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About me

AGerth Stglting Brodal, professor (PABrhus Universitt997,cv)
AResearclisnot! LY a[ 2 teéedK2y> tNRBINI YYA

AResearchis Algorithms and Data Structures
¢ Basic research on how to make algorithms and data structures efficient
¢ Data structures
¢ External memory algorithms
¢ Computational geometry

ATeaching
¢ Algorithms and Data Structures’(ffear Computer Science BSc, since 2002)

¢ Introduction to Programming with Scientific Applications (Python)
(1styear Data Science BS&d gear Mathematics BSc, since 2018)


https://www.cs.au.dk/~gerth/cv/

GoogleColaboratoryColab
N

Ahttps://colab.research.google.com jupyter

e’

AOnline version ofupyterdocuments hosted by
Google in the cloud

ADocuments stored in your Google Drive

AAllows Python to be executed in the cloud using a e:)

web browser



https://colab.research.google.com/

Introductionto Programming Advanced e

with Scientific Applications 2020  Libraries applications

1. Introduction to Python | 10.Functions as objects 19. Linear programming

2. Python basics / if 11.Object oriented programming| 20. Generators,iterators, with

3. Basic operations 12.Class hierarchies 21.Modules and packages

4. Lists / while / for 13. Exceptions and files 22.\Working with text

5. Tupled comprehensions| 14. Doc, testingdebugging 23.Relational data

6. Dictionaries and sets 15. Decorators 24. Clustering

7. Functions 16. Dynamic programming 25. Graphical user interfaces (GU
8. Recursion 17.Visualization and optimization 26.Java vs Python

9. Recursiomand Iteration | 18. Multi-dimensional data 27. Finalecture

www.cs.au.dk-gerth/ipsa20d



https://www.cs.au.dk/~gerth/ipsa20/

Why Python ?



TIOBE InddXdovember2020

Nov 2020 Nov 2019 Change Programming Language Ratings Change
1 2 C 16.21% +0.17%
2 3 Python 12.12% +2.27%
3 1 v Java 11.68% -4.57%

4 4 C++ 7.60% +1.99%
5 5 C# 4.67% +0.36%
6 6 Visual Basic 4.01% -0.22%

7 7 JavaScript 2.03% +0.10%
8 8 PHP 1.79% +0.07%
9 16 R 1.64% +0.66%
10 9 v SQL 1.54% -0.15%

The TIOBE Programming Community index is an indicator giojndarity of programming language$he index is updated once a month. The ratings are based on the number of skille
engineers worldwvide, courses and third party vendors. Popular search engines such as Google, Bing, Yahoo!, Wikipedia,cAmalzerand Baidu are used to calculate the ratings. It is
important to note that the TIOBE index is not about thestprogramming language or the language in whiobst lines of codbave been written www.tiobe.com



Popularityof programming languages
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https://www.youtube.com/watch?v=Og847HVwRSI

TwoPythonprograms



A Python program
Memory

> xX=7
> print(X * X)
| 49

A7 is anintegerliteralcA Yy t @0 K2y iMRSY20SR |y a*|f
Ax is the name of aariablethat can hold some value
A= is assigning a value to a variable

A* denotes multiplication

Aprint is the name of a buiin function
here we calprint  to print the result of 7*7

AA program consists of a sequencesti#tements executed sequentially




Questionc What Is theresultof this
: ro= ram?
Python shell

> Xx=3

> y=5
> X=2
> print(X * y)

a) 10 olex{3
b) 15
c) 25
d) [15, 10] newx | 2
e) Error
f) 5 2 ykoiw

Memory




Another Python program using lists

> a=[13, 27,7, 42]
> print(a)

| [13, 27,7, 42]

> print(a[2])

| 7

A[ 13, 27,7, 42

ANote thatprint

] is alist containingfour integers

Aa[2] refers to the entry in the list witindex2
(the first element has index O, 1.a[2]

also can print a list

is the 39 element of the list)

Memory

| 13

27

42

a[0]
a[1]
a[2]
a[3]



Questionc What Is theresultof this
program?

Memory
> a=[3,5,7]
> print(a[l] + a[2])

a) 8 | 3 |al0]
b) 10 al| 5 |al]

c) 12 L7 el
d) 15

e) 5 2 ykebiv




1+ 24 Wi

Import sys

n= Int (sys.argv

sum =20

foriinrange(1, n + 1):
sum +=i

print("Sum = %d" % sum)

#include < stdio.h >
#include <  stdlib.h >

[1])

int argv []) {

int

main( int argc , char*
n= atoi (argv [1]);

int  sum = 0;

for( Iint i=1;i<=n; i++)
sum +=1i;

printt  ("Sum = %d\ n", sum);

}

add.cpp

#include < iostream >
#include < cstdlib >
using namespace  std ;

int
int

main( int argc , char *
n= atoi (argv [1)]);

iInt sum = 0;

for(  Iint i=1;i<=n;i++)
sum +=1i;

cout <<"Sum ="<<sum <<

argv )

}

{

endl :

class Add{
public static void main(String

Int n= Integer.parseint

int  sum = 0;

for(  Iint I=1; i<=n; i++)
sum +=i;

System.out.println ("Sum =

args [I{
(args [0]);

+ sum);




Timing results

Python

/

N

n Cg@cco.2) C++jnt(gt+9.20 C++Jong (g++ 9.2 ) Java (12.0) Python(3.8.1) PyPy(7.3.0) Numba int64

10’ 0.001 set 0.001 set 0.003 sec 0.006 set 1.5 sec
10° 0.10 set* 0.10 set* 0.30 sec 0.40 set* 145 sec

0.27 sec 0.002 sec
27sec 0.2 sec

Wrong output (overflow)
* -2004260032 instead of 50000005000000
**-243309312 instead &F00000000500000000

Havefun
debugging

- sinceC, C++, and Jawaly uses32 bits torepresentintegerso Y R ¢ n 0 Antegerg ¥ 2 NJ €

Bit 666666 66665555555555444444444433333333 33222222222211111111110000000000
position 987654 32109876543210987654321098765432 10987654321098765432109876543210
bin(10*+9) 111011100110101100101000000000

bin(50000005000000) 10110101111001 10001000100010010110101101000000
bin( - 2004260032 + 2 **32) 10001000100010010110101101000000
bin(500000000500000000) 110111100000101101101011001 11110001011111110110010100000000
bin( - 243309312 +2 **32) 11110001011111110110010100000000

Try Gooqle: civilizatiopandhioverflow



https://www.google.dk/search?q=civilization+gandhi+overflow

Timing results Python

r A

n C@cco.2) C++int(g+t+9.2) C++Jong (g++ 9.2) Java (12.0) Python(3.8.1) PyPy(7.3.0) Numba int64

10’ 0.001 set 0.001 set 0.003 sec 0.006 set 1.5 sec 0.27 sec 0.002 sec
10° 0.10 set* 0.10 set* 0.30 sec 0.40 set* 145 sec 27sec 0.2 sec

A Relative speed

CF | bb B WI &1
A C, C++, Java need to care about integer overftpsedect integer representation carefully

with sufficient number of bits (8, 16, 32, 64, 128)

A Python natively works with arbitrary long integers (as memory on your machine allows).
Also possible in Java using the clasa.math.Biglnteger

A Python programs can (sometimes) run faster ustygy

A Number crunching iPythonshould be delegated tepecialized modules (e.dNumpy;
CPLEX\lumba)¢ often written in C or C++



Why Python ?

AShort concise code

Alndex out of range exceptions

AElegant foreach loop
AGarbagecollection is done automatically
AExact integer arithmetic (no overflows)

ACan delegate number crunching to C, C++:



History of Python development

APython created byuido varRossunin 1989 first release0.9.0 1991

APython 2A Python 3(clean up of Python 2 language)
¢ Python 2¢ version 2.0 released 200fnal version 2.7 released miD10
¢ Python 3¢ released 2008, current release 3.8.1

APython 3 is1ot backward compatible, libraries incompatible

Python 2 Python 3

print 42 print(42)

int = C long (32 bits) int = arbitrary number of digits (¢ YSR af 2y 3¢ |AYy t
7/13A H NiBtél dzNY & a 7/13A 2333..NBlUdz2Nya GFt2110¢

range() returnslist (memoryintensive) range() returns iterator (memory efficiemtangein Python 2)

100th episode of Talk Python We: Python past, present, and future with Guido vdRossum



https://talkpython.fm/episodes/show/100/python-past-present-and-future-with-guido-van-rossum
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P-cumentation Community

Functions Defined

The core of extensible programming is defining
functions. Python allows mandatory and optional
arguments, keyword arguments, and even arbitrary

“ument lists. bout defining functions in

Python.org e

Python is a programming language that lets you work quickly
and integrate systems more effectively. »»» Learn More

O Get Started &% Download Docs & Jobs

Whether you're new to
programming or an
experienced developer, it's
easy to learn and use
Python.

Start with our Beginner's
Guide

Python source code and
installers are available for
download for all versions!
Not sure which version to
use? Check here.

Latest- Python 3.6.4 -
Python 2.7.14

Documentation for Python's
standard library, along with
tutorials and guides, are
available online.

docs.python.org

Looking for work or have a
Python related position that
you're trying to hire for? Our
relaunched community-
run job board is the place
to go.

jobs.python.org




InstallingPython

@, Welcome to Python.org P -
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About Downloads Documentation

@ Download Python | Python.org X [iad

< C' | @ & Python Software Foundation (US) | https;
& GTD IPSA1S

python.org/downloads/ B « @ & » =

Python

# Python Releases for Windows

e python” N

£ GTD [ IPSA18

P+

(@ @ Python Software Foundation (US) | https://www.python.org/downloads/windows/ el ¥ » =

['BANANA", 'APPLE', 'LIME'] About Downloads Documentation

Python Releases for Windows

Download the latest version for Windows

Download Python 3.6.4 Download Python 2.7.14

PYthon isa Programming le Wondering which version to use? Here’s more about the diff 9 r

[(e, 'Banana'), (1, 'Apple’), (2, 'Lime')] = Latest Python 3 Release - Python 3.6.4 g‘, Python 3.6.4 (32-bit) Setup

= | atest Python 2 Release - Python 2.7.14

Python 2 and 3.

and integrate systems r

Download Windows x86 executable installer Customize to enable or disable features.
Download Windows x86 embeddable zip file

Looking for Python with a different 052 Python for Windows, Linux/UNIX, M|
0S X, Other

Download Windows x86-64 web-based installer

@ Install Now

Want to help test development versions of Python? Pi

Download Windows x86-64 executable installer

Download Windows x86-64 embeddable zip file

= Download Windows help file @
= Python 3.6.4 - 20 B

= Download Windows x86 web-based installer

Includes IDLE, pip and documentation
Creates shortcuts and file associations

— Customize installation

= Download Windows x86 embeddable zip file Choose location and features

= Download Windows x86 executable installer

= Download Windows x86-64 web-based installer

= Download Windows x86-64 executable installer

= Download Windows x86-64 embeddable zip file

= Download Windows help file I M PO RTAN

dd Python 3.6 to PATH

= Python370a4- 2018-01-09 Install Python 364 (32—b|t)

Download Windows x86 web-based installer Select Install Mow to install Python with default settings, or choose

C\Users\au121\AppData\Local\Programs\Python\Python36-32

Install launcher for all users (re ended)

Cancel




Running the Python Interpreter

Command Prompt

p Microsoft Windows [Version 18.6.14393] ~
Q O en CO nd Pro t (c) 2016 Microsoft Corporation. All rights reserved.
p p C:\Users\aul2l>
( y [ Microsoft Windows [Version 18.6.14393]

pu A e (c) 2016 Microsoft Corporation. All rights reserved.
ACe LS alLluK2z2yée b

Command Prompt - python

C:\Users\aul2l>python

Python 3.6.4 (v3.6.4:d48eceb, Dec 19 2017, ©6:64:45) [MSC v.196@ 32 bit (Intel)] on win32

Type "help", "copyright", "credits" or "license" for more information.
7z
A Start executing o

Command Prompt - python

Pyth O n State m e nts Microsoft Windows [Version 16.8.14393]

(c) 2016 Microsoft Corporation. All rights reserved.

C:\Users\aul2l>python

Python 3.6.4 (v3.6.4:d48eceb, Dec 19 2017, ©6:84:45) [MSC v.190@ 32 bit (Intel)] on win32

Type "help", "copyright", “credits" or "license" for more information.
>>> print(6%5+3*4)

42

>>>

ATo exit shell:
CtrkZ + returnor

exit() + return




Some othewusefullpackages

ATry installing some more Python packages:

pip install numpy linear algebra support dimensional array)s
pip install scipy numericalintegration andoptimization
pip install matplotlib 2Dplotting library

pip install pylint Pythonsource codanalyzer enforcing coding standard



Creating a Python program the very basic way

my-first-python-program.py - Notepad — d X
File Edit Format View Help
X =3
y =4

print(x * y)|

Ln 1, Col 1

A Open Notepad
A write a simple Python program
A save it

A Open a command prompt
A go to folder (using cd)

A run the program using
python <program name>. py

BE® Command Prompt

Microsoft Windows [Version 10.6.14393]
(c) 216 Microsoft Corporation. All rights reserved.

C:\Users\aul2l>cd Desktop

C:\Users\aul2l\Desktop>dir
Volume in drive C is 0SDisk
Volume Serial Number is 3CDB-96D8

Directory of C:\Users\aul2l\Desktop

-91-2018 16:45 <DIR>

-01-2018 16:45 <DIR> -

-91-2018 16:40 <DIR> ipsal8

-01-2018 16:44 26 my-first-python-program.py
1 File(s) 26 bytes
3 Dir(s) 420.462.858.240 bytes free

W w w w
000

C:\Users\aul21\Desktop>python my-first-python-program.py
12

C:\Users\aul2l\Desktop>




... or open IDLE and run program with F5

L& my-first-python-program.py - C\Users\au12 1\Desktop\my-first-python-program.py (3.6.4) — L] X
File Edit Format Run QOptions Window Help

x =3

y = 4

print (x * y}l

Ln:3 Col 12

| & Python 3.6.4 Shell — O X

File Edit Shell Debug Options Window Help
Python 3.6.4 (v3.6.4:d48eceb, Dec 19 2017, 06:04:45) [MSC +.1900 32 bit (Intel)] on win32
Type "copyright", "credits"™ or "license()"™ for more information.

>>>
========= RESTART: C:\Users\aul2l\Desktop\my-first-python-program.py =========

Ln: 6 Col4




ThePythonEcosystem

A Interpreters/compiler
¢ CPython ¢ referenceCimplementationfrom python.org
¢ PyPy ¢ written in RPython(a subsetof Python ¢ fasterthan Cpython
¢ Jython ¢ written in Java andompilesto Javabytecode runs on the JVM
¢ lronPython ¢ written in C#,compilesto a A O N Goghifiadh Oanguage Runtime (ChyRecode
¢ Cython C projecttranslatingPythonishcodeto C

A Shells [Python, IDLE)

A Libraries/moduled packages
¢ pypi.python.orgpypi(PyPF the Python Packagadex, +200.000 packages)

A IDEgqIntegrated development environment)

IDLEcomes with Pythondocs.python.org/3/library/idle.html)
Anaconda wSpyderIPython(www.anaconda.com/download)
Canopy (enthought.com/product/canopy)

Python tools for Visual Studio (github.com/Microsoft/PTVS
PyCharnm{www.jetbrains.com/pycharm/)
EmacsRythonmode andElPymode)

Notepad++

A Python Styleguide (PEPS8)
¢ pylint, pep8, flake8

N NDA N NN N NN



Pythonbasics

AComments

A¢ T €
AVariablenames
Aint, float, str

Atype conversion
Aassignment(=)
Aprint(), help(), type()



Python comments

I Y1 Q AYRAOFOSE& GKS 0S3IAYYAYy3d 27
IS ignored by Python.

X =42 # and here goes the comment

Comments useful to describe what a piece of code Is supposed to do,
what kind of input Is expected, what is the output, side effects...



’\ V4
L]

¢CKS aT&g AYy teuKzy

EX® Command Prompt — O X

Microsoft Windows [Version 10.8.14393]
(c) 2016 Microsoft Corporation. All rights reserved.

A N O rm aI |y State m e ntS fo I I OW i n C:\Users\aul2l>cd Desktop

C:\Users\aul2l\Desktop>pylint semicolon.py

Consecutive |ineS With identical Nocon-Flg file found, using default configuration

FrERkREEEeerr Module semicolon

indenta‘tion : 1, 8: Missing module docstring (missing-docstring)

: 1, 8: Constant name "x" doesn't conform to UPPER_CASE naming style (invalid-name)
: 1, 7: More than one statement on a single line (multiple-statements)
X — 1 : 1, 7: Constant name "y" doesn't conform to UPPER_CASE naming style (invalid-name)

y p— 1 Your code has been rated at -10.08/16
A but Python aISO aIIOWS mUItIple :e;gzgzzga:ifzi\ges:;g?:iitle:er:i:iiﬁ;zi on one line (semicolon)
Sta,'\tements On ODevline’ C:\Users\aul21\Desktop>
aSLI N USR 0¢ée [aTe
x=1;y=1 - | neitherpylintorflake8t A { S aTé€

AGeneral PythoPEP @uidelinead2 A R dza Ay 3 A TE
AhOKSNI fIy3dz2r3sa tA1S /2 /bbb YR WI @I



https://www.python.org/dev/peps/pep-0008/

Variable names
AVariable name = sequencelefters W Q0 QT 1@ Y@ Q IindérsédreW P !

v, Vvolume , height of box , WidthOfBox ,x0,  v12 34B,
(snake casg CgmelCase

C a name cannot start with a digit
C names are case sensitiveR, Ab, aB andab are different variables)

AVariable names aneferences to objects in memory
AUse meaningful variables names

APython3 reserved keywordsand, as, assert ,break ,class ,continue ,def,
del ,elif ,else ,except ,False ,finally ,for ,from ,global ,if ,import ,in,
Is ,lambda ,nonlocal ,None,not ,or,pass,raise ,return ,True , try ,while |,
with ,yield



Questionc Not a valid Pyton variabieme?

a) print
b) for
c) 100

o)X
€) - I i
|

T back Il last):
f) pyth O n_fo r_eve r raFCi:ee a<C st(dni]r? St>r'fclzi?1r: f ,ain i?r?odule>
g) 5 2 ykQoiwv

TypeError :' int 'objectis not callable

print is a valid variable name, with default value a
builtin functionto print output to a shelk assigning
a new value t@rint is very likely a bad idea
(like many othersum, int ,str , ...)



Integerliterals

Ve

A....-4,-3,-2,-1,0,1,2,3,4 ....

APython integers can have an arbitrary number of digits
(only limited by machine memory)

ACan be preceded by a pl(#s) or minus {)

AFor readability underscores ) can be added between digits,
2 147 483 647

(for more, see?EP 515Underscores itNumericLiteral9



https://www.python.org/dev/peps/pep-0515/

Questionc What statementwill not fail?

a) x=_42

by 10= -11
c) x=1 0
d x=+1 0_

e) 52y QiU VY29



Floatliterals

ADecimal numbers are represented using

floatcO2yiaF Ay dadé 2N aS
AExamples
¢ 3.1415
c -.00134
c 124e3 =124 A10°3
C-2.345e2 = -2345
¢ 12.3e -4 = 0.00123
A Ioat_s are often only approximations,
e.qg.0.1 isnot1/10
AExtreme valuesGPythor3.8.1)
¢ max =1.7976931348623157e+308
¢ min = 2.2250738585072014898
ANB: Use modul&ractions  for exact

fractions/rational numbers

Python shell

>

>

>

>

\

— V—V V—V—V—V YV \V—/YV

0.1+0.2+0.3
0.6000000000000001
(0.1 +0.2) +0.3
0.6000000000000001
0.1 + (0.2 + 0.3)
0.6

type(0.1)

<class 'float'>
1e200 * 1e300
inf

0.1+(0.2+0.3) ==
False
x=0.1+0.2
y=0.3

X==y

False

print(f{ x:.30f}) # 30 decimals
0.300000000000000044408920985006
print(f'{ y:.30f}) # 30 decimals
0.299999999999999988897769753748
import sys
sys.float_info.min
2.2250738585072014e
sys.float_info.max
1.7976931348623157e+308

(0.1+0.2)+0.3

- 308




Questionc WhatadditionorderA dest K

a) lel0O+1e -10+ -5e-12+ -1el0
b) 1e10 + -1lel0+1le -10+ -5e-12 1010 =  ~10000000000
c) le-10+1el0+ -1el0+ -5e-12 eeaas 0000000005

d -5e-12+ -1el0+1el0+1e -10

e) Any orderlls equally good Python shell

fy 52y Qu 1Yy2g > 1el0+1e -10+ -5e-12+ -1el0
0.0

> 1el0+ -1el0+1e -10+ -5e-12
9.500000000000001e - 11

> le-10+ 1el0 + -1el0+ -5e-12
-5e-12

> -5e-12+ -1el0+ 1el0 + le -10

le-10

a) - d) give four different outputs




pi_approximation_riemann.py

Approximating apx = 0.0
_ k=0.0
=3.14159265359... WhilekTr_uE:”O
apx = apx + 1.0 / (k * K)
print(k, apx)

04906261.0 1.6449340578345741
04906262.0 1.6449340578345744
M®Pcnn dgo ® P C C 94906263.0 1.6449340578345746
94906264.0 1.6449340578345748
94906265.01 .64493467834575
94906266.0 1.644934057834575
Riemann zeta functiqu) 94906267.0 1.644934057834575
94906268.0 1.644934057834575
94906269.0 1.644934057834575
94906270.0 1.644934057834575

S
5o

This is not a course in numeric computatiaisut now you are warned....




t @0 K2y F-152double precikiéh9 9

AA binary number is a number in base 2 with digits/bits from {0,1}
10110 =21 40 317 410 W0l H=16+4+2=22,,

t t
AIEEE754 64bit double

+1 00111011010111001110101010101010101010101010111C 100101010110(0)10001111001010111100111010101011111010110011

e 1023 bits 2'6
Python shell

Floatvalue Case > 16200 * 1200
) .. ' 5D 1023 inf
(-1)1 @i ©F H 0 <e< 2047 d '_”16200*16200
(_1)5'[ cl C10ﬂ|4 e= O,CI" 1 - inf
> le-200*1e -200
+0 and-0 e=0,c=0 0.0
b k and e=2047c=0 ol 2
y .'. - A ’ > 1e200 * 1e200 * 0.0
NaNo a y 2 i/ dzY 6 SSNB,a= 2047¢cr e

(*most often, but there is no guarantee given in the Python language specification that floats are representeé &g


https://en.wikipedia.org/wiki/IEEE_754

Stringliterals(typestr )

ASequencef charactersenclosedy
single () or double () quotes

"a' quoted ' word" “Hello World" ‘'abc

‘a" quoted " word' " " \ '
AEscapeharacters

\n newline

\ t tab

\\ backslash

\ singlequote

\ " doubleqguote

AA backslash () a the end of line,
will continueline/stringon nextline

AUsetriple single or doublgjuotes(™ or""")
for enclosingstringsspanningmore lines

(in particularfor PythonDosctringsseePEP 25y

print("abc")
print('de  \'f")
print("'ghi™)
print("mn \
0")
print("p

$ python string
abc

de'f

“ghi "

ik

o

mno

p\q r

print("jk \ nl'

\\ g\ tr)

\ ")

- test.py



https://www.python.org/dev/peps/pep-0257/

Questionc Whatdoesthe followingprint ?
print (" \\\"\\n\n")

a) \\\"\\n\n'
b) \"\nn'

) ¢ \"\n

d "nn'
e) \"

) 52y QU 1Yy29



Longstringliterals

ALong string literals often need to be
split over multiple lines

Aln Python two (or morestring literals
following each othewill be treated as
a single string literal (they can use
different quotes)

APuttingparenthesisaround multiple
literals allows line breaks

AAdvantages:
¢ avoids the backslash at the end of line
C can use indentation to increase readabilit
¢ allows comments between literals

long - string - literals.py

sl=" abc'" def" #two string literals

print(sl)

s2="rmm # avoid escaping quotes
print(s2)

s3 ='this is a really, really, really, \

really, really, long string'

print(s3)

s4 = ('thisis areally, really, '
‘really, really, really, '

'long string' )
print(s4)
very_very long_variable_name = (
'this is a really, really, ' #line 1
'really, really, really, ' # line 2
"long string" #line 3
)
print(  very very long_variable name )
Python shell
| abcdef

| thisis a really, really, really, really,
really, long string

| this is a really, really, really, really,
really, long string

| this is a really, really, really, realy
really, long string




Raw string literals

ABY prefixing a string literal with an the string literal will be
considered aaw stringand backslashdsecomeliteral characters

AUseful in cases where you actually need backslashes in your strings,
SPIP g KSY g 2 NJregyad exgressio mddeal K2 Yy Qa

Python shell

> print"  \let \epsilon \varepsilon) # \ v =vertical tab
| \let \ epsilon

arepsilon
> print" \\let \\epsilon \\varepsilon’) # many backslashs
| \let \epsilon \varepsilon
> print( r'\let \epsilon \varepsilon') # more readable
| \let \epsilon \varepsilon



https://docs.python.org/3/library/re.html

print(...)

