .

_ m256d b = _mm256_load pd (&B
_ m256d ¢ = mm256_add a\Db):
_mm256 store pd(&C[i],

r)/’?)

»

#include <immint @\ N

double A[40 ], C[40];
for |‘,:|.nt i< 40; i += B) {
12.:;1 a = mm512 load pd(&A[i]):

__m512d b = mm512 load pd(&B[i]):;
m512d c = mm5lZ2 add pd(a, b);
mm512 Btﬂrﬂ_}‘ld{iﬂ[l], (= B
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Intel AVX intrinsic (1)

mm<bit_width> <name>_ <data type>(data_type param1, data_type param2, data_type param3)

B <bit_width> identifies the size of the vector returned by the function. For
128-bit vectors, this is empty. For 256-bit vectors, this is set to 256.

B <name> describes the operation performed by the intrinsic

B <data_type> identifies the data type/of the function's primary arguments
- ps - vectors contain floats (ps stands-for packed single-precision)
- pd - vectors contain doubles.(pd stands for packed double-precision)
- epi8/epil6/epi32/epibd)- vectors contain 8-bit/16-bit/32-bit/64-bit signed
integers
- epu8/epulb/epu32/epubs - vectors contain 8-bit/16-bit/32-bit/64-bit
unsigned integers

https.//software.intel.com/en-us/intel-isa-extensions 79



Intel AVX intrinsic (2)

Function ________|Descripton ___________

_mm256_load_ps/pd

~mm256_mul_ps/pd
_mm256_setl ps/pd
_mm?256_div_ps/pd
_mm256_add_ps/pd

~mm?256_store_p é“

Loads a floating-point vector fr @ﬁgned memory
address \ \

Multiply two floamg'bp\nt vectors

Fill a vector \A@ i\atlng -point value
DIVIM@‘%}ﬂ/g -point vectors
dq Kl\floatmg -point vectors

oves packed floating point values from a float32
vector to an alighed memory location

https://software.intel.com/sites/landingpage/IntrinsicsGuide/
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What about conditional execution?

DEEDEREE e
ALUT ALUZ ... ... ALUB the anay result’

{@ﬁlﬁbﬁﬂﬁl code>

t x = A[i];

Time {clocks)

if (x » @) {
float tmp = exp(x,5.f);
tmp *= kMyConstl;

x = tmp + kMyConst2;
} else {
float tmp = kMyConstl;

(E; x = 2.f ¥ tmp; |
\% )

<resume unconditional code>

result[i] = x;
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What about conditional execution?

Time (clocks)

1

| 2

l

||

ALUT ALU2 ...

L) L8]

. ALUB

{assume loghc belov is 1o be executed for each
element In Input array A, producing output nto
the array ‘result’)

. ¢cunconditional code>

| r}&gat x = A[i];

if (x > 8) {
float tmp = exp(x,5.f);
tmp *= kMyConstl;
X = tmp + kMyConst2;

| } else {
float tmp = kMyConstl;

Xx = 2.f * tmp;
}

|
<resume unconditional code>
|

result[i] = x;
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Mask (discard) output of ALU

Time {clocks)

R EE

ALUT ALUZ ... ..- ALUS

Not all ALUs do useful work!

Worst case: 1/8 peak performance

(assume logic below is to be executed for eadh

element ininput array ‘A, produding output into
the array ‘result’)

| < gi;%nnal code>»

if (x > @) {

} 'e se
float tmp = kMyConsti;
_1& 1= ﬁhf * tm]i.i’

H

¢resume unconditional code>

result[i] = x;
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After branch: continue at full performance

1 || 2 E | ! 8 (assume logic below Is to be executed for each
Time {L‘lﬂ{:kﬁ] ik s element In Input array ‘A, producing output Inte
ALU 1 ALU2 ... s ALU B thearray ‘result’}
n@%irzamal code>
loat x = A[i];

if (x > @) {

float tmp = kMyConstl;

<resume unconditional code>

resultfi] = x;
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Bit Masking of SIMD

B Masking possible to omit operations on selected elements
B Masking supported via dedicated registers (K0-7)

