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Python
HIGH-PERFORMANCE

PART 1: BASIC TOOLS



Why HP Python?

Python is not quite fast, at least not compared to C++ or Rust

… but it’s not quite slow either

Large projects

System language

High-level algorithms

Goal of HP Python

Avoid pitfalls

High-level optimization

Pure-Python optimization
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Rule of Optimization (personal)

Don’t write it

Don’t do it

Exploit parallelism
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Rule of Optimization (personal)

Don’t write it

Use builtins

Use standard libraries

Don’t do it

Exploit parallelism

giovanni.squillero@polito.it High-performance Python 5



Big O notation

https://en.wikipedia.org/wiki/Big_O_notation
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PREMATURE
OPTIMIZATION
IS THE ROOT
OF ALL EVIL
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MAKE IT RUN



Rules of Thumb

Write as few lines of code as possible

Use builtins / standard library

Use generators
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Good Practice: Virtual Environments
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venv

poetry

…



Problem

Given n

Find the first Collatz sequence including it
(i.e., the sequence starting with the
smallest positive integer)
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Collatz 1-9999
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1. MAKE IT RUN
2. MAKE IT RIGHT



Good Practice: assert
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Good Practice: pytest
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pytest (Basic Usage)

Checks values through asserts

Directory ‘test’

Filenames start with ‘test’
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Basic Usage

Integrated in Visual Studio Code and PyCharm
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Advanced Usage

Extended checking (warnings, etc.)

Fixture

Parametrized checks

Optional checks

…
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1. MAKE IT RUN
2. MAKE IT RIGHT
3. MAKE IT FAST



Timing

Use Magic

%timeit foo(x)

%%timeit
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Timing

timeit

Simple way to time small bits of Python code

Avoids a number of “common traps” for measuring execution times
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Timing

pytest-performance

“A simple plugin to ensure the execution of critical sections of code 
has not been impacted”
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Profiling

Default profile + Snakeviz

python -O -m cProfile -o foo.prof ./foo.py

snakeviz foo.prof
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Profiling in Notebooks
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Profiling

KCachegrin (QCacheGrin on MacOS)

pyprof2calltree -i foo.prof

qcachegrind foo.prof.log
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Even More Profiling

line_profile

memory_profile

https://godbolt.org/
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Fundamental Algorithms & Data Structures
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Lists and Tuples

Lists 

Dynamic arrays (mutable)

Size vs. Space

Tuples

Static arrays (immutable)

Can be cached by the Python runtime

Complexity: 

Most operations are O(1) + resizing
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Dictionaries and Sets

Dictionaries and sets are nearly identical

A dictionaries maps unique keys to values

Dictionaries remember insertion order (negligible overhead)

A set can be defined as a collection of keys (no values)

Sets are very useful for doing set operations (D’ho!?)

Keys need to be hashable

Hashable objects need to be immutable

Most operations are like O(1)
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Under the hood

Collisions

Insertion

Deletion

Resizing
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Namespaces

Namespaces are dictionaries!

globals()

The dictionary implementing the current module namespace

locals()

The dictionary representing the current local symbol table

Notes:

At the module level, locals and globals are the same dictionary

The contents of these dictionaries should not be modified
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Deque

List

pop/append are O(1)

pop(0)/insert(0, ★) are O(N)

Access elements is O(1)

Deque

pop/popleft & append/appendright are O(1)

Access elements in the middle is like O(N)

Notez bien: not considering resizing
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Queues

Multi-producer, multi-consumer queues (thread safe, but also 
useful in non-threaded environment)

Standard queues (put, get, full, empty)

Queue 

SimpleQueue

LifoQueue

PriorityQueue
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Priority Queues

Use tuples

Use custom classes

With @functools.total_ordering, a class needs only to 
define __eq__() and one of __lt__(), __le__(), __gt__(), 
or __ge__()
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Caching and Memoization

@functools.cache

@functools.cached_property

@functools.lru_cache(maxsize=128, typed=False)
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Python
HIGH-PERFORMANCE

PART 2: SINGLE THREAD



Why HP Python?