> print()
Aprint  can print zero, one, or more values |> print(7)
7
Adefault behavior > print(2, ' Hello ")
¢ print a space between values : Zr'i'r']f(ugo -
¢ print a line break after printing all values g a4
Adefault behavior can be changed kgyword |} gmg, a4 sep=1)
argumentsosepa I gh&Ra « > print(5); print(6)
5
6

> print(5, end=","); print(6)
5,6




print(...) andhelp(...)

> help(print)

Help on built - in function print in module builtins

print(...)
print(value, ..., sep="", end=' \ n', file= sys.stdout , flush=False)
Prints the values to a stream, or to sys.stdout by default.
Optional keyword arguments:
file: a file - like object (stream); defaults to the current sys.stdout
sep: string inserted between values, default a space.
end. string appended after the last value, default a newline.
flush: whether to forcibly flush the stream.




Assignments

Avariable=expression
X =42

AMultiple assignments right hand side evaluated before assignment

X,¥,2=2,5,7
AUseful for swapping

X, Y=Y, X

AAssigning multiple variables same value in
left-to-right

X:y:z:7

i =1
i = v[i] =

Warning

3 # Vv[3]is assigned value 3

In languages like C and C++ instead

I

v[1] is assigned 3




Python is dynamically typed, type(...)

AThe current type of a value can be
Inspected using théype() function

(that returns a type object) > x=1

, > type(X)
AlIn Python the values contained in a variable || <class' ‘int *>
over time can be of different type : ?y;e'(jg”o

Aln languages like C, C++ and Java variables || <class' str *>

are declared with a given type, e.g. > type(42)
: <class' int '>
Nt x=42; > type(type(42))

and the different values stored in this <class type

variable must remain of this type




Type conversion

Python shell
i > float(42) &
AConvertavalueto || #2° S8
another type: | 7 &
> x=7
> print("x ="+ X)
Traceback (most recent call last):
nevv—type(value) File "< stdin >", line 1, in <module>
TypeError : must be str ,not int
A - > print("x ="+ str (X))
ASometimes done = 7
automanca”y: > print("x ="+ str (float(x)))
x=17.0
> int ("7.3")
Traceback (most recent call last):
File "< stdin >", line 1, in <module>
_ _ ValueError :invalid literal for
1.0+7=1.0+float(7)=8.0 > int (float("7.3")
5

int () with base 10:'7.3'




Questiong str (float( int (float (7.5 ")) ?

a) /

b) 7.0

C) 7.5

d)"7"
e)"7.0°

f) "7.5"

)52y QU (Yy29



Control structures

Ainput()
Aif-elif-else
Awhile-breakcontinue



INnput

AThebuiltin functioninput( messagg prints messageand waits for

the user provides a line of input and presses return. The line of input
IS returned as atr

Alf you e.g. expectnput to be anint , then remember to convert the
iInput usingint ()

name- age.py

name = input('Name: ")

age = int (input('Age: "))
print(name, 'is', age, 'years old’)
Python shell

> Name: Donald Duck

> Age: 84

| Donald Duck is 84 years old




Branching; do either this or that ?

Code before

I
v

make decision ?
booleanexpression

Tru/ \:Aalse

do this do that
N\ /

Code after




Basiaf-else

If booleanexpression

'code
dentical
indentation COde : b
d If X % 2 == 0:
.code print(  even’)
else gl
) 9 print(’ odd")
code
identical
indentation | code
_code

Identical indentation for a sequence of lines = the same spaces/tabs should precede code



pass

A pass is aPythonstatementdoingnothing. Carbe usedwherea
statement isrequiredbut youwantto skip €.g codewill be writen later)

A Examplgbadexample sinceelse couldjust be omitted):

if - else.py
if X% 2 == 0:

print even'’)
else :
pass




If-elif-else

If condition
code
elif  condition #zeroor moreéelfi St as
code
else : #optional
code
if ( condition ) {
code
} else if( condition ) {
code
} else {
code L - -
Other languages using indentation for blocking:
J C, C++ t
} e =0 aXABC (1976ccam(1983), Miranda (1985)

if x ==0:

print‘  zero )
If - else.py
ifx % 2 == 0:

print( 'even')
else

print( ' odd')
elif.py
if x <O:

print('negative’)
elif x==0:

print(  zero )
elif x==1.

print(' one’)
else

print('>= 2"




Questions; What value Is printed?

« =1 a) 1
if x == 2: b) 2
X=x+1 C) 3
else:
X =X+ 1 d)4
X =xX+1 e) 5
X=x+1

print(x) f) o 2 )/ Qi 1. )f 2



Nested Hstatements

if x <O:
print('negative’)
elif x%2== 0:
if x ==0:
print" zero )
elif x==2;
print('  even prime number’)
else :
print(' even composite number’)
else :
if x == 1.
print‘  one’)
else :
print‘  some odd number")




If-elseexpressions

AA very common computation is

T test think of this as th
— _ - INK of this as the
Slse X true-expression 602YY2y O 3 Ly R G
' GSEOSLIIAZ2Y Ol aS¢

X = falseexpression

Aln Python there is a shorthand for this:
/ \ 4
X = true-expressionif test else falseexpression

(see2 KI 1 Q& b S g PEP 0EonditBnalExpédgsions

Aln C G-+ and Java the equivalent notation is (note the different order)
X = test ? true-expression:. falseexpression


https://docs.python.org/2.5/whatsnew/pep-308.html

Repeat until done

Code bhefore

o

repeat ?
booleanexpression

True

False

>

do it once more

\ 4

Code after




while-statement

while condition
code

break # jump tocodeafter whileloop

continue # jump toconditionat the
# beginningof while loop

x=1

while x <=5:
print(x, end="")
XxX= x+1

while

code Python shell

}

( condition ) { print(‘and’, x)

Java, C, C++ syntax | 12345and6

The functionrandint (a, b) from
modulerandom returns a random
integer from {a, a + 1,...,41, b}

random - pair.py

from random import randint
while True:

x = randint (1, 10)

y = randint (1, 10)

if abs(x - y)>=2:
break
print('too close’, X, y)
print(x, y)
| too close 4 4
| too close 10 9

| 85




Computing+/e| using binary search

An exercise asks to
simplify thecode

N

x =20
low =0
high = x + 1 o
while True: #low<= sqgrt (x) < high Integer division
if low + 1 == high: lhi gzlh OJ\N
break —
mid = (high + low) // 2 —
|fm|d*m|d<_:x: —_— mi d V&
low = mid — &
continue : ‘
d
high = mid mi 4w
print(low) # low = floor( sgrt (X))
low Mid [Ve| oo Ve
0 high OO
: \‘ol——c/ : : oy P
o o
o o
s



Division using the NewtelRaphson method

AGoal:Computel / nonlyusing+,-, and *
Ax=1/n f(x)=ng1l/x=0
AProblem reduces to findingpot of f
ANewton-Raphson:
X :=%F 0 E U0 K - Q/R)ELK?) F(2yE E
sinceT Q0 E ¥ foll f(x)v= nkl / x

A
. _f(X)
XCFOEU QO EV
: >

./ ‘next approximation

/ (X, f(x)) current approximation

n=0.75 #nin[0.5, 1.0]

x=1.0
last = 0.0
while last < x:
print(x)
last = x
X=(2 - n*x)*x

print( Apx of 1.0/, n,'=, X)
print('Python 1.0 /', n, '=', 1.0 / n)

Python shell

| 1.0

| 1.25

| 1.328125

| 1.33331298828125

| 1.3333333330228925

| 1.3333333333333333

| Apx of 1.0/0.75 = 1.3333333333333333
| Python 1.0/ 0.75 = 1.3333333333333333

en.wikipedia.org/wikib S g 1 2 v Qa



https://en.wikipedia.org/wiki/Newton's_method

Operations

ANone, bool
Abasic operations
Astrings

A+= andfriends



NoneType

AThe type None has only one validone

AUsed when context requires a value, but none is
really available

, |
AExample All functions must return a value. The >X: fint (42)
functionprint  has thesideeffectof printing | 42 P
something to the standard output, but returns > print  (x)
None | None

AExample Initialize a variable with no value, e.g. list
entries mylist = [None, None, None |



Namedafter mathematicianGeorgeBoole(18151864)

Type bool

AThe typebool only has two valuestrue andFalse

ALogic truth tables:

xory | True False xandy | True False X | not X
True | True True True | True False True | False
False | True False False | False False False| True




Scalar vs Noescalar Types

AScalartypes (atomic/indivisible)int ,float , bool , None
ANon-scalar Examplesstrings  andlists

"string”[3 ] ="i"
2,5,6,7][2] = 6



Questions; What 19[7,3,5][[1,2,3][1 N ?

a)l
) 2
c) 3
@ d)5
e)’
52y Q0 (Y29



Operations onnt and float

Result is float If and only if at least one argument is float,
except ** with negative exponent always gives a float

A+, - ,* addition multiplication, e.g3.0*2 =6.0
A* andpow(x,y) power, e.g2**3=pow(2,3)=8 ,2** -2=0.25

Al ineger divisiors Ex)

e.g 15.0//4= 3.0 . Note:-8//3= -3 [. 04/01

A/ division returns float6/3=2.0 - @t

Aabs(x) absolute value . G

A%integer division remainder (modulo) |> 03101
11%3=2 | 3o
4.7%0.6 =0.5000000000000003 Overoutor ntegerdvisin




Running time for 3**x // 3**x

Computing 3**x // 3**x

50 A

A
=
i

(seconds)

Working with larger integers
takes slightly more than linear.
time in the number of digits

Ime
Lt
=

I
]

Pd
=
i

computation t

=
=
|

T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50
X led



integer - division - timing.py

from time import time
import  matplotlib.pyplot as plt

bits, compute_time =], []

for iin  range (42):

X = 3** [ 2**i
start =time()
result = 3**x /[ 3**x # the computation we time

end =time()

t= end - start

print  ("i=",1, "x =", x," Result =", result ,"time( sec)=",1)
bits.append  (X)

compute_time.append  (t)

plt.title (‘Computing 3**x /I 3**x")
plt.xlabel ('x")

plt.ylabel (' computation  time ( seconds )
plt.plot  (bits, compute_time , "g:")
plt.plot  (bits, compute_time , "ro")

plt.show ()




module math

alyé addlyRFENR YIGOGKSYFOGAOIf ¥Fdzy Omatrxya Sl

sgrt, sin, cos, tamsin acos atan, log(natural), log10exp, cell, floor, ...

ATo use all the functions from the math module usgort math
Functions are now available as extath.sqrt (10 ) andmath.ceil (7.2)

ATo import selected functions you instead writem math import sgrt , cell
AThe library also contains some constants, e.g. n o

math.pi = 3.141592... anthath.e = 2.718281...
ANote:x ** 0.5 significantly faster thasgrt (x) | 3.0000000000000004

> math.ceil ((0.1+0.2)*10)
AN

docs.python.orqg/3/library/math.html



https://docs.python.org/3/library/math.html

Python shell

>

— VvV V™/V—™V V™YV

\Y/

Import math
math.sqrt(8)
2.8284271247461903
from math import pi,
o]
3.141592653589793
sgrt (5)
2.23606797749979
from math import
kvadratrod(3)
1.7320508075688772

sgrt

sgrt as kvadratrod

import timeit

timeit.timeit ("1e10**0.5")
0.021124736888936863

timeit.timeit (" sqgrt (1el10)", "from math import
0.1366314052865789

timeit.timeit (" math.sgrt (1e10)", "import math")

0.1946660841634582

sgrt ")

docs.python.org/3.6/library/timeit.htm|



Rounding up
Integer fractions
APython: x/y

=- (- xlly)

- (-13/3)
Python Java C
-(-13/13) | -(-13/3) |-(-13/3)
=5 =4 =

he Intermediate resulk/y in

math.ceil  (x/y)
IS a float with limited precision
AAlternative computation:

Xly =(Xx+(y -1))ly

Python shell

>
>

>

from math import ceil

from timeit import  timeit
13/3

4.333333333333333

13//'3

4

-13//'3

-5

-(-13/13)

5

ceil(13/3)

5

- (- 22222222222222222223 [/ 2)
11111111121111122111222

ceil (22222222222222222223 ] 2)

11111111171111111 0656

timeit (‘ceil(13/ 3)", 'from math import ceil’)
0.2774667127609973

timeit (" -(-13//3))
0.05231945830200857

# negation trick is fast




floats : Overflowinf, -inf, nan

AThere exists special float values

inf ,-Inf ,nan
NI LJNJS a S 3/u 7& )Z)Eyﬁ“ﬂﬁaM/GF

ay2d | ydzyo SNE

ACan be created using e.g.
float(' Inf '
or imported from themath module

EE =

V. V—™V—YV

ASome overflow operations generate an
OverflowError . other r_eturnlnf and
allow calculations to continue !

ARead thd EEEF54 standardf you want to

know more details... A

>

V

1e250 ** 2
OverflowError
(34, 'Result too large')
1e250 * 1e250

inf

- 1e250 * 1e250

- Inf
import
math.inf
inf

type (math.inf)
<class ' float '>
math.inf / math.inf
nan

type ( math.nan )

math

<class ' float '>
math.nan == math.nan
false

float (' inf ) - float

nan

Python shell

(¢ inf )



https://en.wikipedia.org/wiki/IEEE_754

Operations on bool

A The operationsind, or , andnot behave as expected when the arguments Badse /True.
A The three operators also accept other types, where the following values are consfdésed

False, None, 0O, 0.0, "™, ] s

(see The Python Standard Librarg.2. True Value Testirigr morefalsevalues)

A Shortcircuitevaluation The rightmost argument afnd andor is only evaluated if the result
cannot be determined from the leftmost argument alone. The result is either the leftmost or
rightmost argument (see truth tables), i.e. the result is not necesdaailse /True .

True or 7/0 IS completely valid since 7/0 will never be evaluated
(which otherwisewould throw a ZeroDivisionErroexception)

X X ory X X andy X not X

false y false X false True
otherwise X otherwise y otherwise | False



https://docs.python.org/3/library/stdtypes.html#truth-value-testing

Question What I1S'abc" and 42 7

a) False
b) True
c) "abc”
d) 42
e) TypeError
) 52y QU 1Yy26



Comparison operators (eligt, float, str)

Python shell

' i > 3==7
== test if two objects are equal, returns bool el
not to be confused with the assignment || 7ue

operator (=) 1= -1
True
1= not equal " abc” == "ab" + "c"
True
2<=5
True
-5>5
False
1==1.0
True
1 ==1.0000000000000001
True
1 == 1.000000000000001
False

\

— V™ V— VT V—V—YV




Chained comparisons

AA recurring condition is often
X<yandy<z

Alfy is a more complex expression, we would like to avoid computitvgce, i.e. we often
would write
tmp = complex expression
X< tmp and tmp <z

AlIn Python this can be written ascaained comparison@vhich is shorthand for the above)
X<y<z

ANote: Chained comparisons do not exist in C, C++, Java, ...



Question What 1s1 < 0 < 6/0 ?

a) True
b) False
c) O
d 1
e) 6
f) ZeroDivisionError
9)52y QU 1y26



Binary numbers and operations

ABinary number = integer written in base 2: 101032,

APython constant prefix 0l2b101010 A 42
Abin(x) converts integeto string:bin(49 ) A "0Ob110001"
Ai nt (x,2) converts binary string value to integént ("0b110001",2 ) A 49

ABitwise operations
| BitwiseOR
& Bitwise AND
~ Bitwise NOT~x equalstoi x - 1)
N BitwiseXOR

AExamplebin(0b1010 | 0b1100 ) A "0b1110"
AHexadecimal = base 16, Python prefix@30 A 48,0xA0 A 160, OXFF A 255
A<< and>> integer bit shifting left andight, e.g12>>2 A 3,andl1<<4 A 16



Operations on strings

> len (" abcde ")

Alen ( str) returns length oftr | 5

, ] _ , o _ > "abcde "[2]
Astr| indeX returnsindexb m QU K as& Y 0 7/ C pyes
Astr, + str, returns concatenation of two strings 1 .y Vs )
Aint * str concatenatesstr with itselfint times Tyl format (xy )
AFormatting: % operatoror .format() function [y A

old Python 2 way since Python 3.0 _ > fx+y=Y # >= Python 3.8

or formatted string literals €Strings)with prefix || x+y=s
> F{/{y} = {x ] y:.3}

since Python 3.6

; '2/3=0.667'
letter f and Python expressions {h L b ot
(seepyformat.infofor an introduction) | et
CNRYKIGil Q4 b S43.08% HAREWSYsEm for builin string X = X Xeo

formatting operations replaces the % string formatting operator. (Howeler, > O abc

% operators still supported; itvill be deprecated in Python 3ahd removed
from the language at some later time.) ReadP _310for the full scoop

F2NXFOGO0AY T GAYKSNAGOSR FNRY / Qa & LINAuyfsistll going stmyh@iByihany318



https://docs.python.org/3/library/stdtypes.html#old-string-formatting
https://docs.python.org/3/library/string.html
https://docs.python.org/3/reference/lexical_analysis.html#formatted-string-literals
https://pyformat.info/
https://docs.python.org/3.0/whatsnew/3.0.html
http://www.python.org/dev/peps/pep-3101

Astr
Astr
Astr
Astr

C

... more string functions

- Indeq returns the symbol | positions from the right, the rightmaesf - 1]
from: to] substring starting at indefkom and ending at indeto-1
- from: - to] substring starting atorm and last at inde¥en (str) - to-1

from: to: sted only take evengteQ (sy¥nbol instr{from;to]
from or/and to can be omitted and defaults to the beginning/end of string

Achr (X) returns a string of length 1 containing th® (UKicode character
Aord ( str) for a string of length 1, returns the Unicode number of the symbol

Astr
Astr

lower () returns string in lower case
split () split string into list of words, e.g

‘we love python". split () =['we', 'love’, 'python’]

docs.python.orqg/3/library/string.htm!



http://docs.python.org/3/library/string.html

Questions What I1ss[2:42:3] ?