0 Operation + masking in one instruction

O Does not require additional instruction to mask out-elements in a vector

Zmml a7 at as a4 a? Rx | al al

Zmm2 b7 b6 b5 I:uar h2 b1 b
Zmm3 c2 c0
.f--;--- —;——-. ] .r'--;---l .F--;---‘-‘--;--‘r .‘——;——-. .-—'- ——-.
kl "lh-- ---l' --- - '--|--1---iI o ---' e ---i"l"-h--l---' ﬁ--l -.l" B ---i'
zmml vreer [JEGHIN bS+c5 ba+cé b3+c3 b2+cz [ a0

Unmasked elements remain unchanged:
VADDPD zmm1{k1}, zmm2, zmm3

Or zeroed:
VADDPD zmm1{k1}{z}, zmm2, zmm3
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Terminology (SIMD)

B Instruction stream coherence (“coherent execution”)
[0 Same instruction sequence applies to.all.elements
operated upon simultaneously
[0 Coherent execution is necessaryfor efficient use of SIMD
processing resources
0 Coherent execution IS.NOT necessary for efficient
parallelization across cores, since each core has the
capability-to fetch/decode a different instruction stream
B “Divergent” execution
[ A lack of instruction stream coherence
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SIMD execution on modern CPUs

B SSE instructions: 128-bit operations: 4x32 bits or 2x64 bits (4-
wide float vectors)

B AVX instructions: 256-bit operations: 8x32 bitsior 4x64 bits (8-
wide float vectors)

B AVX512 instructions: 512-bit operations: 16x32 bits or 8x64 bits
(16-wide float vectors)

B Instructions are generated by the compiler
O Parallelism explicitly requested by programmer using intrinsics
0 Parallelism conveyed using parallel language semantics (e.g., forall
example)
0 Parallelism/inferred by dependency analysis of loops (hard problem,
even best compilers are not great on arbitrary C/C++ code)

B Terminology: “explicit SIMD”: SIMD parallelization is performed
at compile time

O Caninspect program binary and see instructions (vstoreps, vmulps, etc.)
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SIMD execution on modern GPUs

B “Implicit SIMD”
0 Compiler generates a scalar binary (scalar instructions)
0 But N instances of the program are always run together on the processor
execute(my_function, N) // execute'my ‘function N times
O In other words, the interface to the hardware itself is data-parallel
0 Hardware (not compiler) is responsible for simultaneously executing the
same instruction frommultiple instances on different data on SIMD ALUs

B SIMD width of most modern GPUs ranges from 8 to 32

0 Divergencecan bea big issue
(poorly written code might execute at 1/8~1/32 the peak capability of
the machine!)
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SIMD + Multi-core

0

| o

1

2 %
] =50
n L1

oo 2
(] e
i [

% a2
oo™ gl = =)
n i

16 cores, 128 ALUs, 16 simultaneous instruction streams
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“I hope AVX-512 dies a painful death”

"I hope AVX-512 dies a painful death, and
that Intel starts fixing real problems instead of
trying to create magic instructions to then

create benchmarks that they can look good on"

(Linus Torvalds)

ZQuote

-
(‘*«.
L

The creator and the principal developer of the Linux kernel
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Add more Ops in Single Inst

Idea #3:
A technique for instruction-level

parallelism-by executing instructions
without dependencies (known at
e e |lwr | wr | wem | &R compile=time) in parallel

Unit Unit Unit Unit Unit Unit

FP add | FP mul [INT add|INT add| ST/LD

VILW processing

Multiple operations packed into one
instruction (Very long instruction word)

Each operation slot is for a fixed function
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VLIW: Very Long Instruction Word

Int Op 1 Int Op 2 Mem Op 1 Mem Op 2 FPOp 1 FP Op 2

! ! ! ' ! '

Two Integer Units,
Single-Cycle Latency

Two Load/Store tnits,

Three-Cycle Latency Two Floating-Point Units,
Four-Cycle Latency

e Multiple operations packed into one instruction
e Each operation slot is for a fixed function
e Constant operation latencies are specified

e Architecture requires guarantee of:

— Parallelism within an instruction => no cross-operation RAW check
— No data use before data ready => no data interlocks




VLIW Compiler Responsibilities

BSchedule (reorder) operations to maximize
parallel execution

BGuarantees intra-instruction parallelism

BSchedule toavoid data hazards (no interlocks)
OTypically-separates operations with explicit NOPs
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Loop Execution

for (i=0; i<N; i++)
B[i] = Ali] + C;