Python is not quite fast, at least not compared to C++ or Rust

… but it’s not quite slow either

Large projects

System language

High-level algorithms

Goal of HP Python

Avoid pitfalls

High-level optimization

Pure-Python optimization
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Rule of Optimization (personal)

Don’t write it

Use builtins

Use standard libraries

Don’t do it

Exploit parallelism
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Lecture 1



Rule of Optimization (personal)

Don’t write it

Use builtins

Use standard libraries

Don’t do it

Don’t do it yet: i.e., use lazy execution

Don’t do it again: i.e., cache previous calls

Exploit parallelism
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Lazy Executions & Generators
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Problem: Write a Generator for Fibonacci
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Generators & Lazy Evaluation

any()

all()
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Problem: Calculate Prime Numbers
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Out-of-the-box
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Out-of-the-box
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Out-of-the-box (caveats)

@functools.cached_property

Similar to property, but with caching

@functools.lru_cache(typed)

If typed is True, function arguments of different types will be 

cached separately

If typed is False (default), the implementation will “usually”
regard different types as equivalent calls and only cache a single 
result — but some types “may” be always cached separately
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Memoization: joblib
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Memoization: joblib
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Memoization: joblib

Memory(

location=None // path/base directory

backend='local' // local is regular file system

mmap_mode=None // see numpy.memmap

compress=False // compressed array cannot use memmap

verbose=1 // …

bytes_limit=None // int or string like "16M"

backend_options=None

)
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Memoization: joblib

Memory(

location=None // path/base directory

backend='local' // local is regular file system

mmap_mode=None // see numpy.memmap

compress=False // compressed array cannot use memmap

verbose=1 // …

bytes_limit=None // int or string like "16M"

backend_options=None

)
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Memoization: joblib
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Memoization: joblib
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Generic Persistence: pickle
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Generic Persistence: pickle

Supports dumping to/loading from a string 
(dumps/loads)

Supports different protocols
pickle.DEFAULT_PROTOCOL

0 (zero) for almost human-readable data

pickle.HIGHEST_PROTOCOL
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Generic Persistence: pickle
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pickle vs. joblib
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pickle vs. marshal
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Python has a more primitive serialization module called 
marshal, but in general pickle should always be the preferred 
way to serialize Python objects

marshal exists primarily to support Python’s .pyc files



Generic Persistence: shelve
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Generic Persistence: shelve
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The keys in a shelf are ordinary strings

The values can be anything that the pickle module can 
handle, including most class instances, recursive data 
types, and objects containing lots of shared sub-objects 



Bonus Topic: weakref
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A weak reference is not enough to keep an object alive 

When the only remaining references to a referent are weak 
references, garbage collection may destroy the referent

Note: Until the object is actually destroyed the weak reference 
may return the object



Bonus Topic: weakref.proxy
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Bonus Topic: weakref.proxy
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Bonus Topic: weak Dictionaries
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WeakKeyDictionary

Mapping class that references keys weakly

WeakValueDictionary

Mapping class that references values weakly

keyrefs & valuerefs

WeakSet

Set class that keeps weak references to its elements



More Generic Persistence
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dbm

Interfaces to the traditional NoSQL “databases” available under Unix
(i.e., fast, single-keyed, key-value store)

sqlite3

DB-API 2.0 interface for SQLite



Python
HIGH-PERFORMANCE

PART 3: PARALLEL



Rule of Optimization (personal)

Don’t write it

Use builtins

Use standard libraries

Don’t do it

Exploit parallelism
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Lecture 1



Rule of Optimization (personal)

Don’t write it

Use builtins

Use standard libraries

Don’t do it

Don’t do it yet: i.e., use lazy execution

Don’t do it again: i.e., cache previous calls

Exploit parallelism
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Lecture 2



Rule of Optimization (personal)

Don’t write it

Use builtins

Use standard libraries

Don’t do it

Don’t do it yet: i.e., use lazy execution

Don’t do it again: i.e., cache previous calls

Exploit parallelism

Multi thread / multi process

Asynchronous I/O
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Basic Concepts

High-performance Python 3:
Exploiting parallelism



“Concurrency is not Parallelism”