012 3456 7 8 91011121314151617181920212223242526272829303132333435363738394041424344

s="' abpwdexy lwtopavghevt_Xxypxxyattx_hxwoadnxxx

a) ''wwdexy  lwtopavghevt xypxxyattx hxwoadn
b) ' we love python

c) 'we love java

d 52y Qi (1y29




Strings are immutable

AStrings are nosscalar, i.e. fos =" abcdef ", s[3] will return"d"

AStrings aremmutableand cannot be changed once created. |.e. the
following natural updates not possibl€but is e.g. allowed in C)

s[3] = "X"
ATo replace théd" with "x" ins, instead do the following update

S =5[:3] + "X"  + s[4]



Precedence
Operators

. . . or
Precedence rules & Associativity and
Example: * has higher precedence than + - nOtnotX =
2+3*4 2+(3*4A 14 and (2+3)*A4 20 s s _no
All operators in same group are evaluated-tefright = 2 I -
2+3-4-p -4)-5%0HAH4 b 00U A
except for **, that Is evaluated righb-left = a =
HFFHFFO A 256 HF F OH +
. . N C
Rule Useparenthesisvheneverin doubt of precedence!| / y %
+X - X ~X
docs.python.org/3/reference/expressions.htmi o



https://docs.python.org/3/reference/expressions.html

Long expressions

ALong expressions can be broken over several

lines by putting parenthesis around it -—
. o + 2+
AThe PEPS8 guidelines recommend to liahit 3)
lines to a maximum of 79 characters | 6

https://www.python.org/dev/peps/pep0008/#nmaximunmline-length



https://www.python.org/dev/peps/pep-0008/#maximum-line-length

+= and friends

ARecurring statement is
X = X + value

Aln Python (and many other languages) this can be written as
X += value

. : _ _ > X=95

AThis also applies to other operators like > x*=3

> X
+= = *= [= [[= **= | 15
|: = N= <<= >>= > a = 'abc'

> a*=3
> a
|

‘abcabcabc'




= &signment expressions
OUKS &2 f Ndza hbD-

ASyntax

name : = expression

A > (X = 2*3)+2*x

AEvaluates to the value of 18
expression , with the side > print(1 + (x = 2*3),2+X)
effect of assigning result tsame || )7(8_: ,

AUseful for naming intermediate SyntaxError |
results/repeating subexpressions |7 & = 0 # Al b ot iecommented
for laterreusage e nt(ine.upper() 4

ASeePEP 57for further details 1 e
and restrictions of usage

Aln some languages, e.g. Javd, € R =db bIZf &2 LI leaz )K\@ LJi

af(x y) € o=y € YSIYy 1jdzZA(d0S RAFTFSNBY


https://www.python.org/dev/peps/pep-0572/

Lists

AList syntax

AList operations
Acopy.deepcopy
Arange

Awhile-else

Afor
Afor-breakcontinueelse



List operations

AlList syntaf valug, value, ..., valug]

AList indexind.[ indeX , L[ - indeX

AListslicesL[ from: to] , L[ from: to: steg orL[slice(  from, to, step)]

ACreating a copy of a lis[:] orL.copy ()

AList concatenation (creates new lis§ + Y

AList repetition (repeated concatenation with itself)2 * L

ALength of listlen (L)

ACheck if element is in lise in L

Alndex of first occurrence of element in lisindex (e)

ANumberof occurrence®f element in lis..count (e)

ACheckf element isnotin list e notin L

Asum(L) min(L) max(L)
docs.python.org/3/librarystdtypes.html#sequencéypeslist-tuple-range



https://docs.python.org/3/library/stdtypes.html#sequence-types-list-tuple-range

List modifiers (lists are mutable)

AExtend list with elements{ is modified) X.extend (Y)
AAppend an element to st (L is modified) L.append (42)
AReplacesublistby another list (length can differX[i;j ]=Y
ADelete elements from listdel L[ i:j:k ]
ARemove & return element at positio..pop (i)

) Python shell
ARemove first occurrence of element.remove (e)

, > x=[1, 2,3, 4,5]

AReverse listL.reverse () > X[2:4] =[10, 11, 12]
. > X

AL *=42 | [1,2,10,11,12, 5]
T : 1= > x=[1, 2, 11, 5, 8]

AL.insert (i, X) samead [l ]=[X] - X[1:4:2] = [a, b

| [1,'a, 11, b, §]

docs.python.orqg/3/librarystdtypes.html#sequencéypeslist-tuple-range



https://docs.python.org/3/library/stdtypes.html#sequence-types-list-tuple-range

Questions; What Isx ?

x=[ 1,2,3,4,5,6,7,8,9,10]
X[2:8:3 ]=[4a, 'b]

a) [1,2'a ', 'b'5,6,7,8,9,10 _
b) [1,)a',3,4,5,6,7,'b ',9,10 |
c) [1,2,3,4,5,6,7,'a','d]

d [1,2 ,a.4,5,'b',7,8,9,10]
e) ValueError
f 52y QU 1Yy26




Questions; What Isy ?

y=1[1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19
y =y[3:15:3 [[1:4:2 ]

a) [3,6,9,12,15]
b) [7,13]
c) [1,9]
d) [4,7,10,13,2,4]
e) TypekError
) 52y QU (Y29




Nested lists (muknimensional lists)
Alists can contain lists as elements

C. listld = [1, 3, 5, 2]
that can contain lists as elements, jist2d = [[1, 2, 3, 4],

that ... 5,6, 7,9
[0, 8, 2, 3]]

ACan e.g. be used to store multi | list3d = [[[5.,6], [4.2], [1,7], [2,41]]
dimensional data (list lengths can [[1.2], [6,3], [2,5], [7.5]],

. (3, 8], [1.59], [4.3], [2,4]]]
be nonuniform)
print(listld[2])
print(list2d[1][2])
print(list3d[2][0][1])

Note: For dealing with matrices the
& NumPymodule is a better choic

0 N O1



https://numpy.org/

aliasing

a=1[13, 27,7, 42]
b=a
al2] =12

Memory

a——| 13

27

L27

42

a[0]
a[l]
a[2]
a[3]



y==x

a=1[13, 27, 7, 42]
b=a
a[2] =12

Vs Yy = X[]

Memory

a——

13

27

127

42

a[0]
a[1]
a[2]
a[3]

a=1[13, 27, 7, 42]
b =a[]
a[2] =12

Memory

b——

13

27

127

42

13

27

42

a[0]
a[1]
a[2]
a[3]

b[O]
b[1]
b[2]
b[3]



X|[:]

VS hested structures

a = [[3,5],[7,11]]
b=a
c =a[]

al0][1] = 4
c[1] = b[O]

c[O

c[1]




Questionc what I1sc ?

a)
b)

[3,9],[7,11]]
[3.5 ].[3.3]]

c) Il
© d) |

3,4],[3,5]
3,4],[3,4]

)52y Qi |y26

a = [[3,5],[7,11]]
b=a
c = a[]

a[o][1] = 4
c[1] = b|[0]

c[O

c[1]




copy.deepcopy Memory

, : —13a[0
ATo make a copy of all parts of a composite value - ZE }
use the functiordeepcopyfrom module copy
43
5
> from copy import deepcopy
> a=[[3, 5], 7] b——>| «—D[O]
> b = deepcopy(a) 7 | b[]1]
> a[0][0] =4 )
> a
| [14,5],7] 3
> b )
| [13.5]7]




Initializing a Alimensional list

Python shell

> x=[1]*3
> X
| [1.1,1]

> y=[[1]*3]*4

[1,1,1],[1,1,1], [1, 1, 1], [1, 1, 1]]
[ojor= 0

V V™V
<K<K/E=

| [[ 0,1,1], 0,1, 1], [ 0,1, 1], [ 0,1, 1]]

Python shell

> y=1l

> for _in range(4): y.append ([1] * 3)
> y[0][0] = 0

>y

| [[ 0,1,1],[4,1,1],[1,1,1],[1, 1, 1]]




ﬁ In Python 2range generateshe explicit list,
l.e. always use memory proportionial the

raﬂ g e (rO m, tO y Ste I:)) length;xrange in Python 2 corresponds t@nge

in Python 3; PythoB® is more memoryriendly

Arange( from, to, els@ generates thesequenceof numbersstarting withfrom,
with increments ofstep, and smaller/greater thato if steppositive/negative

range(5) :0,1,2,3,4 (defaultfrom = 0,step=1)
range(3, 8) . 3,4,5, 6, 7 (defaultstep= 1
range( -2, 7, 3) . -2,1,4 (from andto can be any integer)
range(2 , -5, -2) :2,0, -2, -4 (decreasing seguencesfepnegative)
ARanges are immutable, can be indexelEEC
like a list, sliced, and compared > range(1, 10000000, 3)[2]
(l.e. generate the same numbers) 7
) > range(1, 10000000, 3)[100:120:4]
Alist(range( ...)) generates the range(301, 361, 12)
explicitlist of numbers > range(1, 10000000, 3)[100:120:4][2:3]
range(325, 337, 12)
> list(range(5, 14, 3))
[5, 8, 11]




Questionc What isrange(3,20,4)[2:4][1] ?

a) 3
b) 7
c) 11
© d) 15
e) 19
) D2y QU (Y26



for - loop

AFor every element in aequenceexecute
a block of code:

for var in sequence
block

ASequences can e.g. be lists, strings,
ranges

Abreak andcontinue can be used like
In a whileloop to break out of the for
loop or continue with the next element
In the sequence

Python shell

>
>

V V—7—/—V V

forxin[l," abc", [2, 3], 5.0]:
print(x)

1

abc

2, 3]

5.0

for x in " abc™:
print(x)

a

b

C

for xinrange(5, 15, 3):
print(x)

5

8

11

14




Questionc What Is printed ?

> for 1 inrange(l, 4):
> for | inrange( i ,4):
> print( i, |, sep="' end="")

a) 1:11:21:3 2:.122 2.3 313233
b) 1:11:21:32:22:33:3

c) 1.1 2:13:11:22:23:21:32:33:3

d 1:12:13:12:23:23:3

e) 52y QU 1VYy29



Questionc break , what Is printed ?

> for 1 inrange(l, 4):

> for | Inrange(d, 4):

> print( i, |, sep=",end="")
> if ] >=1i:

> break

a) nothing
b) 1:1
c) 1:1 2:12:23:13:23:3
d 1.1 2:23:3
e) 52y Q 0 1Y 2 In nestedfor -andwhile -loops,

break only breaks the innermost loop




Palindromic substrings

AFind allpalindromicsubstrings of lengtl
X HEX ADPSD &dzo & d NR
forward and backwards:

abr acadrabratra llall a

| J | J Python shell

AAlgorithm: Test all possible substrings
(brute force/exhaustive search)

ANote: the slicet [:: - 1] ist reversed

palindrom.py

s =" abracadrabratrallalla

for 1 inrange(

for | inrange( 1 +2, len (s)+1): y
t=s[
ift==t

print(t)

aca
alla
allalla
|l

llall

lal
alla

Il

len (s)):

1]
[ -1]:




Sieveof Eratosthenes

AFind all prime number#q

AAlgorithm:

(3456789101112 13 14...

(3456739101112 13
78 910111213

@ 1112 13 14..

@ 12 13
ik

eratosthenes.py

n =100
prime = [True] * (n + 1)

for i in range(2, n):
forjinrange(2*i,n+ 1, i):
prime[j] = False

foriin range(2, n + 1):
if primeli]:
print(i, end="")

Python shell

| 2357111317 192329313741
43 47 53 59 61 67 71 73 79 83 89
97

en.wikipedia.org/wikiSieve of Eratosthenes



https://en.wikipedia.org/wiki/Sieve_of_Eratosthenes

while-else and forelseloops

ABoth forandwhilef 22 1LJa Oy KI @S 'y 2LIAZ2Y I &
for var in sequence

block
else:

block

while condition:

block
else:

block
ACKS aStasSé¢ of 2fadbreakais ;ﬁagfofnﬁedin@wéléo@ dzii SR

A¢r<é St ase ézé/éijwzc")ﬁxzy F2NJ ft22LJa A a
and does not exist in e.g. C, C++ and Java



LInear search

L=17,3,6,4,12,'a\, 8§, 13]
X=4
=0
while i < len (L):
if L[i] == x:
print(x, "at position", i, "in", L)
break
i=i+1
if i>= len (L) :
print(x, "not in", L)

linear - search -while - else.py

i=0
while i < len (L):
if L[i] == x:
print(x, "at position", i, "in", L)
break
i=i+1
else :
print(x, "not in", L)

linear - search - for.py

found = False

for i in range( len (L)):
if L[i] == x:
print(x, "at position", i, "in", L)
found = True

break

if not found
print(x, "not in", L)

linear -search -for - else.py

for i in range( len (L)):
if L[I] == x:
print(x, "at position”, i, "in", L)
break

else :
print(x, "not in", L)

linear - search - builtin.py

ifx Iin L:

print(x, "at position",
else :

print(x, "not in", L)

L.index (x) ,"in", L)




Someperformanceconsiderations



String concatenation

ATo concatenate two (or few) strings use

str, + str,
var += Str

ATo concatenate several/many strings use
, Stry])

AConcatenating several strings by repeated
PN\ise of+ generates explicitly the longemd-
longerintermediate resultsusingjoin
avoids this slowdown

" Join ([ stry, Str, str;, ...

Python shell

>s="A"+'B' +'C
> s

| 'ABC'

> 'x'. join (['A','B','CY
| 'AxBxC'

s="

s +="A'

s +='B'

s +="'C’

S

'‘ABC'

L=1]
L.append(‘A")
L.append('B")
L.append('C")

‘A, 'B', 'C]
join (L)

mI—II—

— VvV V™V VVVV—/™VVYVYVYV

>U)
o
Q




time

3.5 -

3.0 -

2.5

2.0

1.5 A

1.0 A

0.5 A

0.0 -

—— string +=
"“.Join(list)

0 200000

400000 600000 800000 1000000
n

string - concatenation.py

from time import time
from matplotlib import pyplot as plt

ns = range(10_000, 1 _000_000, 10_000)
time_string =]
time_list =]
for nin ns:
start = time()

s="
[for_ in range(n):
s+=' abcdefgh '
end = time()
time_string.append

(end - start)

start = time()

substrings =[]

for _in range(n):
substrings.append

s = ".join(substrings);

(' abcdefgh );

end = time()

time_list.append (end - start)
plt.plot (ns, time_string , label="string +=")
plt.plot  (ns, time_list ,label="".join(list)")
plt.xlabel ('n"
plt.ylabel (‘time")
plt.legend ()
plt.show ()




The internal implementation of Python lists

AAccessing and updating list positions take the same time independently of position

ACreating new / deleting entries in a list depends on position, Python optimizes toward:
updates at the end

ATry to organize your usage of lists to insert / delete elements at the end
L.append (elemen) andL.pop () .

At e K2y ftAalda AYuSNylrtte KFgS aLl OS F2N
when the reserved extra space is exhausted the list is moved to a new chunk of mem
withf ™M HeRta space

0 i len (L) - 1
v v v
memory [ L L reserve
/ movgright T
L[ ;1 ]=[42] will move all next cell to be used
trailing cells one position to right by L.append

github.com/pythontpython'blob/master/Objectslistobject.c



https://github.com/python/cpython/blob/master/Objects/listobject.c

time

List Insertions at begin vs end

0.79 — front
append
0.6 { —— end F o 1tR®iveny
0.5 1
0.4 A
0.3 4
0.2 1
. X
0.1 F o Ml}_[ HTIT MY
. I\ )« N

0.0 A

0 20000 40000 60000 80000 100000

list - insertions.py

from time import time

from matplotlib import pyplot as plt

ns = range(1000, 100_000, 1000)
time_end =]
time_append =]
time_front =]
for nin ns:
start = time()

L=1]

for i in range(n):
L[ ]1=1]

end = time()

time_end.append

# insert after list

(end - start)

start = time()

L=1]

for i in range(n):
L.append (i)

end = time()

time_append.append

# append to list

(end - start)

start = time()

L=
[ for i in range(n):

A

L[0:0] = [i] # insert at front

end = time()

time_front.append (end - start)
plt.plot (ns, time_front , label='front’)
plt.plot (ns, time_append , label="append’)
plt.plot (ns, time_end , label="end’)
plt.xlabel (nY
plt.ylabel (‘time")
plt.legend ()

plt.show ()




Updates (insertions + deletions) in the middle of ¢

list - updates.py

from time import time
from matplotlib import pyplot as plt

0.4 1

ns = range(0, 1_000_001, 10_000)
0.3 - time_pos =]
L = list(range(1_000_000)) #L =[O0, .., 999 999]
foriin ns:
start = time()
updates at for _in range(1000):

021 front of list updates at L[5 ]=1[42] # insert element before L[i]
end of list del LJi] # remove L[i] from L

end = time()
time_pos.append (end - start)

time

0.1 4 plt.plot  (ns, time_pos )

plt.xlabel (‘position’)
plt.ylabel (‘time")
plt.show ()

0.0 4

0 200000 400000 600000 800000 1000000
position



Tuplesand lists

Atuples

Alists

A mutability

Alist comprehension
A for-if, for-for

Alist()

Aany(), all)

A enumerate), zip()



Tuples

(valug, value, ...,

valug)

ATuples can contain a sequence of zero or mot <

elements, enclosed b§( ¢ )ER

7

ATuplesare mmutable

Ve

ATuple of length 0%()

Ve

ATuple of length 1 value )

Note the comma to make a tuple of length one
distinctive from an expression in parenthesis

ALY Yl ye& O2ydSEGa + 0
be written without parenthesis
AAccessor$o lists also apply to tuples, slices, ..

Python shell

>

>

>

>

>

- V™V \V—™V YV

(1, 2, 3)
(1, 2, 3)
0

0

(42)

42
(42,)
(42,)
1,2
(1,2)
42,
(42,)
X=(3,7)

X

(3. 7)

X=4,6

X

(4, 6)

X[1] = 42

TypeError :'tuple' object does
not support item assignment

Ur»




Questionc Whatvalueis((42,)) 7

a) 42
b) (42)
c) (42)

d) ((42,),)
e) 5 2 ykaoiv



Questionc Whatisx ?

X =[1,[2, 3], (4, 5)]

x[2 ][0] = 42
a) [1, [42,3], (4,5 )]
b) [1,[2, 3], ( 42, 5)]
0) [1,[2, 3], 42]

d) TypeError
e) 5 2 yk@biv



Questionc Whattreelis(A ',(('B','C),'D"))

[\ [\ [\ [\
/ \ / \ / \ / \
/ \ / \ / \ / \
I\ D / \ / \ / \
[\ I\ D/ \ I\ A / \

/ \ [\ [\ [\ [\
I\ C / \ ‘A" 'B' 'C' 'D' / \
[\ A \ /\ D

A" 'B / \ [\
'B' 'C 'B' 'C
a) b) C) d)

f)5 2 ykeoiv



Python shell

Tupleassignment > point= (10,25
| 10

, =y

AParallel assignments | 25

X,Y,z=a,b,cC
IS a short hand for a tuple assignment (right side is a single tuple)
(X,v¥,2)=(a, b, c)

A First the righthand side is evaluated completely, and then the individu:

values of the tuple are assignedxoy, z left-to-right (length must be
equal on both sides)



Nestedtuple/lists assignments

ALet hand side can be nested
(great for unpacking data)

(%, (y, (al0], w)), a[1])
=1, (2, (3,4)),5

A[...] and (...) on left side matches both

lists and tuples of equal length
(but likely you would like to be

consistent with type of parenthesis)

Python shell

> two_points = [(10, 25), (30, 40)]

> (x1,yl, x2,y2) = two_points

| ValueError : not enough values to
unpack (expected 4, got 2)

> ((x1, yl), (x2,y2)) = two_points

> a =[None, None]

> v=(2, (@, 4),5)

> ((y, (a[0], w)), a[1]) = v

> a

| 3. 5]

> [X,¥,2]=(3,5,7)

> (X,¥,2)=[3,5, 7]

> [x (y,2), w] = (1, [2,3], 4)

> [, (y,2), w] = (1, [2, (5, 6)]. 4)

> 7

| (5, 6)




Tuplesys lists:a +=Db

ALists
Extends existing list, I.e. sameasxtend (b)

ATuples
Must create a new tupla + b and assign t@&
(since tuples are immutable)

Python shell

> x=[1, 2]
>y:X

>y +=3, 4]
> X

| 1,2 3, 4]
>y

| 1,2 3, 4]

> x=(1, 2)
>y:X

> y+=3,4)
> X

| (@2
>y

| (1,2,3,4)




*variable assignment

AFor a tuple of variable length a single
*variable nameon the left side will be
assigned a list of the remaining elements
not matched by variables
preceding/following*

AExample
a, *b,c=t
IS equivalent to
a = [0]
b = t[1. -1]
c =t -1]

AThere can be a singfein a lefthand-side
tuple (but one new in each nested tuple)

Python shell

> (a,*b,c,d) =(1,2,3,4,5,6)

> b

| [2,3, 4]

> (a,*b,c,d) = (1,2,3)

> b

|

> (a,* b,ecd )=(1,2

| ValueError : not enough values to
unpack (expected at least 3, got 2)

> v=(1,2,3),4,56,(7,8,9,10))

> ((a,*b),*c,(d,*e)) = v

> b

2, 3]

> C

[4, 5, 6]

> e

[8, 9, 10]




Questionc Whatisb ?

(*a,(b,),c) = ((1,2),((3,4)).((5,)).(6

a) (1,2
b) (3,4)
C) 5
d) (5)
e) (6)
) 52y Qi

Y209

)



List comprehensioricoolstuff)

AExample:
[ x*x for x in [1, 2, 3]]

returns Python shell

> [2*x for x in [1,2,3]]
[ 1, 4, 9] 2. 4, 6]
> [2*x for x in range(10,15)]
, [20, 22, 24, 26, 28]
AGeneral > [2* for xin " abc "]
_ _ _ ['aa’, 'bb’, 'cc']
| expressionfor variable in  sequence | > [(None, None) for _in range(2)]
[(None, None), (None, None)]

returns a list, wherexpressions computed
for each element irsequenceassigned to
variable



List comprehensiorfmore coolstuff)

ASimilarly to the leflhandside in assignments, the variable part can be
a (nested) tuple of variables for unpacking elements:

| expressionfor tuple of variablesin sequencg

Python shell

> points = [(3, 4), (2,5), (4, 7)]

> [(X, Y, X*Y) for (x,y ) in points ]
| (3,4, 12), (2,5, 10), (4, 7, 28)]
> (X, Yy, X*y) for Xx,yin points ]

| (3,4, 12), (2, 5, 10), (4, 7, 28)]

> X, y, XYy for (x,y)In points ] parenthesis required for
| SyntexError: invalid syntax the constructed tuples




Listcomprehensiorg for-iIf and multiple for

AList comprehensions can have nestedlfwps
| expressionfor v; in s, for v, in s, for v; In S
ACan select a subset of the elements by adding-aoriflition
| expressionfor v, in s, If condition
Aand be combined...

Python shell

[(x, y) for x in range(1, 3) for y in range(4, 6)]
[(1, 4), (1, 5), (2, 4), (2, 5)]

[x for x in (1, 2) for X in (4, 5)]

[X for x inrange(1, 101) ifx % 7 == 1 and X % 5 == 2]
[22, 57, 92]

[(X, Yy, x*y) for x in range(1, 11) if 6 <= x <=7 for y in range(x, 11) if 6 <=y <=7 and not x ==y]
[(6, 7, 42)]

>
|
>
|
>
|
>
|




Questionc Whatwill print the same?

points = [(3,7), (4,10),(12,3), (9,11), (7,5)]
print([(X, y) for X, y in points if X <y])

a) print ([x,y forx ,y Inpoints if X<y ])

b) print ([(x, y) for p in points if p[0 I<p[l ])
c) print([p for p in points if p[0 ] < p[1]])

d) print ([[X, VY] forx ,y Inpoints if X <Yyl

e) 5 2 ykabiv



any all

> any((False, True, False))
True
Aany (L) checks if ateastoneelementin > Ignly([False, False, False])
. . alse
the_ sequenced. Is true (listsequence > any ()
strings ranges, ...) False
> all([False, False, True])
any ([False, True, False ) False
) > all((True, True, True))
Aall(L ) checks ifll elements irthe : ;fll(lg)
sequencd. aretrue True
; > L=(7,42,13)
all ([False, False, True ) > any(x == 42 for x in L])
. | True
Aany andall returnsTrue or False I> all([x == 42 for x in L])
False




enumerate

list(enumerate(L))
returns

[(O,L[OD), (1,L[1]), .... (

len (L) - 1L -1])]

Python shell

> points = [(1,2),(3,4),(5,6)]
> [( idx , x*y) for

| (0, 2), (1, 12), (2,30)]
> L=(a''b','c)

> list(enumerate(L))

| [(0,"a), (1, DY), (2, )]
> L_=]]

> for idx in range(len(L)):

> L_.append((idx, L[idx]))
> print(L )

| (0, @), (1, DY), (2, )]

> list(enumerate(['a’, 'b', 'c],

| (7, @), (8, D), (9, ']

idx , (X, y) in enumerate(points)]

start =7))




ZIp

list(zip( L, L, ..