Int1 Int2 M1 M2 FP+ FPx

loop: |add r1 fld

i Compile

loop: fld f1, O(rl)

addrl, 8 fadd

fadd f2, fo, f1  Scheaulel /
fsd £2, 0(r2)

add r2, 8 add r2 bne | fsd

bne rd;)r3

loop

Double Floating Point How many FP ops/cycle?

r1 Afi], r2B[i], f2C, r3N 1 fadd / 8 Cycles = 0.125



Loop Unrolling

for (i=0; i<N; i++)
B[i] = A[i] + C;

Unroll inner loop to perform 4
iterations at once

for (i=0; i<Nj(i+=4)

1
Bliv*~= Ali] + C;
Bli+1] = A[i+1] + C;
B[i+2] = A[i+2] + C;
B[i+3] = A[i+3] + C;

; s thi

code correct ?

Need to handle values of N that are not multiples
of unrolling factor with final cleanup loop
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Scheduling Loop Unrolled Code

Unroll 4 ways

loop: fld 1, 0(x1)
fid 2, 8(x1)
fid 3, 16(x1)
fid f4, 24(x1)
add x1, 32
fadd 5, f0, 1
fadd f6, f0, f2
fadd {7, f0, f3
fadd f8, f0, f4
fsd 5, 0(x2)
fsd 6, 8(x2)
fsd 7, 16(x2)
fsd 8, 24(x2)
add x2, 32
bne x1, x3, loop

loop:

Schedule

How many FLOPS/cycle?

Int1 Int2 M1 M2 FP+ FPx
fid f1_
fid f2 N
flds [N
ladd x1 flel.f4 /fadd 5
/ fadd 16
/ fadd f7
/[ faddf8
fsd f5
fsd f6
fsd f7
add x2 bne fsd f8

4 fadds / 11 cycles = 0.36
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Software Pipelining

Unroll 4 ways first
loop: fld 1, 0(x1)
fid f2, 8(x1)

fid 3, 16(x1)
fid f4, 24(x1)

add x1, 32
fadd 5, f0, f1
fadd 6, f0, f2

prolog <

r

fadd f7, 0, f3
fadd f8, f0, f4
fsd 5, 0(x2)

fsd 6, 8(x2)

fsd 7, 16(x2)
add x2, 32

fsd 18, -8(x2)
bne x1, x3, loop

How many FLOPS/cycle?

4 fadds / 4 cycles = 1

iterate 124
-
/‘
epilog <

Int1 Int 2 M1 M2 FP+ FPx
fld f1
fld f2
fld f3
add r1 fld f4
fld\f1 fadd 5
fldf2 fadd f6
fld f3 fadd f7
add r1 fld f4 fadd f8

fsd f5 fadd f5
fsd f6 fadd 6
add r2 fsd f7 fadd f7
bne fsd f8 fadd f8
fsd f5
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Limits of Static Scheduling of VLIW

B Unpredictable branches

B Variable memory latency (unpredictable cache misses)

Bl Code size explosion

B Compiler complexity

B Despite several attempts, VLIW) has failed in general-purpose

computing arena (so far).

COMore complex VLIW architectures are close to in-order superscalar in
complexity, noreal advantage on large complex apps.

B Successfuldn‘embedded DSP market
OSimpler VLIWs with more constrained environment, friendlier code.
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Heterogeneity

~O\

Idea #4:

Powerful “large” core'to speed serialized
code (or workload) and wimpy “small”
cores to speed parallel code (or workload)

Asymmetric Chip
Multiprocessor

Provide small number of large cores and
many small cores

929



The Problem: Serialized Code Sections

e Many parallel programs cannot be parallelized completely

e Causes of serialized code sections
— Sequential portions (Amdahl’s “serial part”)
— Critical sections
— Barriers
— Limiter stages in pipelined programs
e Serialized code sections
— Reduce performance
— Limit scalability
— Waste energy
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Demands in Different Code Sections

e What we want:
— In a serialized code section = one powerful “large” core
— In a parallel code section 2 many wimpy “small” cores
e These two conflict with each other:

— If you have a single powerful core, you cannot have many cores
— A small core is much more energy.and area efficient than a large core
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“Large” vs. “Small” Cores

La rge Small
Core Core
e QOut-of-order e In-order
* Wide fetch e.g. 4-wide e Narrow fetch e.g. 2-wide

e Deeper pipeline

e Shallow pipeline
e Aggressive branch predictor PP

(e.g. hybrid) e Simple branch predictor (e.g.
e Multiple functional units Gshare)
e Trace cache e Few functional units
e Memory dependence
speculation
Large Cores are power inefficient:
[ e.g., ~2x performance for ~4x area (power) ]
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Moore’s Law Scaling with Cores

1il:tlE little

core

little || little
core || core

itﬂE little || 1i
little || little core

little : core || core little & e
core Blg Core little || little g’

httle

htt!E

core core ittle
care

2005 ~ right about now future ...