Parallelism

Simultaneous execution of (possibly related) computations

Two or more tasks run at the same time

Doing multiple things at the same time

Concurrency

Composition of independently executing processes

Two or more tasks start and complete in overlapping time periods

Dealing with multiple things at the same time
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“Concurrency is not Parallelism”

Caveats

The world we live in is inherently parallel

Concurrent algorithms do not need parallel architectures nor 
multiple threads
… but a concurrent algorithm can 
exploit a parallel architecture!
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Parallel Architectures
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Flynn’s Taxonomy 
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I/O bound vs. CPU bound

giovanni.squillero@polito.it High-performance Python 75



Handling ”blocking work”
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vs.



Amdahl’s Law

𝑇 𝑠 =
1

1 − 𝑝 +
𝑝
𝑠

giovanni.squillero@polito.it High-performance Python 77



Thread vs. Process
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Relevant Modules

threading (thread-based)

Handles thread with a high-level interfaces built on top of the 
_thread module

multiprocessing (process-based)

API similar to the threading module (both POSIX and Windows)

Handles both local and remote concurrency, side-steps the Global 
Interpreter Lock

subprocess (not parallel)

Spawns processes, connect pipes (in/out/err), and get return codes
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Relevant Modules

concurrent.futures (thread- and process-based)

Even higher-level interface for asynchronously executing callables

joblib (thread- and process-based) 

Easy, simple parallel computing

Note: not in the standard library

queue (thread-based)

Handles multi-producer, multi-consumer queues

Implements all the required locking semantics
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Relevant Modules

asyncio (concurrent)

Handles concurrent code using the async/await syntax
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Thread/Process API

High-performance Python 3:
Exploiting parallelism



subprocess
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execute_task
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task

name="${1:-Gobbledygook}"

time=$((1 + RANDOM % 10))

sleep $time

echo "Task \"${name}\" completed in ${time} seconds"

IF NOT "%~1" == "" SET name=%~1

IF "%~1" == "" SET name=Gobbledygook

SET /A time=(%RANDOM%%%10)+1

TIMEOUT /T %time% /NOBREAK > NUL

ECHO Task "%name%" completed in %time% seconds
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threading

High-level interfaces on top of the _thread module

As simple as…



threading

As simple as…



However…
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threading



However…
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threading



Races

Race Condition

The behavior depends on the relative timing of events 
(e.g., the order in which threads have been scheduled)

Data Race

A specific race condition

More threads access some shared data 
concurrently, and at least one of them 
modifies the data
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Thread-Local Data

class threading.local

Data that needs to be local to a thread
E.g.:
mydata = threading.local()

mydata.number = 42
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Basic locks (threading.Lock)

acquire / release

Reentrant locks (threading.RLock)

Conditions

Semaphores

Events

Timers

Barriers

Locks
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Basic locks (threading.Lock)

acquire / release

Reentrant locks (threading.RLock)

Conditions

Semaphores

Events

Timers

Barriers

Locks
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multiprocessing

Supports spawning processes using an API similar to the 
threading module

Offers both local and remote concurrency, effectively side-
stepping the GIL

Allows the programmer to fully leverage multiple processors 
on a given machine

Runs on both POSIX and Windows



multiprocessing



Starting  a Process

Spawn

Available on POSIX and Windows

The parent process starts a fresh Python interpreter

The child process only inherit necessary resources. That is: 
unnecessary file descriptors and handles from the parent process 
will not be inherited. 

Starting a process using this method is rather slow

Default on Windows and macOS



Starting  a Process

Fork

Available on POSIX

The parent process uses os.fork() to fork the Python interpreter 

Note that safely forking a multithreaded process is problematic

Default on POSIX except macOS



Starting  a Process

Forkserver

A server process is spawned

Whenever a new process is needed, the parent process connects to 
the server and requests that it fork a new process

The fork server process is single threaded (unless system libraries or 
preloaded imports spawn threads as a side-effect)

Generally safe

No unnecessary resources are inherited



multiprocessing idioms

Avoid shifting large amounts of data between processes

Ensure that the arguments to the methods are picklable

Do not use a proxy object from more than one thread
(unless you protect it with a lock)