. L)) =[(L[OLL[O],....1 0], ...( LlnlLy[n].....k[n]) ]

wheren = min{en(L,), len(L,),...,len(L,))

AQEI YL S o6daY!l G§NNE

istzip (1,23 ],
[4,56 ],
[ 7,8,9)])
returns
( 1,4,7 ),
(2,5,8 )
(3,6, 9)]

ONF yarLl2asSéoy

Python shell

> x =11, 2, 3]

> y=1[4,5,6]

| zip(x, y)

> <zip at 0xb02b530>

> points = list (zip(X, y))
> print (points)

| [(1,4), (2,5), 3, 6)]




Python shell

> first = ['Donald’, 'Mickey', Scrooge ']

> last =[' Duck', 'Mouse', ' McDuck']

> fori, (@, b)in enumerate (zip(first, last), start =1):
> print (i, a, b)

| 1 Donald Duck
| 2 Mickey Mouse
| 3 Scrooge McDuck




(Simplefunctions

> def sum3(x, y, z):

AYoucandefineyour own functionsusing reumx .+ y +z
> sum3(1, 2, 3)
| 6
def functionrname( vary, ...,var): |> ;lim3(5, 7,9
bOdyCOde > def powers(L, power):

P = [x*power for x in L]
return P

Alf the body codeexecutes > powers([2, 3, 4], 3)
| [8, 27, 64]

return expression

the resultof expressiomnwill be returned by thefunction. If expressions omitted or the
bodycodeterminateswithout performingreturn , then None isreturned.

AWhencallinga functionname( value,,...,valug) body codeis executedwith var=value



Questionc Whattuple isprinted ?

def even(x):

If Xx % 2 == 0:
return True
else:
return False

print (( even(7), even(6 )

a)
b)
C)
d)
e)

(False, False)
(False, True)
(True, False)
(True, True)
5 2 ykobiv



Geometric orientation test

Purpose of example
Aillustrate tuples

Alist comprehension Y
Amatplotlib.pyplot
Afloats are strange i (0.5, 0.5
> X
PN N
AAQP 1t i At An An At in
PN njl| ¢ v .

6 | = 720 different orders to ad

Kettner Mehlhorn, Pion Schirra Yap
Classroom Examples of Robustness Problems in Geometric Computations



https://doi.org/10.1007/978-3-540-30140-0_62

sign - plot.py (0.5000000000000143.5000000000000142)

import matplotlib.pyplot as plt

N = 256 250 1

delta = 1/ 254
q=(12,12)
r = (24, 24)

P =] # points (i, j, det) 200 -

for i in range(N):
for j in range(N):
o= (1/2 +i* delta, 1/2 + | * delta) 1507
det = (q[O]*r[1] + r[O]*p[1] + p[O]*q[1] J
- 1[0]*q[1] - p[O]*r[1] - q[0]*p[1])

P.append((i, j, det)) 100 -

pos =[(i, j) for i, j, det in P if det > Q]
neg = (i, J) for i, j, det in P if det < 0]

zero =[(i, j) for i, j, det in P if det == 0] 50

plt.subplot(facecolor="lightgrey’, aspect="equal’)
plt.xlabel('")
plt.ylabel('j', rotation=0)

for points, color in [(pos, "b"), (neg, "r"), (zero, "y")]: . : : :
X =[x for x, y in points] 0 50 100 150 200 250
Y = [y for X, y in points] i
plt.plot(X, Y, color + ".") (0.5,0.5)

® det>0 det=0 ® det<O

plt.plot([ -1,N,[  -1,N]L,"k -
plt.show()




Dictionariesand Sets
Adict
Aset
Afrozenset
Aset/dict comprehensions



Dictionarieqtypedict)

key value
{ key;: value, ... , key: valug} a | 7
AStores a mutable set okéy, value pairs,denoteditems 'f(;o' '4220'
with distinctkeys I.e.mapskeysto values = | aa

AConstructingempty dictionary. dict () or {} 5.5 | False

Adict] key] lookupfor keyin dictionary andreturns Fga'ze Tf;:
associatedralue Keymustbe presentotherwisea 4] a
KeyErronisraised T

A i — : F o distinctkeys
Adict] k_e)d = valueassignalueto key, overridingexising A0S D 2
valueif present.

https://docs.python.org/3/tutorial/datastructures.htmli#dictionaries



https://docs.python.org/3/tutorial/datastructures.html#dictionaries

Dictionarieqtypedict)

Python shell

> d={a"42,'b": 57} >
> d
| {a" 42, 'b". 57} |

> d. keys ()
| dict_keys(['a’, 'b) >

list( d.keys ()
[, 'bT]

— V

d. items ()
dict_items

— V
— V

(I(a', 42), (b, 57)])

list( d.items ())
[(‘a’, 42), ('b', 57)]

— V

for key in d:
print(key)

a

b

for key, val in d.items ():
print("Key", key, "has value",

Key a has value 42

Key b has value 57

Eg S} 5.0 :'b}

val )

> surname = dict(zip(['Donald’, '‘Mickey', 'Scrooge'], ['Duck’, ‘Mouse', ‘McDuck']))
> surname['Mickey']
| 'Mouse'




Dictionarieqtypedict)

> gradings =[(A,7), (B 4), (A", 12), ('C', 10), (A", 7)]
> grades= {} # empty dictionary
> for student, grade in gradings
if student notin  grades:
grades [ student | =]
grades [ student | .append(grade)

> grades

| {A:[7,12,7],'B"[4],'C" [10]}

> print(grades ['A" ])

| [7,12, 7]

> print(grades ['E' ]) # can only lookup keys in dictionary

| KeyError :'E'

> print( grades .get ('E')) # . getreturns None if key not in dictionary
| None

> print( grades .get (E',[]) # change default return value
|0

> print( grades .get (‘A [])

|

[7,12, 7]




Dictionary operation Description

len(d) ltems indictionary

d[key] Lookupkey

d[key] =value Updatevalueof key

del dkeyj Deletean existingkey

keyin d Keymembership

keynot in d Keynon-membership

clear() Removeall items

copy) Shallowcopy

get(key), get(key, default) d[key] if keyin dictionary otherwiseNone or default
items|() Viewof the dictionariesitems

keyg) Viewof the dictionarieskeys

valueg) Viewof the dictionariesvalues

popkey) Removekeyandreturn previousvalue
popitem() Removeandreturn an arbitrary item

update() Updatekey/ valuepairs fromanotherdictionary

https:// docs.python.org/3/library/stdtypes.html#mappintypesdict



https://docs.python.org/3/library/stdtypes.html#mapping-types-dict

Orderreturnedbylist( d.keys ()) ?

ThePythonStandard Library

Mapping Typeg dict

G5AQUAZ2Y I NASa&a LINBaSNBS A
a key does not affect the order. Keys added after deleti
I NE Ay aSNISR Pyihon3.KS Sy R ®d:

docs.python.org/3/library/stdtypes.html

Python shell

> d={d":1,'c:2,'b" 3, 'a"4}

> d['x]=5 # new key at end

> d['c]=6 # overwrite value

> del d['b'] # remove key 'b'

> d['bl=7 # reinsert key 'b' at end
> d

| {d:1,'c:6,'a"4,'x:5,'b: 7}

@ Raymond Hettinger Craton ) o
@raymondh S

#python news: ‘& @gvanrossum just
pronounced that dicts are now guaranteed to
retain insertion order. This is the end of a
long journey.

8:40 AM - 15 Dec 2017

921 Retweets 1,968 Likes @8O i

Q 63 T 921 QO 2.0k

Raymond Hettinger @ Twitter

{ SS | faz wl éPyCE)rﬂG:leé
Modern Python Dictionaries
A confluence of a dozen gresateas



https://docs.python.org/3/library/stdtypes.html#dictionary-view-objects
https://twitter.com/raymondh/status/941709626545864704
https://www.youtube.com/watch?v=npw4s1QTmPg

Dictionarycomprehension

A Similarlyto creatinga listusinglist comprehensionone cancreatea
set ofkey-valuepairs:

{ key: value for variable in list}

Python shell

> names = ['Mickey', 'Donald’, 'Scrooge']

> list(enumerate(names, start=1))

[(1, 'Mickey"), (2, 'Donald'), (3, 'Scrooge’)]

> dict(enumerate(names, start=1))

{1: 'Mickey', 2: 'Donald', 3: 'Scrooge'}

> {name: idx for idx, name in enumerate(names, start=1)}
{'Mickey': 1, 'Donald": 2, 'Scrooge": 3}




Sets (set anffozensej

{ value,
AValues of t)paeset
£

whereé T

, valug }
representmutable sets,

S b ¥ppehronte

ADonot support:indexing slicing

Afrozenset

Python shell

> S={2,5,'a','c}
> T={3,4,5,'c}
> S|T

| {2,3,4,5,a,'c}
> S&T

| {5,c}

IS animmutableversion ofset

> SAT
{2,3,4,a}
>S - T
12, ‘a}

Tl deny

https://docs.python.org/3/tutorial/datastructures.html#sets

Operation Description

S|T Set union
S&T Setintersection
ScT Setdifference
SAT Symmetriadifference
set() Emp_;tyset o
({} —emptydlctlonar)
set(L) Createset fromlist
XinS Membership
X notinS Non-membership

S.isdisjoinfT) Disjointsets

S<=T Subset

S<T Propersubset

S>=T Superset

S>T Proper superset

len(S) Sizeof S

S.addx) Addx to S (notfrozensej

https:// docs.python.org/3/library/stdtypes.himl#sdiypesset-frozenset



https://docs.python.org/3/tutorial/datastructures.html#sets
https://docs.python.org/3/tutorial/datastructures.html#sets
https://docs.python.org/3/library/stdtypes.html#set-types-set-frozenset

Questionc Whatvaluehas theexpressior?
sorted( {5, 5.5, 5.0, '5"} )

a) {55, 5.0 , 5.5)
b) {5, 5.5)

c) [5,5, 5.0 , 5.5]
d [5 ' 5,5.5]

e) TypeError
f) 5 2 ykoiv



Setcomprehension

ASimilarly to creating a list using list comprehension, one can create a
set of values (also using nested-fand itstatements):

{ value for variable in list}

AA value occurring multiple times aslue will only be included once

n=101
not primes = {m for fin range(2, n) for m in range(2 * f, n, f)}
primes = set(range(2, n)) - not_primes

Python shell

> L=[a','pb", 'c
> {(xX,( y,z))forxinLforyinLforzinLifx!=yandy!=zandz!=x}

| {(a,(b''c))(a',(c,b)),(b'\(a,c)),...(c, (b a))}




Hash, equality, and immutability

AKeysfor dictionariesand sets musbe hashablei.e. have a hash ()
methodreturning anintegerthat doesnot changeovertheir lifetime
andan eq (OYSUK2ZR 02 OKSO1l ¥2NJ S| dzI t

abc'. hash () coulde.g return 624337162
(624337162). hash () wouldalsoreturn 624337162

AAIl built-in immutabletypesare hashable Inparticulartuples of
Immutablevaluesare hashable |.e.treesrepresentedby nestedtuples
like ((('a'),'n"),('c',(’ d,e '))) canbeusedasdictionary
keysor storedin a set.



Skecthof Internal set Implementation

0
1
2 elements with same haskalue(hopefullyfew)
searchlinearlyusing==
> A
[ )
'‘abc' | 624337162
hash(abe’) dizel ol
sizel

Raymond Hettingel
ModernPython Dictionarie!
- A confluence of a dozen gradeas



https://youtu.be/p33CVV29OG8

Modulecollections (container datatypes)

APythonbuiltin containers for datatist , tuple ,dict , andset .

AThemodulecollections providesfurther alternatives
(but theseare not part of thelanguagdike the builtin containers)

deque doubleendedqueue
namedtuple tuplesallowingaccesdo fieldsby name
counter specialdictionaryto countoccurrence®f elements

https:// docs.python.orqg/3/library/collections.html



https://docs.python.org/3/library/collections.html

AT

deque ¢ doubleendedqueues

AExtenddists withefficientupdatesat the front

nsertingat the front of a standardPythonlist takeslineartime in the
1zeof the list¢ veryslowfor long lists

Python shell

— VvV V VVV\VYV

L = list()
L.append(1)
L.append(2)
L.insert(0, 0)
L.insert(0,
L.insert(0,

L
[-2, -1,0,1, 2]

# insert at the front
- 1) # slow for long lists
- 2)

— V—™VVYVVYVYVYVYV

from collections
d = deque ()
d.append(1)
d.append(2)

d. appendleft (0)
d. appendleft (-1)
d. appendleft (- 2)
d

deque([2, 1, O, -1, -2)
for e in d: print(e, end=', ")

-2, -1,0,1, 2,

iImport  deque
# create empty deque

# efficient




namedtuple ¢ tupleswith field names

ACompromisebetweentuple anddict |, canincreasecodereadability

Python shell

> person = ('Donald Duck', 1934, '3 feet') # as tuple
> person[1] # not clear what is accessed
| 1934
> person = {'name’. 'Donald Duck’, 'appeared'. 1934, 'height': '3 feet 1 #as dict
> person['appeared'] # more clear what is accessed, but ['..."] overhead
| 1934
> from collections import namedtuple
> Person inamedtuple (' Person ', ['name’, ‘appeared’, 'height']) # create new type
> person = “Person (D Duck’, 1934, '3 # as namedtuple
> person
Person(hame='Donald Du ppeared=1934, height='3 feet’)
> person.appeared # short and clear
1934
> person[1] # still possible
1934




Counter c¢dictionariesfor counting

Python shell

> from collections import  Counter

> fg= Counter (‘abracadabra’) # create new counter from a sequence

> fq

Counter ({'a:5,'p":2,'r:2,'c:1,'d:1}) # frequencies of the letters
> fq [a]

5

fg.most_common (3)

(&', 5), (b, 2), (1, 2)]

fg['x]+=5 # increase count of 'X, also valid if 'x' not in Counter yet
Counter (‘aaabbbcc’) - Counter (‘aabdd’) # counters can be subtracted

Counter ({'b:2,'c:2,'a" 1}

Counter ([1, 2,1, 3,4,5]) + Counter ([3, 3, 3]) # counters can be added
Counter ({3:4,1:2,2:1,4:1,5:1})

V

— V—/—/V V




Handin3 & 4¢ Triplet distance (Dobson,
1975)

((CA'F),B),(D',(CEY) (DA, B).F).(  'CVE))
(@) (b)
" Howsimilar "
SN arethe SN
/ \ / \
, \ trees? , \
/
/\ [\ /\ /\
[\ [\ [\ [\
\ / \ / \ C''E
/\ B' 'D' [/ \ \
[\ [\ /\ F
A 'F 'C''E / \
/ \
/\ 'B'
[\

DA arxiv.org/abs/1706.10284




Handin3 & 4¢ Tripletdistance (Dobson,
1975)

. € .
Consider al( cr) subsets oBizethree, andcounthow manydo not have
Identicalsubstructure(topology) in thetwo trees.

(D,(AF D)

canonical
ordering

(=

(@)

anchor *

/

(b)

[\ [\

('F.(A'D))

arxiv.org/abs/1706.10284




Functions

Afunctions

Areturn

Ascoping
Aarguments
Akeyword arguments
A*, *%

Aglobal variables



Python shell

(Simplefunctions > def suma(x, y, 2)
return x+y+z
AYoucandefineyour own functionsusing 1 S 2 )
_ > sum3(5, 7, 9)
def function-name(vary, ...,van): || 21
body code > def powers(L, power):
P = [x*power for x in L]
vary, ...,var, arethe formal parameters return P
. > powers([2,3,4], 3)
Alf the bodycodeexecutes | 8. 27, 64

return expression

the resultof expressiomnwill be returned by thefunction. If expressions omitted or the
bodycodeterminateswithout performingreturn ,then None isreturned.

AWhencallinga functionname( value,..., valug) body codeis executedwith var=value



Questiong; poly (3, "10", '3")

def poly(z, x, y):
return z*x +vy

a) 33
b) 1010103
c) '33

d) '1010103
e) TypeError
f) 5 2 ykoiw



Someother Python
languagefeatures helping
" structuring programs
Whyfu nCtIOnS’? A Obiject orientation
A Modules
, _ _ A Decorators
AAvoidwritting the samecodemultiple times, A Contextmanagers
re-usabllity /A Exceptions
. _ _ A Docstrings
ABeableto namea functionality A doctest

AClearlystate the functionality of apieceof code abstraction
Input= argumentsputput = return value (and/or side effects)

AEncapsulateodewith clear interface to thelependencyto the
outsideworld/code

ASharefunctionalityin moduleglibraried packagesvith other users
codesharing

Alncreasereadabilityof code smaller independenblocksof code
AEasiersystematicallyesting of code
A..



Local variables In

. > def sum3(x, y, z2):
functions a=x+y
b=a+z
return b
P =3
AThe formal arguments and s
variablesassignedo in the body > w = sum3(4, 5, 6)
of afunction arecreatedas ” V1V5
temporarylocalvariables > a
3
> b
NameError : name 'b' is not defined
»
sum3 <function > | X 4 NameError : name 'X' is not defined
a 3 y 5 >y
y 42 Z 6 42
a 9 > sum3
b 15 <function sum3 at 0Ox0356DA98>

statejustbeforereturn b



Global variables

AVariables irfunction bodiesthat are

onlyread, areconsiderecaccesso > prefix  ="The value is"

global variables > def nice_print  (x):
print(  prefix ,X)

> nice_print  (7)
| The value is 7
> prefix  ="Value ="
> nice_print  (42)
| Value =42
Globalvariables Local variables
nice_print <function >| X 42
prefix "Value ="

state just beforereturningfrom 2" nice_print



global

AGlobal variableghat shouldbe
updated Iin the functionbody must
be declaredglobal in thebody.

global variable variable ...

ANote: Ifyouonly needto reada
global variable, it is naequiredto
be declaredglobal (butwould be
polite to the readersof your code)

Sincecounter assignedn body, counter
will be consideredo be alocalvariable <

Python shell

> counter =1

>

VvV — V—V

def counted print  (X):
global counter
print("(%d)" % counter, Xx)
counter +=1

counted_print  (7)
(1) 7

counted print  (42)
(2) 42

def counted print  (X):
print("(%d)" % counter, X)
counter +=1

counted _print  (7)
UnboundLocalError  : local variable
‘counter' referenced before
assignment




Questionc Whatvaluels printed ?

a) 6
x=1 b) 7
def f(a):
global x c) 8
X=Xx+1 d 9
return a + x e) 10
print(f(2 ) + f(4)) © f) 11
g) 12

hY 52y QU 1Yy29



Arbitrarynumberof arguments

Alf youwould like your function to be ableto take a variablenumber of
additionalarguments in addition to theequired adda* variableas

the last argument.

) ) ) ) Python shell
Aln afunction callvariablewill be

. i > def m rint (X, Y, *L):
assigneada tuple with all the printCx :--,(X)y )
additional arguments. print("'y =", y)

print("L =", L)
> my print (2,3,4,5,6,7)
X=2
y=3
L=(4,5,6,7)
> my_print (42)
TypeError : my_ print () missing 1
required positional argument: 'y'




Unpacking list of arguments infanctioncall

Alf youhave listL (or tuple) containingthe arguments to dunctioncall, you canunpack
themin the function callusing*L

L=[xy,Z]
fC *L)
IS equivalentto calling
f(L[O], L[1], L[2])
.e.
f(x,y, 2)

ANotethatf(L) wouldpassa single argument tb, namelya list
Aln afunctioncallseveralr expressionganappeare.g f( *L1,x, *L2, *L3)



Python shell

> Import math

> def norm(x, y):
return math.sqrt(x * x +y *y)

norm(3, 5)

5.830951894845301

point = (3, 4)

print(  *point , sep="")

3:4

norm(point)

TypeError: norm() missing 1 required positional argument: 'y’
> norm( *point )

5.0

> def dist (xO0,y0, x1, yl1):
return  math.sgrt (X1 - x0)**2 +(yl - y0O)**2 )

V V™V

V

> p=3,7

> Q= 7,4

> dist (p, Q)

| TypeError : dist () missing 2 required positional arguments: 'x1' and 'y1'
> dist (*p, *q)

|

5.0




Questionc Howmanyargumentsshouldf take
?

a) 4
b) 5
| C) 6
, 7, 8) © d) 7
e) 8
f) 9
g) 10
h)y 52y Qi (1Yy26

I
o™
W

O O T QO
cOBIRLE

~
*
Q
=
- 0O
—r

O
>(.
(@
~—



Questionc What islist(zip(*zip(*L)))

L =1 1,2, 3],[4,5],][6,7,8

a)
b)
C)
d)
€)

f)

(( 1,4,6),), (2,5, 7),)]
( 1,2),(4,5),(6,7

(1, 2,3), (405),(6,
([ 1,2,3],[4,5],1[6,7,8
5 2 ykebw

)]

Il

([ 1,2 3])) ((I4 5].).). (6. 7, 8].).)]

7, 8)]
D]

> list(zip((1, 2, 3), (4, 5, 6)))
| (1, 4), (2,5), (3, 6)]




Keyworcarguments

APreviouslywe haveseenthe following (strangé function calls

prlnt(71 14, 15, Sep :":", end:un
enumerate (my_list , start=1)

Aname= refersto one of the formal argumentsknownas akeywordargument

A namecanappearat mostoncein afunctioncall.

Aln function calls, keyword arguments must follow positional arguments.