1970 ~ zo@ 6
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Asymmetric Chip Multiprocessor (ACMP)

Small Small Small Small Small Small
La rge La rge core core core core La rge core core
core core Small Small Small Small core Small Small
core core core core core core
Small Small Small Small Small Small Small Small
La rge La rge core core core core core core core core
core core small | Small /| ~Small | Small Small | Small | Small | Small
core core core core core core core core
6 e ” o bbme ” . .
Tile-Large™ (4 units) Tile-Small” (16 units) ACMP (13 units)

e Provide onedarge-core and many small cores
+ Accelerate serial part using the large core (1 units)

+ Execute parallel part on small cores and large core for high throughput
(1241 units)



Amdahl’s Law Modified

e Simplified Amdahl’ s Law for an Asymmetric Multiprocessor
e Assumptions:
— Serial portion executed on the large core
— Parallel portion executed on both small-cores and large cores
— f: Parallelizable fraction of aprogram
— L: Number of large processors{L+S=N)
— S: Number of small processors
— X: Speedup of a'large processor over a small one

Speedup =

X S+ X*L
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Asymmetric vs. Symmetric Cores

B Advantages of Asymmetric
+ Can provide better performance when thread parallelism is-limited
+ Can be more energy efficient
+ Schedule computation to the core type that can best execute it

B Disadvantages
- Need to design more than one type of core.
- Scheduling becomes more complicated
- What computation'should be scheduled on the large core?
- Who should-decide? HW vs. SW?

- Managing locality and load balancing can become difficult if threads move
between cores (transparently to software)

- Cores have different demands from shared resources
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Asymmetric vs. Symmetric Cores

Introducing (OS Scheduler

Intel Thread Director

Intelligence built directly into the core

Monitors the runtime instruction mix
ot each thread and as well a5 the state of each core — Wwith
MNancsecsno Crecisionr

Provides runtime feedback to the OS

to maxe the optimal scheduling decision tar any wor @ 6
or worktiow

“\

Dynamically adapts guidance
based on the thermal design poi r‘@ AslalH LRI RS
np

and power seftings —"..I'IT Lt

B Priority tasks scheduled on Performance-Cores
B Background tasks scheduled on Efficient-Cores
B Spin loop wait moved from P to E-core
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The Revolution of Processor (Conceptionally)

. SuperScalar Processor Dual-core Processor SuperScalar Dual-core Processor
Simple Processor 15 instructions per cycle oneiinstruction per cycle Two instructions per cycle from an
one instruction per cycle ., 3 single instruction from an instruction stream instruction stream on each core
stream on each core
[:]I:I E:":I IO Eves T | SN0 Caws 2 1
oooo 1| QOO0 | 7] DEOE |
| Dooo ooog
. Multl-threaded, Su erScaIar, SIMD Dual-core
SIMD Dual-core Processor Multi-threaded, SIMD Dual-core Processor Prr')ocessor
One 8-wide SIMD instruction One 8-wide SIMD instruction per cycle from . .
. . . . Two instructions (1 SIMD+1 Scalar) per cycle
per cycle from an instruction one instruction stream on each core. But . .
. from one instruction stream on each core. But
stream on each core can context switch when face long stall

can context switch when face long stall
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Advanced CPU: 4 SuperScalar+SIMD+Multi-
threaded cores (intel core i7 (10th Gen)

- J

SIMD Exec 2 SIMD instruction + scalar instructions

o [ [
DDDD‘

Processor can switch to execute the other
\ instruction stream when faced'with stall.