Join all the processes (a.k.a., avoid Zombies)

Better to inherit an ancestor process than pickle/unpickle

Do not Process.terminate processes which use shared 

resources



multiprocessing idioms

Make sure that the main module can be safely imported by a 
new Python interpreter (not really needed with fork)



Queue

High-performance Python 3:
Exploiting parallelism



queue

Multi-producer, multi-consumer queues

Provides Queue (FIFO), LifoQueue (LIFO), and 
PriorityQueue (HPFO)

Especially useful in threaded programming when information 
must be exchanged safely between multiple threads

Implements all the required locking semantics



queue

Check queue status (not 100% reliable!)
empty() / full()
qsize() 

Add an element to the queue
put(item, block=True, timeout=None)

put_nowait(item)

Fetch an element from the queue
get(block=True, timeout=None)

get_nowait()



queue

task_done()

Indicates that a formerly enqueued task is complete (for each 
get() by a consumer thread)

join()

Blocks until all items in the queue have been gotten and 
processed



queue



queue



multiprocessing.Queue

Shared queue implemented using a pipe and a few 
locks/semaphores

Compatible with queue.Queue



multiprocessing.Queue



multiprocessing.Queue



Futures

High-performance Python 3:
Exploiting parallelism



concurrent.futures

High-level interface for asynchronously executing callables

The asynchronous execution can be performed using either

ThreadPoolExecutor (threads)

ProcessPoolExecutor (as separate processes)

Both implement the same Executor interface

The asynchronous executions of a callable is encapsulated in  a 
Future object
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Executor

submit(fn, *args, **kwargs) 

Schedules the callable to be executed as fn(*args, **kwargs)

Returns a Future object representing the execution of the callable.

map(func, *iterables, timeout=None, 

chunksize=1) 

Similar to map(func, *iterables)

Not lazy
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Future

Status: cancelled(), running(), done()

Return values: result(), exception()

“Attempt to” stop the callable: cancel()

Note: do not create futures directly!
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Joblib

High-performance Python 3:
Exploiting parallelism



joblib.Parallel

Main helper class for readable parallel mapping, that is: 
parallel for loops using multiprocessing

Generator expression converted into parallel computing



joblib.Parallel

Parallelism

Default: loky backend (separate processes on separate CPUs)

backend="threading" (or prefer="threads") to use 

threading

Alternative backends: Dask, Ray, Apache Spark, … ?



asyncio

High-performance Python 3:
Exploiting parallelism



asyncio

A library to write concurrent code using the async/await
syntax (note: “concurrent”, not “parallel”)

async

await 
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asyncio

High-level APIs:

Run coroutines concurrently with full control

Perform network IO and IPC

Control subprocesses

Distribute tasks via queues

Synchronize concurrent code
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Coroutines

I.e., “explicitly asynchronous, concurrent Pythonic code”

More generalized form of subroutines

Subroutines are entered at one point and exited at another point

Coroutines can be entered, exited, and resumed at many different 
points

Implemented with the async def statement. See also PEP 492.
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asyncio

Library to write concurrent code using the async/await syntax

Perfect for IO-bound and high-level structured network code

Exploited as a foundation for frameworks providing

High-performance network

Web-servers

Database connection libraries

Distributed task queues

…
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asyncio

Low-level APIs:

Create and manage event loops

Implement efficient protocols using transports

Bridge callback-based libraries and code with async/await syntax

giovanni.squillero@polito.it High-performance Python 122



More on async

Awaitable: any object that can be used in an the await

E.g. a coroutine

Asynchronous iterable (asynch for)

Asynchronous context manager (asynch with)
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Extras: starmap
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Extras: subprocess
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Extras: subprocess
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Low-level threading 
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concurrent.futures

Provides a high-level interface for asynchronously executing 
callables

Note: Currently, there is only one module in concurrent
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Executor and Future

Two types of executors:

ProcessPoolExecutor

ThreadPoolExecutor

The Future class encapsulates the asynchronous execution of 

a callable

Future instances are created by Executor.submit()
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ThreadPoolExecutor
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ProcessPoolExecutor
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High-performance Python
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