ACane.g be usefulif there are manyarguments, and therder

IS notobvious i.e.improvesreadabilityof code

complicated_function (
name = "Mickey",
city =" Duckburg ",
state =" Calisota ",
occupation =" Detective ",
gender ="Male")

Python shell

> def sub(x,y):
return X -y

> sub(9, 4)

| 5

> sub(y=9, x=4)
| -5




Keywordarguments, defaulalues

AWhencallinga function argumentscanbe ommitted if the
correspondingarguments in thdunction definition have default
valuesargument = value

Python shell

> def my print (a, b, c=5, d=7):
print("a=%s, b=%s, c=%s, d=%s" % (a, b, c, d))

> my_print (2, d=3, b=4)
| a=2, b=4, c=5, d=3




Questionc Whatisf(6, z=2) ?

def f(X, y=3, z=7):

return X +y + Z
a) 10
b) 11
c) 16
d) TypeError :f() missing 1 required
positional argument: O0yO

e) 5 2 ykfoiv



Keywordarguments, mutable defawaluesry

ABecarefult Defaultvaluewill be sharedamongcalls(whichcanbe useful)

ThePythonLanguage Reference

8.6 Functiondefinitions

¢éDefault parameter values are evaluated
from left to right when the function
definition is executed This means that the
expression is evaluated once, when the
Fdzy O A2y A& RSTAYSH
O2YLJzi SR¢ @I f dzS A A&
IS especially important to understand whe
a default parameter is a mutable object,
such as a list or a dictionary: if the functio
modifies the object (e.g. by appending an
item to a list), the default value is in effect
modified. This is generally not what was
intended. A way around this is to use Non

I a GKS RSTI dzf G ¢

Python shell Python shell

L=[] ):

> def list_ append (e,

L.append (e)

return L
> list_append (X, [, 'z])
[y, ‘2, 'X]
> list_append ("a")
[a]
> list_append ("b")

['a ,'b]
> list_append ("c")
['a" , 'b' ,'C]

> def list_ append (e, L=None):
if L == None:
L=1]
L.append (e)
return L
> list_append (X, [, '2])

[y, 'Z, X

> list_append ("a")
[a]

> list_append ("b")
[b]

> list_append ("c")
[c]




Functioncall dictionaryof keyword
arguments

Alf you happento have adictionarycontainingthe keywordarguments
you want to passto function, you cangive alldictionaryitems as
argumentsusingthe single argument* dictionary

Python shell

> print(3, 4, 5, sep=":", end="# \ n')

| 3:4:5#

> print_kwarg = { ‘sep’ it ‘end' :'# \n‘}
> print(3, 4, 5, **print_kwarg )

| 3:4:5#




Functiondefinition,arbitrarykeyword
arguments

Alf youwant a function to acceptarbitrary keywordargumentsadd an
argument*™ argumentto the function definition.

AWhenthe functionis calledargumentwill be assigneda dictionary
containingthe exceskeywordarguments.

Python shell

> def my print (a, b=3, **c ):

print("a =", a)

print("b =", b)

print("c =", c)
y_print(x=27, y=42, a=7)




Example

> L1=[1,'al

> L2 =[b', 2, 3]

> D1 ={y"4,'s"10}
> D2 ={1"11, 'z":5.0}

> def f(a, Db, c,d, e, *f, g=0, x=1, y=2, z=3, **kw)
print("a=%s, b=%s, c=%s, d=%s, e=%s, " % (a, b, c, d, e),
"f=00s \ n" % str (f),
"g=%s, x=%s, y=%s, z=%s, " % (q, X, Y, 2),
"kw=%s" % kw,

Sep :llll)
> f(7,*L1, 9, *L2, x=7, **D1, w=42, **D2)
| a=7, b=1, c=a, d=9, e=b , f=(2, 3)
| g=0, x=7, y=4, z=5.0 , kw={'w'" 42,'s" 10, 't 11}

non-keywordarguments musappearbefore keywordarguments



Forwarding function arguments

A* and** can e.g. be used to forward (unknown) arguments to other
function calls

Python shell

> def my print (*positional _arguments , sep="", ** keyword_arguments ):
print(  * positional _arguments , sep=sep, ** keyword arguments )
> my_print (7, 42)
7:42
> my_print  ("X", "y", end="<")
X:y<
> my_print  ("x", "y", sep="")
X_Yy




Localfunctiondefinitions anthamespaces

AFunctiondefinitionscancontain(nested localfunction definitions,only
accessablensidethe function

Astatid/ lexicalscoping i.e.canseefrom the codewhichvariablesarein scope

Python shell

Ay Oealvarigbies

arenot visible : > L8l ey
Z } stackframe (unction c) def Db(y):
| print("b: y=%s x=%s" % (y, X))
y y } stackframe functionb) @ c(y + 1)
R def c(2):
c| |c| |c (4) print("c: z=%s x=%s" % (z, X))
b b b| - stackframe functiona) print("a: x=%s" % X)
X » » @ b(x + 1)
’ @ > a(42)
a| |a| |a| |a } global variables | a:x=42
@ @ @ @ | b: y:43 x=42
| c:z=44 x=42

*— [ =namespacékscopeof ¢




Example; nestedfunctiondefinitions

> def a(x): > a(b)
def b(y): Enter a (x=5)
print("Enter b (y=%s, Xx=%s)" % (y, X)) Enter b (y=6, x=5)
c(y+1) Enter c (x=7)
print("leaving b") Enter d (z=8, x=7)
def c(x): # x hides argument of function a leaving d
def d(2): leaving ¢
print("Enter d (z=%s, x=%s)" % (z, X)) leaving b
print("leaving d") leaving a
print("Enter ¢ (x=%s)" % X)
d(x + 1)
print("leaving c")
print("Enter a (x=%s)" % X)
b(x + 1)
print("leaving a")




Example; nested functions and default
values

Python shell

> def init none (var_name):

> print(initializing’, var_name )
> return None # redundant line
> def f(a=init none (‘a"):

> def g(b =init_ none (‘b"):

> print('b =", b)

> print("a =", a)

> g(a+1)

| initializing a

> f (10)

| initializing b

| a=10

| b=11




nonlocal

> x=0
> def f():
AThenonlocal statement causes y=1
the listed identifiers to refer to def f—lhg'ﬁ’er (2):
previously bound variables in the S y
nearestenclosing scope excluding OHNt("(%5:%s) %" % ( X, y.2))
globals y+=1
X +=3
) _ _ f helper (7)
Anonlocal variable variable ... f helper (42)
> f()
(0:1) 7
(3:2) 42
> f()
(6:1)7
(9:2) 42

docs.python.org/3/referencedimple stmts.html#thenonlocalstatement



https://docs.python.org/3/reference/simple_stmts.html#the-nonlocal-statement

A note onPythonandfunctions

ASimilaritiesbetweenPythonand other languages

¢ functionsare widely supported(sometimescalledmethodsand procedures)
¢ scopingrulesis present imanylanguagegbut detailsdiffer)

AThefollowing are very Pythonspecific(but nice):

¢ howto handle globallocalandnonlocalvariables
¢ keywordarguments

* k%
Ch



Recursion

Asymbol table
Astack frames



Recursion

_ _ > def recursive function (X):
Recursivdunction if x> 0:
print("start”, x)
, _ ] , recursive_function x - 1
efunction that callsitselfe print(“end”, x)
else:

print("done")

end 3

recursive_function (0) end 4
done end 5

start 5 g recursive_function (5) end 5 , ,
( > recursive_function (5)
: : start 5
start 4 , recursive_function (4) end 4 start 4
_ _ start 3
start 3 recursive_function (3) end 3 start 2
) start 1
start 2 recursive_function (2) end 2 done
) end 1
start 1 & recursive_function (1) )end 1 end 2




Recursion

> def recursive function (X):
if x> 0;
print("start", x)
recursive_function (x - 1)
X 0 } stackframe orint("end”, x)
x 1 else:
print("done")
X 2 > recursive_function (5)
start 5
X 3 start 4
start 3
X 4 start 2
start 1
X 5 done
end 1
recursive_function <function> }global variables end 2
end 3
Recursionstackwhenx = 0 igeached end 4
end 5




Python shell Python shell

> def rec (X):
if x> 0:
print("start”, x)
rec (x - 1)
rec (x - 1)
print("end", x)
else:
print("done")

Recursion tree rec(3)
rec(2) req2)

/N N\

req(1) req(1) req(1 req(1)

/NN /N ) [N (AN

rec(@) rec0) regQ) rec@) red@) reg(0) red0) ‘“rec0)

> rec (3)
start 3
start 2
start 1
done
done
end 1
start 1
done
done
end 1
end 2
start 2
start 1
done
done
end 1
start 1
done
done
end 1
end 2
end 3




Questionc Howmanytimesdoesrec (5) LJINAdgrie £ |

a) 3
) 5
> def rec (X):
if x > 0: C) 15
print("start”, x)
rec (x - 1) d) 81
rec (x - 1)
rec (x T 1) e) 125
print("end", X)
else: f) 243
print("done") g) 5 2 W@W




Factorial S OH M 06y
(nZl)!

Observation 11=1
(recursivedefinition) y. H I.._ 1) y. i O y.

factorial.py

def factorial (n):
if n <=1:
return 1 factorial_iterative.py
* i -
return n factorial (n 1) def factorial (n):

factorial.py resg!t =1
_ foriin range(2, n + 1):
def factorial (n): result *= i

return n * factorial (n - 1ifn>1lelsel return result




)

A(}lf) = numberof waysto pickk elements from a set ¢fizen

Binomialcoefficient(

AFTn2NTY

s M
AT (Mt 2iksnpaas

bionomial_recursive.py

def binomial(n, k):
ifk==0ork==n:
return 1
return binomial(n - 1, k) + binomial(n - 1,k - 1)

AUnfoldingcomputationshows(}() MQa | NBsldwRRSR



Binomialcoefficient(}{)
. y H
Observation (1) b }lf) ATH

bionomial_factorial.py

def binomial(n, k):
return factorial(n) // factorial(k) // factorial(n - k)

AUnfoldingcomputationshows 2n 2 multiplicationsand 2 divisiong\ fast
Alntermediatevaluen ! canhavesignificantlymore digitsthan result (ad)



)

Y IJYTC’;/B MO/BHOD D ¥ 1bMU (Ybm .YV
1) ERRSTI TR ( R

16w 1
bionomial_recursive_product.py

def binomial(n, k):
if k ==0:

Binomialcoefficient(

Observation (

return 1
else:
return binomial(n - 1,k - 1*nl/lk

AUnfoldingcomputationshows 2k 2 multiplicationsand k divisiong\ fast
AMultiplication with fractions) Amintermediatenumberslimited size



Questions; Whichcorrectlycomputes(}lf) ?

Yy ¢ YIg/b M&/bH 06 ¥1bMm0
9

Observation (

CRLCLET AL
bionomial_eraivepy

a) oinomial A def binomial A (n, k):
_ T result =1
b) binomial B for i in range(K):
result = result * (n - 1)/l (k - 1)
c) both return result
d) none def binomial B (n, k):
- result=1
e) 5 2 ykabiv for i in range(k) [ -1]:
result = result * (n - D/ (K - 1)
return result




Recursively print all leaves of a tree

AAssume a recursively nested tuple represents a tree with stas@gaves

Python shell

> def print_leaves (tree):
If Isinstance (tree, str ):
print("Leaf:", tree)
else:
for child in tree:
print_leaves (child)

> print_leaves  ((‘a',(’ b''c 1))
| Leaf: a
| Leaf:b
| Leaf:c




Questionc How many times Igrint_leaves
function called in the example?

Python shell

> def print_leaves (tree):
If Isinstance (tree,
print("Leaf:", tree)
else:
for child in tree:
print_leaves
> print_leaves ((‘a',(' b','c
| Leaf:a
| Leaf:b
| Leaf:c

str ):

(child)
7))

a) 3
b) 4
© ¢) 5
d) 6
e) 52y Qi

1Y:



Collect all leaves of a tree In a set

Python shell

> def collect leaves slow (tree):

leaves = set() copies all labels

If Isinstance (tree, str ): from child from one
leaves.add (tree) set to another set
else:
for child in tree:
leaves |= collect_leaves_slow (child)

return leaves

> collect_leaves_slow ((a, (b, 'ch))




Python shell

> def collect leaves wrong (tree, leaves = set() ): > collect_leaves wrong ((a',( b','c "))
if isinstance (tree,  str ): | {a''c, b}
leaves.add (tree) > collect_leaves_wrong ((d',( e,f "))
|

else:
for child in tree:
collect_leaves_wrong (child, leaves)
return leaves

{'b', 'e', 'a', 'f", 'c', 'd'}

> def collect leaves right (tree, leaves = None ): > collect_leaves_right ((a',( b','c "))
if leaves == None: | {b,a,'c?

leaves = set() > collect_leaves_right (d,( e, ")
if isinstance (tree, str ): | {f,'d, e}

leaves.add (tree)
else:
for child in tree:
collect_leaves_right (child, leaves )
return leaves




Python shell

> def collect_leaves (tree):
leaves = set()

def traverse (tree):
nonlocal leaves # can be omitted
If isinstance (tree, str ):

leaves.add (tree)
else:

for child in tree:
traverse (child)

traverse (tree)
return leaves

> collect_leaves ((‘a’, ('b', 'c"))
| {Ibl, |a|, ICl}
> collect_leaves (('d', ('e', ')
| {Ifl’ |d|’ Iel}




Maximumrecursiondepth ?

> def f(x):
print("#", X)

3 _ _ fx + 1)

APythonsmaximumallowedrecursiondepth | ¢,

canbeincreasedoy #1
#2
: #3
Import sys
sys.setrecursionlimit (1500 ) #o75

# 977

# 978

RecursionError  : maximum
recursion depth exceeded
while pickling an object




KochCurves

A A
e
A5

. depth=0

« depth=1

depth= 2

depth=3

depth=4



KochCurves

1.0

0.8 -

0.6 1

0.4 1

0.2 1

0.0 1

0.0 0.2

koch_curve.py

import  matplotlib.pyplot as plt
from math import sqrt
def koch (p, q, depth=3):
if depth == O:
return  [p, d]
dx, dy =q[0] - p[O], q[1] - p[1]
h=1/ sgrt (12)
pl =p[0] + dx /3, p[1] + dy /3
p2 = p[0] +dx /2 - h* dy, p[1] + dy /2+h*dx
p3 =p[0] +dx *2/ 3, p[1] + dy *2/ 3
return  (koch (p, pl, depth - D[ -1]
+ koch (p1, p2, depth - D[ -1]
+ koch (p2, p3, depth - D[ -1]

+ koch (p3, g, depth

points = koch ((0, 1), (0, 0), depth=3)
X, Y = zip(*points)

1)) ‘\
remove last point

(equal to first point in

plt.subplot (aspect='equal’) next recursive call)
plt.plot X, Y,'r -1

plt.plot (X, Y, 'k

plt.show ()




Recursioranditeration

Aalgorithm examples



Standard 5zard deck
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Selectiorsort

selection_sort.py

def selection_sort
unsorted = L[]
result =[]

while unsorted:

result.append

return result

(L):

e = min (unsorted)
unsorted. remove (e)

(€)

o)

unsorted

é
O
*

—

sorted
result

Amin and. remove scan the
remainingunsorted list foreach

elementmovedto result
Aorder|L| 2 comparisons



Sortinga pile ofcards(Mergesort)

Alf onecard in pile, i.e. pile isorted

AOtherwise

1) Splitpile into two piles,left andright,
of approximatelysamesize

2) Sortleft andright recursively(independently
3) Mergeleft andright (whichare sorted)




def merge sort (L):

n = len(L)
ifn<=1:
return L[:]
else:
mid=n// 2
left, right = L[:mid], L[mid:]
return  merge ( merge_sort (left), merge_sort (right))

def merge (A, B):
n = len(A) + len(B)
C =n *[None]
a,b=0,0
for c in range(n):
if a <len(A) and (b == len(B) or A[a] < B[b]):
Clc] = Alq]
a=a+1l
else:
Clc] = B[b]
b=b+1
return C

split(
recurse(

merge(

iInput <

output {C

N[O O o

Olloo| | N N

~N | vTD O

1N




Questionc Depth ofrecursionfor 52
elements

a) 1
b) 2
c) 3
d 4
e) 5
f) 6 Depth 4 for 8 elements
7
ﬂ; g 615(9|12(4(8|1|7
i) 9 6(5(9]|2 418|117
J) 10 6|5 (9|2 |4|8| |1|7
k) 5 2 ykeiy 6 5] o] &2 1 gl o]




Questionc Order ofcomparisond®y Mergesort ?

a) ~n

b) ~nvy
() ¢) ~nlogn

d) ~re

def merge_sort (L):

n =len(L)

if n <=1:
return L[]

else:
mid=n//2
left, right = L[:mid], L[mid:]
return  merge ( merge_sort (left),

def merge (A, B):
n =len(A) + len(B)
C =n *[None]
a,b=0,0
for c in range(n):
if a <len(A) and (b == len(B) or A[a] < B[b]):
Clc] = Alq]
a=a+1
else:
Clc] = B[b]
b=b+1
return C

merge_sort (right))

O




from collections import

def merge sort deque (L):

Mergesortwithout recursion

AStart with piles okizeone
ARepeatedlymergetwo smallest piles

def merge sort iterative (L):

Q =[[x] for x in L]

while len(Q) > 1:
Q.insert(0,

return Q[0]

insertat front of
AA list inefficient
merge (Q.pop(), Q.pop()))

dequesare a
generalizatiorof lists
with efficientupdates
at both ends

deque

Q = deque ([[x] for x In L])
while len(Q) > 1:

Q. appendleft
return Q[0]

(merge (Q.pop(), Q.pop()))

merge_sort_iterative ([7,1,9,3, -2,5])

Values of Q irwhile-loop

[[71, 1], [9], [3]. [
[[ - 2’ 5]’ [7]’ [1]’ [9]’ [3]]
([ 3.9L.[ -2,5][7] [1]]

- 2], [3]]

[ 1, 7] 3, 9] [ -2, 5]]
[ -2,3,5, 9] [1, 7]]
l -2, 1,3,5,7,9 1]

Note: Lists in @ppearin nonincreasingengthorder,
wherelongestK ghartest



Questionc Numberof iterationsof while-loop ?

merge_sort_iterative ([7 ,1,9,3, -2,5 1)
a) 1
) megesotpy
merge_sort.py
C) 3 def merge_sort_iterative (L):
d) 4 Q =[[x] for x in L]
e) 5 while len(Q) > 1:
n 6 Q.insert(0, merge (Q.pop(), Q.pop()))
) return Q[0]
g) 7



Quicksort (randomized)

: pivot
import random v
o 1 2 /3 4 5 6 7
4
def quicksort (L): 6|19(5(2|4|8|1]|7
if len(L) <= 1: partition( small large
return L[:]
21411|5/6(9(8|7
idx = random.randint(0,len(L) - 1) recurse(
pivot = L[idXx]
other = L[:idx] + L[idx+1:] 1121415(6(7|8|9
combine(
small = [e for e in other if e < pivot]
large = [e for e in other if e >= pivot] 11214]5(6|7]8]|9

return  quicksort (small) + [pivot] + quicksort  (large)

order|[ M T, [L|2ZcBmparisonsexpected



Sortingcomparisonsingle run)

Selection Mergesort Mergesort Mergesort

L sort Recursive lterative Deque QUiEEe
210 0.02 0.00 0.01 0.00 0.00

211 0.08 0.01 0.02 0.02 0.01

212 0.29 0.03 0.05 0.04 0.02

213 1.17 0.07 0.13 0.06 0.04

214 4.62 0.14 0.28 0.14 0.08

215 18.78) 0.29 0.54 0.28 0.20

216 7427 %% 064 1.92 0.89 0.33

217 1.48 5.74 1.62 0.69

218 3.11 20.85) , 366 1.49

219 6.41 79.054 % 7.91 3.52

220 13.52 15.08 7.83

221 28.30 31.32 17.38, |
222 50,604 % 2 63504 X2 40800 X4




Sortingcomparison

1ﬂ2?
1ﬂ13
lD“?
10-1?

1072 4

Sorting algorithms

1 —— selection Sort

Merge Sort

Merge Sort (iterative)
Merge Sort (deque) /
Quicksort

LB | ! L L L L LA | ! LA L L AL | ! ! L L L |
103 104 10° 106




Findzero

A Given a list L of integers starting with a negative and ending with a po
integer, and where |[L[I+1][ wA 6y X MZ FTAYR UKS

L =15,-4,-3,-3,-4,-3,-2,-1,0,1,2,1,01,-2,-1,0, 1, 2, 3, 2]

3
2
1+ | ] | ]
0

@
T T T T T T T T T T T T T T T T T T
012 3 456 ? 9 10 11@13 14 151? 13 19 20



find_zero.py

def

def

def

find_zero loop (L):
=0
while L]i] = O:
|+=1
return |

find_zero enumerate (L):
for idx, e in enumerate(L):
ife==0:
return idx

find_zero_index (L):
return L.index(0)

Function(|L| = 109) Time,sec
find_zero _loop 0.13
find_zero _enumerate  0.10
find_zero_index 0.015

find_zero_binary searcl 0.000015
find_zero_recursive 0.000088

def find zero_binary search (L):
low= 0
high= len (L) - 1
while True: # L[low] < 0 < L[high]
mid = (low + high) // 2
if L[mid] == 0:
return mid
elif  L[mid] <O:
low = mid
else:
high = mid

def find_zero_recursive (L):
def search(low, high):
mid = (low + high) // 2

if L[mid] == 0:
return mid
elif  L[mid] <O:
return  search (mid, high)
else:
return  search (low, mid)
return  search (0, len (L) -1)




Greatest Common Divisor (GCD)

Notation Xyy denotes y Is divisible by x, e.¢/12 00, 22
i.e. y = 1fdE some integer a gedS0, 24)
90 24
Definition gcdm, n)=max { X | y\m and xyn } 66 24
42 24
Fact if xyy andxyz thenxy(y+2 and xy(y-z) 18 24
18 6
_ _ 12
Observation m If m=n 5 5

(recursivedefinition)

gcdm, n) = gcdm, n¢m) if m<n
.gcdmcg¢n, n) if m>n




Greatest Common Divisor (GCD)

gcd_slow.py gcd_slow_recursive.py

def gcd(m, n):
while m!=n:
if n>m:
n=n -
else
m=m -
return

m

n

def gcd(m, n):
if m==n:
return m
elif m > n;:
return
else:
return

gcd(m - n,n)

gcd(m,n -

gcd.py gcd_recursive.py

def gcd(m, n):
while n!=0:
m,n=n,m%n
return m

def gcd(m, n):
if n==0:
return

else :
return

m

gcd (n, m % n)

gcd_recursive_one

def gcd(m, n):
return m if

_line.py

n== else gcd(n, m % n)




Permutations

AGenerate all permutations of a list L as tuples

> permutations(['a’,'b’,'c"])
| [(a,'b,'c), (b, 'a,'c), (b, c, a),
(‘a', 'c','b), (¢, 'a','b"), ('c, 'b', 'a’)]

permutations.py

def permutations (L):
if len (L) ==0:
return [L[:]]
else:
P = permutations (L[ 1:])
return [p[:i] + L[:1] + p[i:] for p in P for i in range( len (L))]

AAnimplementation of'permutations"existsin the "itertools" library



Mazesolver

Input
¢ First line #fowsand #columns

¢ Following#rowslinescontainstrings
containing#columncharacters

¢ Thereare exactlyone'A’ andone'B'
¢ '. "arefree cellsand #' are blockedcells

Output

¢ Printwhetherthere is apathfrom 'A' to 'B'

or not

mazeinput

11 19

HEHAHHYT  HHAHHARRERH

#... #. 7  #
#. ### ### #HHH
#.8# #.# .. HOH
#.#.###.#.#.#.###  H
HHA.. H . HH .. H
H AHAHHARAIHE R HH

HAH.. H. H . HH

# .7 AR AR #H

Ho #.... . HH

BUHBHAUPRALHIHRAE  HHH




Mazesolver(recursive

def explore (i, |): def find(symbol):

global solution, visited

if(O<=i<nand0<=j<mand
mazeli][j] '= "#" and not visited[i][j]):

visited[i][j] = True

if maze[i][j] == 'B"
solution = True

explore (i - 1,))
explore (i+1,))
explore (i, ] - 1)
explore (i,j+ 1)

for i in range(n):
] = maze[i].find(symbol)
ifj >=0:
return (i, j)

nm=[ int (X)forxin input  ().split()]
maze =[ input () foriin range(n)]

solution = False
visited = [m*[False] for i in range(n)]

explore (*find(‘A"))

if solution:

print("path from A to B exists")
else:

print("no path")




Mazesolver(iterative)

def explore (i, )): def find(symbol):
global solution , visited for i in range(n):
j = maze[i].find(symbol)
Q =[(I, )] # cells to visit if ] >=0:
return (i, j)
while Q
L] = Q.pop () nm=[ int (x)forxin input  ().split()]
if(O<=i<nand0<=j<mand maze =[ input () foriinrange(n)]

maze[i][j] = #' and not visited[i][j]):
solution = False

visited[i][j] = True visited = [m*[False] for i in range(n)]
if mazel[i][j] == 'B": explore (*find('A")
solution = True
if solution:
Q.append (i - 1,)) print("path from A to B exists")
Q.append ((i + 1, })) else:
Q.append ((i, j - 1) print("no path")

Q.append ((I, ) + 1))




Questionc Howdifficultis the tripletproject

on ascalel ¢ 10 ?