L1 Cache

L2 Cache

e S —— On-chip
! Interconnactk

Memory Bus l
(to DRAM)

Quad-core Processor: Four cores, two-way multi-threading per core
(max eight threads active on chip at once), up to two instructions per
clock per core (one of those instructions is 8-wide SIMD)
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Summary

B Four major ideas that all modern processors employ to varying degrees
0 Employ multiple processing cores (Multicore or Manycore)

»Simpler cores (embrace thread-level parallelism over instruction-level parallelism)
»Software decides when to create threads (e.g., via pthreads/API)

» Use multi-threading to make more efficient use of processing resources (hide
latencies, fill all available resources, SMT)

OO Amortize instruction stream processing over many ALUs (SIMD)
»>Increase compute capability with little extra cost
»Vectorization can be done by compiler(explicit SIMD) or at runtime by hardware

O Accelerate serial part using the large cores, while execute parallel part on small
cores (Asymmetric Chip Multiprocessor, big.LITTLE)

0 Superscalar: exploit ILP within-an instruction stream. Process different instructions
from the same instruction stream in parallel (within a core)
» Parallelism automatically and dynamically discovered by the hardware during
execution.(notprogrammer visible)

B VLIW(DSP):'Multiple operations packed into one instruction (Very long
instruction word)

» Parallelism statically scheduled by compiler to maximize parallel execution, while
guarantees intra-instruction dependence (poor binary compatibility)

B Due to high arithmetic capability on modern chips, many parallel applications
are bandwidth bound
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Next Lecture: Understanding Modern
Processor: GPGPU-Arch & Massively
Parallel-Programming
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Appendix A: Prefetch instructions

e Reference Prediction Table (RPT)

e Hold information for the most recently used memory
instructions to predict their access pattern

PC || effestive |

'Ln_s_tm-.‘ti_on t.aﬁ | Pr:v_iu‘.ts g::_lrlrrss l stricle | state |

A\ | l

M\ .. |

| prefetch address |

An introduction to prefetching
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Intel’s New Performance x86 Core

III FE - Instruction Fﬁw

WOp Scheduler Intel’s New

Performance x86 Core

Architecture

latency :

perform

4

BB cCEleration of workioacs with large code footprint & lar

B NEW Al acceleration technaloogy v
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Intel’s New Performance x86 Core

Front-End
Smarter

Fetch instructions and decodes them into pops imeroved branch predicton acorscy
Smarter code prefetch mechanism

|
Large Code
& IR IRA JEITLE, 16232 2MdaM ( TLE
®  Enhancedcods prefetch
® BE=1PK branchtargets

M ‘_@.M

\

. oust®

|
Wider
= |58-237H lerath decads m& |
s d=fodscopers > | e L R T Hops
= &=Buep/oyeirom pops - i increased hit-rate

A\ " norl® T LR ncreased Frorterd W

pop Queue
_ LIS 2 T3 alries par fhread
N\ | e J0 =44 single thread

Pt
S

- ! = = 'l:"'."“ : -
i | \ ost \ @ O\ intel
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Intel’s New Performance x86 Core

Out of Order Engine

[rack pop dependencies and dispatch ready pops to execution units

‘ Wider
5= & wide allocation
10 = 12 execution ports

.

SiZ-eniry Reorder-Buffer and larger
Seheduler sizes

| Smarter

Maore instructions ‘executed” at
rename [ allocation stage




Intel’s New Performance x86 Core

L1 Cache & Memory Subsystem

e e
I I

Wider Smarter

2= Jload ports: *  Reduced effective Load Latenoy
S 25ahit lnads » Faster Memory Disambiguatic
2x 01204 boaids resaltion

Large oata
Deeper v OTLEAS 94
Despar Load Buffer and Store Bulfer DS TE S 164 buffers
Srposs moremamany parallalism LD snharcsd pralfetchear
= 234 page walkers




Intel’s New Performance x86 Core

2 Cache & Memory Subsystem

Bigger

L 2% 1 25MB (clisnt) or 2MB (data center)

Faster

Max demand msses 3248

Smarter

R | 3% patterr-basad multi-path preistores

8 Feadback-based prefoich (hraitling

o Full-line-wiite predictve bancwidin
optimization —reducas DRAM reads




Best Processors (benchmarks @2022)

Intel i9-12950HX (Laptop)
e Intel 7nm

e 8 P-core/8 E-core
e Total Threads 24
e 14MB L2 Cache/30MB L3 Cache

AMD Ryzen Pro3995WX
e 64 cores /128 threads

e 32MB L2 Cache

e 256 MB L3 Cache

Apple A16 Binoic@4nm
2 P-Cores/4 E-Cores
5 GPU/16 core Neural Engine
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