M OLQY 2FFSYRSR o0& K29 UNANOGALFT GF
2 (very easy)

3 (a quite standard review exercise)

4 (not too complicated, got some known concepts repeated)

5 (good exercise to repeat standard programming techniques)

6 (had to use more advanced techniques in a familiar way)

7 (quite complicated, but manageable)

8 (very abstract exercise, using complicated language constructs)
9 (very complicated barely manageable spending all my time)

10 (this is a research projecttould be an MSc thesis/PhD project)
25 (this isvayyytoo complicated for a university course)



Functionsasobjects
Alambda

Ahigherorder functions
Amap, filter, reduce



Alilasingunctionsc both userdefinedandbuiltin

Python shell

> def square(x):
return X * X

square

<function square at 0x0329A390>
square (8)

64

kvadrat = square
kvadrat(5)

25

len

<built - in function len>
length =len

length ([1, 2, 3])

3

-— VvV VvV—™mV—™\V \V—™\V—YV




Functionsasvalues

def square(x):
return X * X

def double(x):
return 2 * X

while True:
answer = input("square or double ? ")
if answer == "square":

f = square
T il

break

if answer == "double:/ square
f = double

break callthe fu
with argu

9]

Vs

(¢

answer = input("numbers: ")
L_in [ int (X) for xi
L out =[ f(x)
print( L_out )

answer.split
L in ]

wnddouble

Python shell

square or double ? square
numbers: 367 9
[9, 36, 49, 81]

square or double ? double
numbers: 23479
[4, 6, 8, 14, 18]

r to one of the functions
referto

nctionf isreferringto
mentx



Functionsasvaluesandnamespaces

def what _says (name):
def say (message):
print(hame, "says:", message)
return  say

alice = what _says ("Alice")
peter=  what_says ("Peter")

alice ("Where is Peter?")
peter("l am here")

Python shell

| Alice says: Where is Peter?
| Peter says:|am here

Awhat_says is afunctionreturninga
function (say )

AEachcallto what_says with a single
stringasits argumentcreatesa new
say functionwith the currentname
argument inits namespace

Aln eachcallto a aninstanceof asay
function, namerefersto the stringin
the namespacavhenthe functionwas
created andmessage is thestring
given as an argument in treall



Questionc Whatlist isprinted ?

def f(x):
def ;
?gzmlocal X a) [7,7,10]
Y =x+1 b) [7,9, 8]
return x +y c) [7,9,9]
return g d [7,9, 12]
a =1(3) e) [7, 10, 10]
b =1(6) f) 5 2 ykbiv

print((  a(3), b(2), a(4)])



map

Amap( function , list)
sequencdist
Amap( function |, list

appliesthe functionto eachelement of the

., list ) requiresfunction to takek

arguments, andreatesa sequencewith the A Qelefentbeing

function (list  ]i],

list

1)

Python shell

> def square (x):

return x*x
list(
[1, 4,9, 16, 25]
def triple_sum

returnx +y + z

\

list( map( triple_sum
[12, 15, 18]
list( map( triple_sum
[12, 15, 18]

-V — V

map( square , [1,2,3,4,5]))

(X, Y, 2):.

, [1,2,3], [4,5,6], [7,8,9]))

, *2ip(*[(1,4,7), (2,5,8), (3,6,9)])))




sorted

AA listL canbe sortedusing
sorted (L)

AAuserdefinedorderon the
elementscanbe definedby
providinga functionusingthe
keywordargumentkey , that
mapselements tovalueswith
somedefault ordering

Python shell

> def length_square (p):

X Yy=p
return x**2 + y**2

> L=[(5,3), (2,5), (1,9), (2,2), (3,4)]
> list(map( length _square L))
[34, 29, 82, 8, 25]

> sorted (L)
[(1,9). (2,2), (2,5), (3, 4), (5, 3)]
> sorted (L, key=length square
[(2,2), (3, 4), (2,5), (5, 3), (1, 9)]

#no sqrt

# default lexicographical order

)  # order by length

https:// docs.python.org/3/library/functions.html#sorted



https://docs.python.org/3/library/functions.html#sorted

Questionc Whatlist doessortedproduce?

sorted([2, 3, -1,5, -4,0,8,
key 2 3 1 5 4 0O 8

a) [-6, -4, -1,0,2,3,5, 8]

b) [0, 2, 3,5, 8, -1, -4, -6]

c) [0, -1,2,3, -4, 5, - 6, 8]

d [8,5, 3, 2,0, -1, -4, -06]

e) [0, 1,23, 4,5, 6,8 ]

f) 5 2 ykeoiv

- 6], key=abs)
6

Python shell

> abs(7)

| 7

> abs( -42)
| 42




filter

Afilter( function , list) returnsthe subsequeneceflist where
function evaluatedo true

AEssentiallghe same as
[X for x In list if function  (X)]

Python shell

> def odd(x):
return X % 2 ==

> filter  (odd, range(10))

| <filter object at 0x03970FD0>

> list( filter (odd, range(10)))
| [1,3,5,7,9]




reduce(in modulefunctoolg

At @ (I KéeguSifunctionis inother language®ften denotedéfoldIé

reduce (f,[X 1.X 5 X gy X ) =F( TR (X )X 5) T ,iX))

Python shell

> from functools import reduce

> def power (X, Y):
return X **y

> reduce (power, [2, 2,2, 2, 2])
| 65536




lambda(anonymoudunctiong

Alf you needto definea shortfunction, that returnsa value and the

functionis only usedoncein your program,then a lambdafunction
might be appropriate

lambda arguments: expression

ACreatesa functionwith no namethat takeszeroor more arguments,
andreturnsthe valueof the singleexpression

Python shell

> f= Jlambda X,y:x+y

> (2, 3)

| 5

> list( filter (lambda x:x % 2, range(10)))
| [1,3,5,7,9]




Examplessortedusinglambda

Python shell

> L =['AHA' 'Oasis', 'ABBA', 'Beatles', 'AC/DC', 'B. B. King', 'Bangles’, 'Alan Parsons']

> # Sort by length, secondary after input position (default, known as stable)
> sorted (L, key=len)
[[AHA', 'ABBA', 'Oasis', 'AC/DC', 'Beatles’, '‘Bangles’, '‘B. B. King', '‘Alan Parsons']

# Sort by length, secondary alphabetically
sorted (L, key=lambda s: ( len (s),s) )
[[AHA', 'ABBA', 'AC/DC', 'Oasis', '‘Bangles’, '‘Beatles', '‘B. B. King', '‘Alan Parsons']

— VvV V

# Sort by most 'a’'s, if equal by number of 'b's, etc.
sorted (L, key=lambda s: sorted(| a.lower ()forainsif a.salpha (O] + [~ )
['Alan Parsons', 'ABBA', 'AHA', 'Beatles', 'Bangles', 'AC/DC', 'Oasis', 'B. B. King']

— VvV V

sorted ([ a.lower () for ain 'Beatles'if a.isalpha (] +[~)
[a', 'b', ‘e, ‘e, 'I', 's', 't '~ ]

-V




min and max

A Similarlyto sorted , thefunctionsmin andmaxtake a keywordargumentkey ,
to mapelements tovalueswith somedefaultordering

Python shell

> max(['w', 'xyz'," abcd',' uv')
xyZ

> max(['w', 'xyz', ‘abcd', 'uv', key=len)
‘abcd'

> sorted([210, 13, 1010, 30, 27, 103], key=lambda x: str (X)[:: -1]
[1010, 210, 30, 103, 13, 27]

> min ([210, 13, 1010, 30, 27, 103], key=lambda x: str (X)[:: -1])
1010

docs.python.org/3/libraryfunctions.html#min



https://docs.python.org/3/library/functions.html#min

Historyof lambdain programmingdanguages

Alambda calculus invented by Alonzo Church in 1930s
ALisp has hathmbdassince1958

AC++ got lambdas in C++11 in 2011

AJava first got lambdas in Java 8 in 2014

APython has had lambdasnce Version 1.t 1994



polynomial.py Python shell

def linear_function (a, b):

def degree two_polynomial
def evaluate(x):

return evaluate

def polynomial (coefficients):

def combine (f, g):

print("h(3, 5) =", h(3, 5))

return lambda x;:a*x+Db

(a, b, c):

returna*x**2+b*x+c

return  lambda x: sum([c * x**p for p, ¢ in enumerate(coefficients)])

def evaluate(* args ,* kwargs ):
return f(g(* args , ** kwargs ))
return evaluate
f = linear_function (2, 3)
for xin [0, 1, 2]:
print("f(%s) = %s" % (X, f (x)))
p = degree_two_polynomial (1, 2, 3)
for xin [0, 1, 2]
print("p(%s) = %s" % (X, pP(x)))
print("polynomial([3, 2, 1])(2) =", polynomial  ([3, 2, 1])(2))
h = combine (abs, lambda x,y:x - y)

f(0) =3

f(1)=5

f(2) =7

p(0) =3

p(1)=6

p(2) =11

polynomial([3, 2, 1])(2) = 11
h(3,5) =2




Questionc What value I1s h(1) ?

linear_combine.py

def combine(f, g):

return evaluate

def linear_function

f
9

linear_function
linear_function

h =combine( f,

print(  h(1))

def evaluate(* args ,* kwargs ):
return f(g(* args , ** kwargs ))

(@, b):

return lambda x;:a*x+ b

(2, 3)
(4, 5)

9)

a) 5
b) 9
c) 16
d) 21
e) 25
f) 5 2 ykoiv



Namespace example

lambda (f) lambda (Q)

X: 9 Xx: 1

global variables

combine:
linear_function:
f:

g:

h:

—_—
. —

evaluate
args: (1,)
kwargs: {}
s“combine 4 "= BN
5 //
v g: <function lambda-—>

f: <function lambda-—>--"
evaluate <function evaluate—*rp

. . \
<function combines> o /
<functionlinear_functions> /" /' /
<function lambda-—>---""_."7 ~

<function lambda-->---""__-
<function evaluate-—>——""

linear_combine.py

def combine(f, g):
def evaluate(*
return f(g(*

def linear_function

linear_function

g linear_function
h =combine( f,
print(  h(1))

return evaluate

return lambda x;:a*x + b

args , ** kwargs ):
args , ** kwargs ))
(a, b):
(2, 3)
(4, 5)

g)




partial

def partial( f,* args ,* kwargs ):
return lambda *a, **kw :

def f(x,y, 2):
returnx +2*y+3*z

g = partial(f, 7)

h = partial(f, 2, 1)

k = partial(g, 1, 2)

print(  g(2, 1)) #7+2*2+3*1=14

print(  h(3)) #2+2*1+3*3=13

print( k() #7+2*1+3*2=15

f (* args , *a, **

partial.py

kwargs , **kw)

AThe functionpartial
subset of the parameters of a function

from the modulefunctools

fixes/binds/freezes &

ARoughly equivalent to the definition in the example

Wikipedia:Partial application
docs.python.org/3/library/functools.html



https://en.wikipedia.org/wiki/Partial_application
https://docs.python.org/3/library/functools.html

partial (trace of computation)

def partial (fn,* args):
def new_f (*a):
print(  fnew_f fn ={fn .__name_ },
answer = fn (* args , *a)
print( fanswer ={answer}’)
return answer
return  new_f
def f(x,y, 2):
print( T ({x}.{y}.{z}))
returnx+2*y+3*z
g = partial(f, 7)
h = partial(f, 2, 1)
k =partial(g, 1, 2)
print(f{ g(2,1) =}\n) #7+2*2+3*1=14
print(f{ h(3) =}\n") #2+2*1+3*3=13
print(f{ k() =}\nY) #7+2*1+3*2=15

args ={ args }, a={a})")

new f: fn=f, args =(7,), a=(2, 1))
f(7,2,1 )

answer=14

92,1 =14

new f: fn =f, args =(2, 1), a=(3,))
f(2,1,3)

answer=13

h(3) =13

new f: fn=new_f, args =(1, 2), a=())
new f: fn =f, args =(7,), a=(1, 2))
f(7,1,2)

answer=15

anSWor=15 Python shell

k() =15 > def f(x): return x

> g = lambda x: x

> f. _ _name__
|t

> g. __name__
|

'<lambda>'




Objectorientedprogramming
Aclassesobjects
Aself
Aconstruction
Aencapsulation



ObjectOrientedProgramming

AProgrammingparadigm other paradigmsare e.g

¢ functionalprogrammingwherethe focusis onfunctions f | Y 0 &hthipBer
orderfunctions and

C Imperativeprogrammingfocusingon sequence®f statementschanginghe
state of the program

ACoreconceptsare objects methodsandclasses

¢ allowingoneto constructabstract data typesi.e.userdefinedtypes

C objectshavestates

¢ methodsmanipulateobjects definingthe interface of theobjectto the rest
of the program

AOOsupportedby manyprogrammindganguagesincludingPython



https://en.wikipedia.org/wiki/List_of_object-oriented_programming_languages

Object Oriented Programmindfistory

(selected programming languages

a AR ™ dSimularér

(OleJohan Dahl and Kristen NygaaxirskRegnesentraDslo)
Introduced classes, objects, virtual procedures

M T n QaSmalltalk(Alan Kay, Dan Ingalls, Adele Goldberg, Xerox PAR gr
Objectoriented programming, fully dynamic system =
(opposed to the static nature @imulab7 )

1985 Eiffel (Bertrand Meyer, Eiffel Software)
Focus on software gquality, capturing the full software cycle

1985 C+HBjarneStroustrup[MScAarhus1975], AT&T Bell Labs)

1995 Java(James Gosling, Sun)

2000 C#(Anders Hejlsberg (studied at DTU) et al., Microsoft) =

1991 Python (Guido van Rossum) Byte Magazine,

Auqust 1981

Multi-paradigmprogramminglanguage, fully dynamic system

Note: Java, C++, Python, C# are among Top 5 on Di&pigary 202thdex
of popular languages (only non OO language among Top 5 was C)


https://archive.org/details/byte-magazine-1981-08

Design Patterns (not part tfis course
reoccuringpatterns in software design

Design Patterns

Elements of Reusable
Object-Oriented Software

Erich Gamma
Richard Helm
Ralph Johnson
John Mlissides
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Head First

Design Patterns

A Brain-Friendly Guide

Eric Freeman & Elisabeth Robson
with Kathy Sierra & Bert Bates

Patterns ‘

in Java

'Second Edition

A Catalog
of Reusable

Volume 1

F <
Design Patterns S ososioris ol

llustrated
‘with UML

Mark Grand

DESIGN PATTERNS

EXPLAIN

e on Omeet-Or

ooooooooooooo

Y FLEXIBLE,
RELIABLE
ED SOFTWARE

Using Patterns and
Agile Development

Henrik Baerbak Christensen

(6#) CRC Press

Javacookbook2003 Javatextbook2004 Javaextbook2010

The Classic book 1994 A very alternative book 2004

(C++cookbooK

(Javayeryvisua)

...andmanymore bookson thetopic of Design Patternglsowith Python



Someknownclassesobjects andmethods

Type class Objects Ve (R lEs

int 0 -7 421234567 add (x),. _eq (x),._str ()
str " 'abc' '12_ a Jisdigit), lower(), . _len_ ()
list [l [1,2,3][a','b", 'c] .appendx), .clear(),. mul (X)
dict {'foo': 42, 'par' : 5}  .keyg), get(),. getitem__(X)
NoneType None . str_()

Example

Thefunctionstr ( obj ) callsthe methods
obj . str () orobj. repr () ,If
obj . str  doesnot exist

V—V—V—V—YV

V—V —

5+7
12
(5).__add__ (V)
12

(7).__eq__(7)
True

' aBCd'.lower()
‘abcd'

‘abcde’. _len_ ()
#. len_ () called by len(...)
5

['X','y]._ _mul_(2)

#+calls. add_ (7)
#eq.to5+7

#eq.to/7==7

getitem

. __('foo")
{'foo' : 42}['fo0’]

None. str () #used by str (...




Classes and Objects

class<
methods

~

objects
(instance$
class student_DD
(type) name ='Donald  Duck’ data
} attributes

id ='07"

set name ( name)

SeLlel (eeeny ) — name = 'Mickey Mouse'

get_name () id ='243'
get_id () \

L. name = 'Scrooge McDuck'
creatinginstances |ig =777

of classStudent

usingconstructor
Student ()

docs.python.orqg/3/tutorial/classes.html



https://docs.python.org/3/tutorial/classes.html

Using theStudent

student.py

student DD =  Student ()
student MM =  Student ()
student SM = Student ()

student_ DD .set name (‘Donald Duck’)
student DD .set id (‘107"

student MM .set name (‘Mickey Mouse')
student MM .set id (‘243"

student_ SM .set name ('Scrooge McDuck')
student SM .set id (777"

students = [student_DD, student_ MM, student_SM]

for student in students:
print(student .get_name (),
"has id",
student .get id ())

class

Python shell

Donald Duck has id 107
Mickey Mouse has id 243
Scrooge McDuck hasid 777

J

A

Callconstructorfor class
Student . Eachcallreturns
a newStudent object

Callclasanethodsto set
dataattributes

Callclassmethodsto read
dataattributes



classStudent

classdefinitions start
with the keyword

class \m/_ the first argument to alclassmethodsis

nameof class

sclass  Student — areference to theobjectcalledupon,
‘ def set name (self ,hame): and byconventionthe first argument
often calledmutator e shouldbe namedself

methods, sincethey
changethe state of
anobject

useself . to accessn attribute of

anobjector classmethod (attribute
reference)

def set id (self , student id ):
self .id=  student id

[ def get_name (self ):

often calledaccessor
return self .name

methods, sincethey
only readthe state of

anobject def get id (self ):

L / return  self .id

o / _ Note In other OOprogramminganguages
classmethod definitions start withkeyworddef the explicitreference toself is notrequired

(like normalfunction definitions) (in Java and C+self  is thekeywordthis )




When are object attributes initialized ?

Python shell

> x = Student()
> x.set_name("Gladstone Gander")
> x.get_name()

|> fgl’ae?_sitg(r)le Gander'

| AttributeError: 'Student' object has no attribute 'id"

A Defaultbehaviourof aclasssthat instancesare createdwith no
attributes defined but hasaccesso the attributes/ methodsof the class

A In thepreviousclassStudent both the nameandid attributes were
first createdwhenset byset name andset id , respectively



Class construction and Init

AWhenan objectis createdusingclass name () A Uinfddlizermetod
__Init __ iscalled

AToinitialize objectsto containdefault values (redefinethis function.

class Student:
def _ init _ (self):
self.name = None
self.id = None

previous method definitions ...




Questionc Whatis printed ?

Python shell a) 1

> class C:
def _init__ (self): b) 2
selfv=0
def f(self): c) 3
self.v =self.v+ 1 d) 4
return self.v
> x=C() e) 5
> print(X.f() + x.f()) f) 5 5 yk@"'
W




__Init ___ with arguments

AWhencreatingobjectsusingclass_name (args ) the initializer
methodiscalledas init _ ( args )

AToinitialize objectsto containdefaultvalues (redefinethis function
to do theappropriateinitialization

class  Student: > p = Student("Pluto")
def _ _init _ (self, name=None, student id =None): > print(p.get_name())
self.name = name | Pluto
self.id = student_id > print(p.get_id())
| None
previous method definitions ...




Areaccessoand mutator methodsnecessary’

No - but good programmingstyle

class Pair:
""" invariant: the_ sum=a+b "™
S ( def _init_ (self, a, b):
Python heII § .
> p =Par3,5 ) @ self.b = b
> p.sum() g L self.the_sum = self.a + self.b
|> £ ¢ aa - def set_a(self, a):
- BSEL 2l S selfa=a
| g.sum() © < self.the_sum = self.a + self.b
3 "
> p.a # access object attribute c | def Set_|l1?(bs.elf|,O b):
| 4 - sellr.n =
> p.b =0 #update object attribute é self.the_sum = self.a + self.b
> p.sum() 8+ def sum(self):
| 9 # the_sum not updated & { return self.the _sum




Definingorder on instancef aclasgsorting

ATodefineanorderon objects define

0KS daf & 2LISNI I 2 NJ|class Student:
def It  (self, other):
return self.id < other.id

AWhené<é defiaeda listL of

studentscanbe sorted using ... previous method definitions ...
sorted (L) andL.sort () Python shell
> student DD < student MM
True

> [x.id for x in students]

['243', '107", '777']

> [x.id for x in sorted (students)]
['107', ‘243", '777']




Convertingobjectsto str

ATobe ableto convertanobjectto a

stringusingstr ( object ),define |class Student:

the method __ str def __ str __ (self):
T T return ("Student['%s', '%s'T"

% (self.name, self.id))

Ve

A str ISe.g usedby print

previous method definitions ...

Python shell

> print(student_DD) # without _ str

| <__main__.Student object at 0x03AB6B90>
> print(student_DD) #with _ str

| Student['Donald Duck’, '107']




Nothingis private inPython

APythondoesnot supporthiding class My_Class :
information insideobjects s R B
ARecommendatioris to start seff_y  =b
attributes with underscore, ithese Set o s (G
shouldbe usedonlylocallyinsidea return - self_x  + self._y

classi.e.beconsidere LINRA G Ui - wy class

At 9t Ysgonéleading underscore |°Xsety 3.9
only for norpublic methods and print("'Sum =", obj.get_sum ()
instanced | NA I 0f Saa print(*_x =", obj ._x)

Python shell

| Sum=38
| x=3




C++ private, public

C++ v#ython

1. argument types

2. returntypes

3. void =NoneType

4. private [/ public
accesspecifier

5. types of dataattributes

6. dataattributes must
be definedin class

/. objectcreation

8. noself Inclassmethods

private_attributes.cpp

class
private:
®int
public:
23 void

J
@ in

J
3

main() {

cout
cout

}

#include <

using namespace

My Class {

@
X, ¥, ®
@

set xy (int

X = a;
y=b

get_sum () {

return X +,

@ My Class obj ;
obj. set xy (3, 5);

lostream >
std

a,

<< "Sum ="<<

<<"X:'

<<

@
int  b){

obj. get sum () << end ;
obj.®<< endl ;

\\ invalid reference



Java private, pub|fFa ——

@ private Nt X, V;

Java v$Python @ public "void set_xy (ilg% a, ir%) b) {
1. argument types x=a y=h
2. returnt e G
. Teturntypes @ public int get sum (){ returnx+y;};
3. void =NoneType T
4 private / pUb”C class private_attributes {
accesspecifier public static void main(String args [I{
5. types of dataattributes DIh/ECIa=SRebCVYRCla=s10);

obj. set xy (3, 5);
System.out.printin ("Sum ="+ obj. get sum () );
System.out.printin ("x ="+ obj. @

/. objectcreation ) P
8. noself inclassmethods |} invalid reference

o

dataattributes must
be definedin class




Namemangling(partial privacy

APythonhandles references tolassattributes

Insidea classdefinition with at least two class MySecretBox :
leadingunderscores andt most one trailing def __init __(self, secret):
underscoren a special way: _attribute self. __secret = secret
s textually replaced by
_classname __ attribute > x= MySecretBox (42)

> print(  x. __secret )

| AttributeError :'  MySecretBox '

ANotethat [Guttag p. 126]stateséthat OIS B Mo I

: : 2 . : : __secret’
attribute Is not visibleoutsidethe class ¢ > print(x. _MySecretBox __ secret )

whichonlyis partially correct(seeexamplg | 42




Classttributes

class

class Student

" Inextid =3 student_DD

class | set_name (name) — -r;amf-; 'Donald  Duck' }dat_a
set_id (student_id ) ia = attributes

object

attributes )
get_name ()

\ get id ()

Aobj . attribute first searches the objects attributes to find a match, if
no match, continuous to search the attributes of the class

AAssignments t@bj . attribute  are always to the objects attribute
(possibly creating the attribute)

AClass attributes can kmccesedlirectly asclass . attribute
(orobj . class  .attribute )



Class data attribute

Anext_id s a class attribute
AAccessed usingtudent.next_id

AThe lookup @ can be replaced with
self . next id , since only the class
has this attribute, looking up in the
object will be propagated to a lookup
In the class attributes

Aln the update @ it is crucial that we
update the class attribute, since
otherwise the incremented value will
be assigned as an object attribute

(What will the result be?)

student_auto_id.py

class Student :
next id =1 #class attribute
def _ init _ (self ,name):
self .name = name @
self .id=  str (Student.next_id )
@ Student.next_id +=1
def get name (self ):
return  self .name
def get id (self ):
return  self .id

students = [ Student (‘Scrooge  McDuck’),
Student (‘Donald Duck’),
Student (‘Mickey Mouse')]
for student in students:
print( student.get name (),
"has student id",
student.get id 0)

Python shell

| Scrooge McDuck has student id 1
| Donald Duck has student id 2
| Mickey Mouse has student id 3




Questionc What doesobj.get

Python shell

> class

> obj =

MyClass :
X=2

def get( self ):

self x= wself x+1
return  MyClass .x +

MyClass ()

> print(obj.get())
?

self .x

a) 4

© b) 5
C) 6

() return ?

d) UnboundLocalError

ly2o

e) 52y Qi

X=2

get ()

q

obj
X=3



Class datataibute example (in Python)

o

/

inc () \
L

A Note thatMy Class.x andself.x refer to
the same class attribute (sinself.x has
never been assigned a value)

class_attributes.py

class

objL.i
obj2.i

My Class :
X =1 # class attribute

def inc (self ):
My Class. x = self

objl= My Class ()
obj2= My Class ()

nc()
nc()

print(obj1. X, 0bj2. Xx)

| 33

Python shell

. X

+1




Javastatic

Aln Javalass attributes,
l.e. attribute values
shared by all instances,
are labeledstatic

APythonallowsboth class
andinstanceattributes
with the samenamec in
Java at mosbne of them
canexist

— gl

inc ~ EE
[

static_attributes.java

class My Class {
public  static int x=1;

public wvoid inc O{ x+=1,;}
}
class static_attributes {
public static void main(String args []){
My Class objl=new My Class ();
My Class obj2=new My Class ();
objl.inc();
obj2.inc();
System.out.printin (objl.x );
System.out.printin (obj2.x );
}
}
| 3
| 3




C+4static

Aln C++class attributesi.e.

attribute values shared by

all instances, are labeled
static

AISO C++ forbids-rlass
Initialization of noRconst
staticmember

APythonallowsboth class
andinstanceattributes
with the samenamec in
C++at mostone of them

canexist
/
~

x=1

inc ()

static_attributes.cpp

lostream >

#include <
using namespace

class My Class {
public

static int  X;
void

%

int  main(){
My Class objl;
My Class o0bj2;
objl.inc();
obj2.inc();
cout << objl.x
cout << obj2.x

}

| 3
| 3

inc () {x+=

int My Class ::x =1;

std ;

/[ "=1"is not allowed
1; %

/I class initialization

<< endl ;
<< endl ;

C++ output




Constants

AA simpleusageof classdataattributesis to store a set ofonstants
(but there is nothing preventinganyoneto chancethesevalueg

Python shell

> class Color:
RED = "ffO0O00"
GREEN = "00ff00"
BLUE = "0000ff"

> Color.RED

| 'ff0000'




PEP&tyle Guide for Pythdbode (some
guotes)

AClassiamesshould normally use th€apWordsonvention
AAlways useselffor the first argument to instance methods

AUse ondeading underscorenly fornon-public methods and instance
variables

AForsimple public data attributedt is best to expose just the attribute
name,without complicatedaccessamutator methods

AAlways decide whether a class's methods and instance variables
(collectively: "attributes") should bpublicor non-public. If in doubt,
choose noroublic; it's easier to make it public later than to make a

public attribute nonpublic
www.python.org/dev/peps/pepgd00d



https://www.python.org/dev/peps/pep-0008/

Some methodsany class have

_eq__(self , other ) Usedto test iftwo elementsare equal
Twoelementswhere _eq is true must havequal __hash

__str_ (self ) Usedby print
__repr _ (self ) Usede.g for printing to shell

(usuallysomethingthat is a validPythonexpressiorfor eval () )
_len_ ( self ) Length(integer) of object, e.g lists,strings tuples setsdictionaries
__doc__ (self ) Thedocstringof the class
__hash__ (" self ) Returns hashkalue(integer) of object

Dictionarykeysand setvaluesmust have a __hash_method
It ( self , other ) Comparisor{lessthan, <)usedbysorted andsort()

_init (' self ,..) Clasgnitializer

Overloading operatorsyww.python-course.eu/python3 magic_methods.phy



https://www.python-course.eu/python3_magic_methods.php

Classhierarcies

Ainheritance
Amethod overriding
Asuper

Amultiple inheritance



Callingnethodsof aclass

class X:
Alf anobjectobj of classChas a i el
method method , then usually
youcallobj . method () SET @RI SEl )
return  self .x
. _ _ obj = X()
Alt is possibleto callthe methodin |
the classdirectly using obj.set_x(42)
C. method , wherethe objectis orint("obj.get_x() =", obj.get x()
the first argument print("obj.x =", obj.x) |
_ print("X.get_x(obj) =", X.get_x(obj) )
C. method ( obyj )
| obj.get x() =42
| obj.x =42

| X.get x(obj) =42




Classes and ObjeCtS Observation:studentsandemployees

class Person

set name ( name)
get_name ()

set address (address )
get_address ()

class Student

set name ( name)
get_name ()

set address (address )
get_address ()

set id (student id )
get id ()

set grade (course , grade)
get _grades ()

are personswith additionalattributes

Person object

Instance
—

name = 'Mickey Mouse'

address ='Mouse Street 42, Duckburg

———————————————————————————————————————————————

Student object

name = 'Donald Duck'
address ="' Duck Steet
id ='1094'

grades ={ programming ':'A'}

Employee object

name =' Goofy'
address ="' Clumsy Road 7, Duckburg '
employer ="' Yarvard University

-
4

Instance 13, Duckburg '

|

op ™ " N N N N T - — - - —
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Classes and Objects
Goalc avoidredefiningthe 4 methods below

set_name ( name) .
get_name () from person classagainin student class

set address (address )
get_address ()

class Student class Person:

(set name (name)  person 1 def set_name (self , name):
Iget_name () attributes | self .name = name

i def get name (self ):

! return  self .name
1

4

set address (address )

lget_address ()
def set address (self ,address):

set_id (student_id ) self .address = address

getid 0 def get address (self ):
set grade (course , grade) return  self .address
get _grades ()




Classesheritance

set_name ( name) classStudent | iInheritsfrom classPerson
get_name () classPerson is thebaseclassof Student

set address (address )
get_address ()

class Student class Student (Person)

(Sef name (name)  person I def set id (self , student.id )
iget_name () attributes: self .id= student_ld

| | A 1

iset_address ( address ) i el gELie (SG:I ).' g

lget_address () ! return - selt

| — 1

e TP / def set_grade (self , course, grade):
set_id (student_id ) self .grades [course] = grade
get_id () def get grades (self ):

set_grade (course , grade) return  self .grades
get grades ()




Classesonstructors

set name ( name) class Person:

Sl fEme LE gl'fmt naﬁé S:ell\florzia } constructorfor
Z(;’;_chcjlrr(;: E)address) celf address = None Person class
class  Student (Person)

(SET name (name) person def __init _ (self ): “

lget_name () attributes | self .id = None i constructorfor
| ¢ add dd i self .grades ={} Student class
6 _ACOress (address ) i Person._ init _ (self )

lget_address () ! /

set id (student id ) Notes

get_id () 1) IfStudent.  init __is notdefined then

set_grade (course , grade) Person.__ init __ will becalled

get_grades () 2) Student.__ init __ mustcallPerson.__ init __ to

Initializethe name andaddress attributes



super()

set name ( name)
get_name ()

set address (address )
get_address ()

class Student

person

:get_name () attributesi
iset_address (address ) i
e :
set_id (student_id )

get id ()

set grade (course , grade)
get _grades ()

class Person:
def _ init _ (self):
self.name = None

self.address = None

class Student(Person):
def _ _init _ (self):
self.id = None
self.grades ={}
super().  init ()

Notes
1) Functionsuper()

}

alternative
constructor

searchedor attributesin baseclass

2) super isoften akeywordin other OOlanguageslike Java and C++

3) Notesuper(). Init

__ () doesnot needself as argument



Method searchorder

set name ( name)
get_name ()

set address (address )
get_address ()

T parent class
class Student(Person) Student  object
SetIch( student [di) instanceof |name ='Donald  Duck'
get_id () / address =' Duck Steet 13, Duckburg
set_grade (course , grade) 'd:'1094'l o
get grades () grades = { programming ':'A'}




Classierarchy

class Person

set name ( name)
get_name ()

set address (address )
get_address ()

TN

class Student(Person) class Employee (Person)

set id (student id ) set_employer ( employer )
get id () get_employer ()

set grade (course , grade)
get _grades ()




Method overriding

overloading.py
class A

class B(A):

def say( self ):
print("A says hello")

# B Is a subclass of A
def say( self ):
print("B says hello")

super().say()

Python shell

> B().say()
| B says hello

| A says hello

preventanysubclas$o override amethod

In Javabne canusethe keywordefinally

£

l.j



Python shell

> class A():
def f(self):
print("  Af")
self.g ()
def g(self):
print("Ag")
> class B(A):
def g(self):
print("  Bg")

B()

—h

0

> b
> b.
| 2

Questionc Whatdoesb.f () print ?

a) AttributeError

b) AfAg

c) AfBg
d) 5 2 yk@oiv



Undefindmethodsin superclas®

>

-V VT™/—///V V

class A():
def f(self):
print("

self.
def g(self):
print("
B(A):
def g(self):
print("

Af ")
g()

Ag")
class

Bg")
b =B()

b.f()

Af

Bg

a=A()

a.f()

Af

AQ

>

>

-V VT—//V V

class A():
def f(self): method g undefined in class
print("  Af") subclasses must implemegt
self. g() <— to be able to calf
class B(A): in JavaA would have been
def g(self): required to be declared an
print("  Bg") abstract class
b =B()
b.()
o te inst A
Bg can create instance
a=A( 4/4 fails sinceg is not
af() < defined in clas$
Af
AttributeError : 'A’ object has no attribute 'g'




Namemanglingandinheritance

Python shell

> class A():
def

def

def

> b=B()
> b.f()
| Af

| Ag

> class B(A):

f(self):
print("  Af")
self.  g()
___g(self):
print("Ag")
___g(self):
print"  Bg")

AThecallto A. g inA.f forces a
callto g to staywithin A

ARecalthat due tonamemangling
__gisaccessiblasA. A



Multiple inheritance

AA classcaninherit attributes from
multiple classegin exampletwo)

AWhencallinga method definedin
severalancestorclassesPython
executeonly one of the these
(in theexamplesay hello )

AWhichoneis determinedby the so
callede / Method Resolutioh NR S NE
(originatingfrom the Dylanianguagé

Raymond HettingeSuper considered super
Conferencdalk atPyCom2015

multiple_inheritance.py

class Alice
def (self ):
print("Alice says hello")
def say good night (self ):
print("Alice says good night")
class Bob:
def (self ):
print("Bob says hello")
def say good _morning (self ):
print("Bob says good morning")

class X(Alice , Bob): # Multiple inheritance
def say( self ):
self.say _good _morning §)
self. 0 # C3 resolution
Alice. (self ) #from Alice
Bob. (self ) # from Bob

self.say _good_ night §)

Python shell

> X().say()
Bob says good morning

—_____ sinceAlice beforeBob

in list of super classes

Alice says good night



control.pptx
control.pptx

C3 Method

> X.._mro__

resolutionorder | (dloss  main_x > <cass . man_Alce >
help(X)

>
| Help on class X in module __main__:
| class X(Alice, Bob)

|

AUsehelp (class ) to |
determinethe resolution | X
order for the class } Alice

|
|
|

Method resolution order

builtins.object

AOF accesghe mro Methods defined here
Py - say(self)

attribute of the class TR

| Methods inherited from Alice:
| say_good night(self)
| say_hello(self)

| Methods inherited from Bob:
| say_good_morning(self)




Questionc Whosayshello? Bobsaysgood
morning

class Alice :
def say hello (self ):
print("Alice says hello")

class Bob: :
def say hello (self ): a) Alice
print("Bob says hello")
def say good morning (self ): b) Bob
self .say _hello () C) 5 2 y-lj ) 1 y. .

print("Bob says good morning")
class X(Alice , Bob). # Multiple inheritance
pass

X(). say _good morning ()




Comparingbjectsandclasses

Aid( obj ) returnsauniqueidentifyerfor anobject(in CPythorthe memoryaddres$
Aobjl is obj2 testsif id(objl)==id(obj2)
Atype( obj ) andobj . class _ returnthe classof anobject

Aisinstance  ( object, class ) checks if an object is of a particular classa
derived subclass

Aissubclass (classl , class2 ) checksitlassl is a subclass alass?2



IS Isnot for Integers, strings, ... am&l ISnot ==

Python shell

> 500+500 is 1000
True
X =500
X+x Is 1000
False
True
for x in range(0, 1000):
fx - 1+1 isnot
print(x)
break

V—V—V V—

|257

ifx+1 - 1 isnot
print(x)

break
| -6

X + x == 1000 # int .

> for x in range(0, - 1000,

eq_ (...

X.

- 1):
X:

Python shell

> "abc" is "abc"
| True
> "abc" is "xabc "[1:]
| False
> x,y=" abc"," xabc"[1]
>

X,y
(‘abc', 'abc')

| Faise ©
> X==y #X. eq_(y)
True

AOnly useés on objects !

A Even thoughisinstance (42 , object
andisinstance (" abc", object | are
true, do not uses on integers and strings !



Comparisorof OO irPython Java and C++

Aprivate, public, ...c in Pythoneverythingin anobjectis public

Aclassnheritancec coreconceptin OOprogramming
¢ Pythonand C++ support multipl@heritance
¢ Javeonly allowssingleinheritance& 0 dzii WI O lallovéfdr SOMEHNE | O S
like multiple inheritance
APythonand C+-allowsoverloadingstandard operators (+, *, ...).
In Java it Is ngbossible

AOverloadingmethods
¢ Pythonextremelydynamic(hardto sayanythingaboutthe behaviourof a
program in general) X X
CWI @1 ' yR [/ b ballbévseuetahdsthodswith Sasidhidmein aclass
wherethey are distinguisheduy the type of the argumentsyhereasPython
allowsonly one methodthat canhave * and ** arguments



C++example

AMultiple methodswith
identicalname(print )

AThe typedlistinguishthe
different methods

printing.py

class MyClass :
def print (self, value):
if isinstance  (value, int ):
print('An integer’, value)
elif  isinstance  (value, str ):
print('A string', value)
C = MyClass ()
C.print (42)
C.print (" abc")

printing.cpp

#include < iostream >
using namespace  std ;

class MyClass {
public
void print (int Xx){
cout <<"Aninteger" << x <<
5
void print (string s) {
cout <<"Astring" <<s<<
e
I
main() {
MyClass C;

C.print (42);
C.print (" abc");

endl ;

endl ;

}

Shell

| Aninteger 42
| Astring  abc




Exceptiongnd file input/output

Atry-raise-exceptfinally
AException

Acontrol flow

Afile open/read/write
Asys.stdinsys.stdout sys.stderr



Exceptiong Errorhandling anaontrol flow

AExceptionss awidespreadechniqueto handlerun-time errors/
abnormalbehaviour(e.g inPython Java, C++, JavaScript, C#)

AExceptioncanalsobe usedas anadvancedcontrol flow mechanism
(e.g InPython Java, JavaScript)

cProblemH2 ¢ (2 LIS NF 2 Ndcursivdfanot® |l { ¢ A Y



Built-in exceptions
(classhierarchy

BaseException

SystemEXxit
KeyboardIinterrupt
GeneratorExit
Exception

+--  Stoplteration

+--  StopAsynclteration
+--  ArithmeticError

| + -- FloatingPointError
| + - OverflowError
| + -- ZeroDivisionError

+--  AssertionError

+--  AttributeError

+-- BufferError

+--  EOFError

+--  ImportError

| + -- ModuleNotFoundError
+--  LookupError

| + -- IndexError

| + - KeyError

+--  MemoryError

+--  NamekError

| + -- UnboundLocalError
+--  TypeError

+--  ValueError

| + - UnicodeError

| + --UnicodeDecodeError

| + -- UnicodeEncodeError

| + -- UnicodeTranslateError

OSError

--  BlockinglOError

--  ChildProcessError

--  ConnectionError

-- BrokenPipeError

--  ConnectionAbortedError
--  ConnectionRefusedError
-- ConnectionResetError
-- FileExistsError
FileNotFoundError

-- InterruptedError

-- IsADirectoryError

--  NotADirectoryError

-- PermissionError

--  ProcessLookupError

--  TimeoutError
ReferenceError

RuntimeError

--  NotlmplementedError

-- RecursionError
SyntaxError

-- IndentationError

+ --  TabError

+--  SystemError

+--  Warning

+-- DeprecationWarning

+--  PendingDeprecationWarning
+--  RuntimeWarning

+--  SyntaxWarning

+--  UserWarning

+--  FutureWarning

+--  ImportWarning

+--  UnicodeWarning

+--  BytesWarning

+-- ResourceWarning

+ + + +

++ A+ A+ AT+ + +
1
1

1 1
1 1
+ +

+

- - +-—— + 4+ - - — - 4+

docs.python.org/3/library/exceptions.html



https://docs.python.org/3/library/exceptions.html

Typical
built-in
exceptions

andunhandled
behaviour

VvV V™V —V—V—V—YV

\

\

— VvV V™V V—V V

710

ZeroDivisionError . division by zero

int('42x")

ValueError :invalid literal for int () with base 10: '42x’
X=Y

NameError : name'y' is not defined

L = list(range(1000000000))

MemoryError

2.5 * 1000

OverflowError  : (34, 'Result too large’)

t=(3,4)

tj0] =7

TypeError :'tuple' object does not support item assignment
t[3]

IndexError : tuple index out of range

t.X

AttributeError . 'tuple' object has no attribute 'x'
x = {}

X['foo']

KeyError : ‘'foo'

def f(x): f(x + 1)

f(0)

RecursionError  : maximum recursion depth exceeded
def f():x=x+1

fQ)

UnboundLocalError  : local variable 'x' referenced before assignment




Catchingexceptions; Fractiong|)

while True:
numerator = int(input('Numerator = "))
denominator = int(input('Denominator = "))
result = numerator / denominator
print('%s / %s = %s' % (numerator, denominator, result))

Python shell

Numerator = 10

Denominator = 3

10/ 3 =3.3333333333333335
Numerator = 20

Denominator = 0

ZeroDivisionError . division by zero




Catchingexceptions; Fractiongll)

catch

exception

while True:
numerator = int (input('Numerator ="))
denominator = int(input('Denominator = "))
try:
result = numerator / denominator
except ZeroDivisionError:

print(‘cannot divide by zero')
continue
print('%s / %s = %s' % (numerator, denominator, result))

Python shell

Numerator = 10

Denominator = 0

cannot divide by zero

Numerator = 20

Denominator = 3

20/ 3 = 6.666666666666667

Numerator = 42X

ValueError :invalid literal for int () with base 10: '42x’




Catchingexceptions; Fractionglil)

while True:
try:
numerator = int(input('Numerator = "))
denominator = int(input('Denominator = "))
except ValueError:
Catch print(‘input not a valid integer’)
exception continue

try:

result = numerator / denominator
except ZeroDivisionError:
catch print('‘cannot divide by zero')
exception continue
print('%s / %s = %s' % (numerator, denominator, result))

Python shell

Numerator = 5
Denominator = 2x
input not a valid integer
Numerator = 5
Denominator = 2
5/2=25




fraction3.py

while True:
try:
numerator = int(input('Numerator = "))
denominator = int(input('Denominator = "))
except ValueError:
print(input not a valid integer’)
continue
try:
result = numerator / denominator
print("%s / %s = %s' % (numerator, denominator, result))
except ZeroDivisionError:
print('‘cannot divide by zero')

Python shell

| Numerator = 1000000000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000

exception | Denominator = 1

| OverflowError  :integer division result too large for a float

not caught




Catchingexceptions; Fractiong1V)

catch

exceptions

fraction4.py

while True:
try:
numerator = int(input('Numerator = "))
denominator = int(input('Denominator = "))
result = numerator / denominator
print('%s / %s = %s' % (numerator, denominator, result))
except ValueError:
print(‘input not a valid integer’)
except ZeroDivisionError:
print(‘cannot divide by zero')

Python shell

Numerator = 3
Denominator = 0
cannot divide by zero
Numerator = 3X

input not a valid integer
Numerator = 4
Denominator = 2
4/2=20




Keyboardnterrupt (Ctrkc)

A throws KeyboardInterrupt exception
infinite - loopl.py infinite - loop2.py
print('starting infinite loop") print('starting infinite loop")
x=0 try:
while True: x=0
X=x+1 while True:
X=x+1
print('done (x = %s)" % x) except Keyboardinterrupt
input('type enter to exit’) pass

Python shell _
print('done (x = %s)' % x)

starting infinite loop input(‘type enter to exit')

Traceback (most recent call last): Python shell

File 'infinite - loopl.py, line 4, in <module>
X=X+1 | starting infinite loop
Keyboardinterrupt | done (x = 23890363) #Ctrl -c

| type enter to exit




Keyboardnterrupt (Ctrkc)

A Beawarethat you likelywould like to leavethe Ctrkc generated

KeyboardInterrupt exceptionunhandled exceptwhen statedexplicitly
while True: while True:
try: try:
x = int (input(‘An integer: ")) x = int (input('An integer:"))
break break
except ValueError : #only ValueError except: # all exceptions
continue continue Keyboardinterrupt
print('The value is:', X) print('The value is:', x)

Python shell

| Aninteger: Ctrl -c | Aninteger
| Keyboardinterrupt | Aninteger : Ctrl -c
| Aninteger:

A (left) Keyboardinterrupt Isunhandled(right) it ishandled(intentionally?)



Exceptiorclasshierarchy

BaseExceptio

KeyboardIinterrupt

LookupError

IndexError

KeyError

except - twicel.py

try:
L[4]

except IndexError : # must be before Exception
print(’ IndexError ")

except Exception:
print(‘Fall back exception handler’)

except - twice2.py

try:
L[4]

except Exception: # and subclasses of Exception
print('Fall back exception handler’)

except IndexError
printC  IndexError ')  # unreachable




arbitrary numberof exceptcases

<

try statementsyntax

try
code

~ except ExceptionTypel:

code # executed if raised exception instanceof
# ExceptionTypel (or subclass of ExceptionTypel)

except ExceptionType2:
code # executed If exception type matches and none of

#the previous except statements  matched

\ (]

else :

code # only executed If no exception was raised
finally
code # always executed Iindependent of exceptions

# typically used to clean up( likke closing files)



except variations

except : # catch all exceptions

except ExceptionType : # only catch exceptions of class ExceptionType
#or subclasses of ExceptionType

except (ExceptionType ,, ExceptionType 9y ey ExceptionType ,):
# catch any ofk classes (and subclasses )

except ExceptionType as e:
# catch exception and assign exception object toe
# e.args contains arguments to the raised exception



Raising exceptions

AAn exceptionis raised(or trown) using
one of the following (the first beingan
alias for thesecond:

raise  EXxceptionType
raise  ExceptionType ()

raise ExceptionType (args )

class A():
def f(self):
print('f")
self.g ()

def g(self):
raise  NotlmplementedError

class B(A):
def g(self):
print('g’)
Python shell

> B().f()
f

g

> A().f()
f

NotimplementedError




Userexceptions

ANew exceptiontypesare created
usingclassinheritancefrom an
existingexceptiontype
(possibly defining _init_ )

tree - search.py

class SolutionFound (Exception) # new exception
pass

def recursive tree search

if isinstance (t, tuple):
for child in t:

recursive_tree_ search

elif x==t:

raise

(x, t):

(x, child)

SolutionFound # found x in t

def tree search

try:
recursive_tree_search
except SolutionFound
print(‘found’, x)
else:
print(‘search for', x, 'unsuccessful’)

Python shell

> tree_search (8, ((3,2),5,(7,(4,6))))
| search for 8 unsuccessful

> tree_search (3, ((3,2),5,(7,(4,6))))
| found 3

(x, 1):
(x, 1)




Userexceptionwith

class  SolutionFound (Exception):

argument inrecursion |,

def apx_tree search (X, tree):
def search(x, t):
if isinstance (t, tuple):
for child in t:

AEscape frommecursionby | search(x, child) |
.. : elif abs(x - t)<1: # approximate match
raISIngexceptlon raise  SolutionFound  (t)
try:
search(x, tree)
A except SolutionFound as e:
AP&SS’ESUIJ[ as argument tO result, = e.args # e.args Isatuple
exce ption print('search for', x, 'found’, result)
else:
print(‘search for', x, 'unsuccessful’)
. tree = ((3.2, 2.1), 5.6, (7.8, (9.3, 6.5)))
AUnpack. args tuple from apx_tree_search (4.3, tree)

apx_tree_search (5.9, tree)
resultcaughtby except

| search for 4.3 unsuccessful
| search for 5.9 found 5.6




3 waysto readlines

from a file

Steps
1. Open fileusingopen

2. Read lines from filasing

a) filehandler .readline
b) filehandler readlines
c) for line in filehandler

3. Close filausingclose

try to open file

for reading filename

filehandle : :

iterate over
lines in file™
closefile

—

whendone

readall lines
into a list of —
strings

readsingle line

(terminatedd &y @0

open (‘filename.txt’)

open('c:/  Users/ gerth /Documents/filename.txt')

assumes the file to be in the sam
folder as your Python program, but you can also provide a full path

f = open(reading -filel.py’)
for line Iin f:

print(">', line[: - 1))
f.close ()

reading - file2.py

f = open(reading - file2.py’)
lines = f.readlines ()
f.close ()
for line in lines:

print(">', line[: -1])

reading - file3.py

f = open(reading - file3.py’)
line=  f.readline ()
while line ="
print(">', line[: - 1))
ine=  f.readline ()
f.close ()




3 waysto write lines 1y 1o open file

to 3 f.le for writing write mode
stringto f|Ie\ = open(output - file.txt',

- vfLowrite (‘Textl  \nY)
write listof __ | writelines ~ ([Text2 \n', 'Text3')
stringsto file f.close ()

A Opening file: appendto existingfile
open( fllen_ame ! m_ode)' , : g = open (output - file.txt', 'a'/)
wheremode s astring, either'w' for opening orint (Text 4 file=g )
a new (ortruncatingan existingfile) and'a g. writelines  ([Text5 ", ‘Text 67)
for appendingo anexistingfile g. close ()

A Wite sngo sming:
filehandle  .write (string )

Returns the number of charactergitten

Text 1

) o _ _ Text 2
A Write list of stringsstrings Text 3 Text 4
filehandle writeline (list ) Text 5 Text 6

A Newlines(' \ n' ) mustbe written explicitly
A print cantakeanoptionalfile argument



Exceptionsvhile dealingwith files

AWhen dealing with files one
should be prepared to handle
errors / raised exceptions, e.g.
FileNotFoundError

reading - file4.py

try:
f = open(‘reading
except FileNotFoundError
print('Could not open file')

- filed.py'")

else:
try:
for line in f:
print("> ', line[: - 1))
finally:
f.close ()




Openindfilesusingwith

A ThePythonkeywordwith allowsto create f=result0|f C?"ing_enter _0
i " onresulto open expression
a contextmanagerfor handling files i
A Filehandlewill automaticallybe closed reading - file5.py j-
alsowhenexceptmnsoccur with  open(‘reading - file5.py") as f:
, _ for line in f:
A Under thehood: filehandlesreturned print("> ", line[: - 1))

byopen() support enter () and
_exit_ () methods



Doesa flleexist?

checking - files.py

Import  os.path

AModule os.path  containsa

methodisfile  to check if a filename = input(Filename: )
) _ if os.path.isfile (filename):
file exists print(file exists’)

else:

print(‘file does not exists')

docs.python.org/3/library/os.path.html


https://docs.python.org/3/library/os.path.html

modulesys

AModule sys containsthe three standard file handles
sys.stdin  (used by thenput function)
sys.stdout  (used by theprint  function)
sys.stderr (error output from the Python interpreter)

import sys
sys.stdout
X = int(

sys.stdout

.write('Input an integer: ')
sys.stdin  .readline())
write('%s square is %s' % (X, X**2))

| Input an integer: 10
| 10 square is 100

docs.python.org/3/library/sys.html


https://docs.python.org/3/library/sys.html

print(..., file=

output file

)

sys - print - file.py

import  sys

def complicated function
print  ('Hello world',

while True:
file_name

pass
complicated_function

if file = sys.stdout
file.close 9§

= input(’

(file ):

file =file ) # printto file or STDOUT

Output file (empty for STDOUT): ')

if file_name ==":

file = sys.stdout
break
else:
try:
file = open(file_name ,'w")
break

except Exception:

(file )




PEP8 oexceptions

AForall try/except clauses, limit the try clause to the absolute
minimum amount of cod@ecessary.

ATheclass naming convention appliéSap\Word}

AUsethe suffix "Error'"on your exception names (if the exception
actually is an errgr

AAbareexcept: clause will catclsystemExit and
Keyboardinterrupt exceptionsmaking it harder to interrupt a
program with ContrelC, and can disguise other problems. If you want
to catch all exceptions that signal program errors, eseept
Exception

www.python.org/dev/peps/pepd00d


https://www.python.org/dev/peps/pep-0008/

Performance of
scanning a file

APython can efficiently scan
through quite big files

File Size Time

Atom chem shiftcsv ¥ T p7s F vy

cano.txt F od® 1+ nob

aso

The first search finds dihes related toThrB12DKP
insulin (Entry ID 6203) in a chemical database
available fromwww.bmrb.wisc.edu

¢tKS aSO2yR &SI NODK FTAYRA
in ConarDoyle'scompleteSherlock Holmes available
at sherlockholm.es

N

file - scanning.py

from time import time

for filename, query in |
(‘Atom_chem_shift.csv', *,6203,"),
(‘cano.txt', 'Germany")

I:
count=0
matches = ]

start = time()
with open(filename) as f ;
for i, line in  enumerate (f, start=1):
count +=1
if query in line:
matches.append ((i, line))
end = time()
for i, line in matches:
print(i, "', line, end=")
print('Duration:’, end - start)
print( len (matches), 'of', count, 'lines match’)

Python shell

3057752 : 195,,2,2,30,30,THR,HB,H,1,4.22,0.02,,1,,,,,,15155155151151s 228896,6203,2

3057753 : 196,,2,2,30,30,THR,HG21,H,1,1.18,0.02,,1,,,,,1151511511515155 228896,6203,2
3057754 : 197,,2,2,30,30,THR,HG22,H,1,1.18,0.02,,1,,,,,1111511511315155 228896,6203,2
3057755 : 198,,2,2,30,30,THR,HG23,H,1,1.18,0.02,,1,,,,,1151515511315155 228896,6203,2

Duration: 7.760039329528809

329 of 9758361 lines match

57557 :  "Well, then, to the West, or to England, or to Germany, where father
66515:  kind master. He wanted me to go with his wife to Germany yesterday,
66642 :  of business in Germany in the past and my name is probably familiar
73273 : associates with Germany. This he placed in his instrument cupboard.
Duration: 0.07700657844543457

4 of 76764 lines match



http://www.bmrb.wisc.edu/
https://sherlock-holm.es/ascii/
http://www.bmrb.wisc.edu/ftp/pub/bmrb/relational_tables/nmr-star3.1/Atom_chem_shift.csv
https://sherlock-holm.es/stories/plain-text/cano.txt

sudoku.py

class  Sudoku:
def __init _ ( self ,puzzle):
self .puzzle = puzzle

def solve( self ):
def find_free ():
for i in range(9):
for j in range(9):

return (i, j)
return None

def unused(, j):
i ,j_=ill3*3,j//3*3
cells ={(i, k) for k in range(9)}
cells |={(k, ) for k in range(9)}

return set(range(1, 10))

pass

def recursive_solve 0:

cell = find_free ()
if not cell:

raise  SolutionFound
i, j=cell

for value in unused(i, j):
self .puzzle [i][j] = value
recursive_solve 0
self .puzzle [iJ[jj=0

try :
recursive_solve 0
except SolutionFound
pass

if self .puzzle [i][j] ==0:

cells |={(i, j) foriin range(i_,i_+ 3)
forjinrange(_,j_+ 3)}

- {self .puzzle

class SolutionFound ( Exception ):

[[][i] for i, j in cells}

sudoku.py (  continued )

def print( self ):
for i, row in enumerate( self .puzzle ):
cells=["%s"'%cifcelse'."forcinrow]
print(’|'.join([".join(cells][j:j+3]) for j in (0,3,6)]))

ifiin (2,5):
print(" --------- oo +omome- D)
with  open(‘sudoku.txt") as f:
A = Sudoku([[ int (x)forxin line.strip 0] for line in f])
A.solve ()
A.print ()
517600034
289004000
346205090
602000010
038006047
000000000
090000078
703400560
000000000
517|698|2314
289|134|756
346|275|891
_________ o o
672|849|315
138|526|947
9514 13682
_________ Fmmmmmmeem Fommmmmmem
495|362|178
72 81|56 9
86 1|957|423




Documentationtestinganddebugging

Adocstring
Adefensiveprogramming
Aassert

Atest drivendevelopement
Aassertions

Atesting

Aunittest

Adebugger

Astatictype checkingmypy)



Ensuring good quality code ?

Development (hopefu|i|y) Usage
i correct

program
|
|
I
I
/

Design phase

==

[ Fix bug} [ Testing} SUCLESs
e

Find bug} -

Goal

ADevelop programs that
work correctly

ATools and techniques

f

runs forever / crash /
Incorrect output /
explosion/ ...

SN
N




Whatisgoodcode?

AReadability
¢ well-structured
¢ documentation
C comments
¢ follow somestandardstructure (easyto recognizefollow PEP&tyle Guide)

ACorrectness
C outputs thecorrectansweron valid input
¢ eventuallystops with anansweron valid input $houldnot go ininfinite loop)

AReusable.


https://www.python.org/dev/peps/pep-0008/

Why ?

Documentation Testing Debugging
Aspecificatiorof A Correct A Whereis the #!a$
functionality Implementation ? bug ?
Adocstring A Try to predict
¢ for usersof the code behavior on
¢ modules unknown input ?
¢ methods A Performance
C Classes guarantees ?
Acomments

¢ for readersof thecode

¢Programtestingcanbe usedto show thepresenceof bugs, but never to shotieir absencé eEdsgei. Dijkstra



Built-in exceptions
(classhierarchy

BaseException

SystemEXxit
Keyboardinterrupt
GeneratorExit
Exception

+--  Stoplteration

+--  StopAsynclteration
+--  ArithmeticError

| + -- FloatingPointError
| + - OverflowError
| + -- ZeroDivisionError

+-- AssertionError

+--  AttributeError

+-- BufferError

+--  EOFError

+--  ImportError

| + -- ModuleNotFoundError
+--  LookupError

| + -- IndexError

| + - KeyError

+--  MemoryError

+--  NamekError

| + -- UnboundLocalError
+--  TypeError

+--  ValueError

| + - UnicodeError

| + --UnicodeDecodeError

| + -- UnicodeEncodeError

| + -- UnicodeTranslateError

OSError

--  BlockinglOError

--  ChildProcessError

--  ConnectionError

-- BrokenPipeError

--  ConnectionAbortedError
--  ConnectionRefusedError
-- ConnectionResetError
-- FileExistsError
FileNotFoundError

-- InterruptedError

-- IsADirectoryError

--  NotADirectoryError

-- PermissionError

--  ProcessLookupError

--  TimeoutError
ReferenceError

RuntimeError

--  NotlmplementedError

-- RecursionError
SyntaxError

-- IndentationError

+ --  TabError

+--  SystemError

+--  Warning

+-- DeprecationWarning

+--  PendingDeprecationWarning
+--  RuntimeWarning

+--  SyntaxWarning

+--  UserWarning

+--  FutureWarning

+--  ImportWarning

+--  UnicodeWarning

+--  BytesWarning

+-- ResourceWarning

+ + + +

++ A+ A+ AT+ + +
1
1

1 1
1 1
+ +

+

- - +-—— + 4+ - - — - 4+

docs.python.org/3/library/exceptions.html



https://docs.python.org/3/library/exceptions.html

Testingor unexpectedoehaviour?
infinite - recursionl.py

def f(depth): import  sys
f(depth + 1) # infinite recursion
def f(depth):
f(0) if depth > 100:
Python shell print("r_unaway recursion???") |
_ _ _ sys.exit () # system function
| RecursionError  : maximum recursion depth exceeded f(depth + 1) : :
ralsesSystemExit
©
def f(depth): Python shell
if depth > 100: | runaway recursion???
print("runaway recursion???")
raise  SystemExit # raise built - in exception < .
f(depth + 1) Alet the programeventuallyfall
f(0) Acheck andaiseexceptions
Python shell , .
| runaway recursion??? ACheCk and:a” SyS'eXIt




Catchingunexpectedehaviourg assert

infinite

- recursion4.py

def f(depth):
assert depth <= 100
f(depth + 1)

£(0)

Python shell

| File"... \ infinite - recursion4.py", line 2, in f

# raise exception if False

| assert depth <= 100
| AssertionError
infinite - recursion5.py
def f(depth):
assert depth <= 100, "runaway recursion???"

f(depth + 1)
f(0)

Python shell

| File"... \ infinite - recursion5.py", line 2, in f
| assert depth <= 100, "runaway recursion???"
| AssertionError . runaway recursion???

Akeywordassert checks if
booleanexpressions true, if not,
raisesexceptionAssertionError

\optional secondparameterpassed
to the constructorof the
exception

infinite - recursion6.py

def f(depth):
if not depth <= 100:
raise  AssertionError
f(depth + 1)

("runaway recursion???")

f(0)

Python shell

|  File"... \ infinite - recursion6.py", line 3, in f
| raise  AssertionError ("runaway recursion???")

|  AssertionError . runaway recursion???




Disablincassert statements

~ - . Aassert statementsaregood
C:\Users\aul2l\Desktop>python -0 infinite-recursion5.py to heIpCheCkcorreCtneSS)f
Traceback (most recent call last): programc bUt C&ﬂSlOWdOWﬂ

File "infinite-recursion5.py", line 5, in <module>
f(e) rogram

File "infinite-recursion5.py", line 3, in f F) ()QJ Ei
f(depth + 1)

File "infinite-recursion5.py", line 3, in f

B® Command Prompt

f(depth + 1)

File "infinite-recursion5.py", line 3, in f A|nVOk|ngPythOnW|th Optlonl

f(depth + 1)

[Previous line repeated 995 more times]|] Odlsables a_” assertlons

RecursionError: maximum recursion depth exceeded

(bysetting debug to
False )

C:\Users\aul21\Desktop>

docs.python.orqg/3/referencedimple stmts.html#assert



https://docs.python.org/3/reference/simple_stmts.html#assert




FIrst try.. (seriously, the bugs were not on purpose)

def int_sqgrt (X):
low =0
high = x
while low < high - 1.
mid = (low + high) / 2
if mid ** 2 <= x:
low = mid
else:
high = mid
return low

Python shell

> int_sqrt(10)

| 3.125 #3.125* 2 =9.765625
> int_sqgrt( - 10)

| 0 #what should the answer be ?




def

docstring

Let us add a specification...

Aall methods classesand

int_

int_sqrt

sgrt  (X):

Compute the integer square root of an integer X.

1 Assumes that x is an integer and x >=0
| Returns integer floor(

Int_sqrt iIn module

(x)

'\

__main__

Compute the integer square root of an integer X.

Assumes that x is an integer and x >=0
Returns integer floor( sgrt (X))

«__input
requwementc

output
guarantees

Python shell

> help (int_sqgrt )
Help on function

modulescanhave a
docstring  (ideally
have) as &pecification

" Afor methods summarize
purpose infirst line,
followed by input
requirementsandouput
guarantees

Athe docstringisassigned
tothez2 6 2 S CdoQ &

attribute

PEP 257%- DocstringConventions

www.python.org/dev/peps/pep0257



https://www.python.org/dev/peps/pep-0257/

Let us check input requirements...

Adoingexplicitchecks for

def int_sgrt (X):
""" Compute the integer square root of an integer X.

Assumes that x is an integer and x >=0
Returns integer floor( sqrt (x))™™

assert isinstance (X, int ) check input
assert 0<=x requirements

> int_sqrt (-10)

| File"... \ int_sqgrt.py", line 7, in int_sqgrt
| assert 0 <= x

| AssertionError

Python shell

valid input arguments is
part of defensive
programmingand helps
spottingerrorsearly

(insteadof continuing
usinglikelywrong

values.. resulting in a final
meaningles®rror)



Let us check If output correct...

def int_sqgrt (X):
""" Compute the integer square root of an integer x.

Aoutput checkidentifiesthe
error

Assumes that x is an integer and x >= 0 mid = ( low+high ) / 2

Returns integer floor( sqrt (x))™" Ashouldhavebeen

assert isinstance (X, int ) mid =( low+high ) // 2
assert 0<=x

assert isinstance  (result, int ) check | AThe output checkelpsus
assert result ** 2 <= x < (result + 1) ** 2 Ot to ensurethat function
return result specificationsre satisfied

Python  shell in applications

> int_sgrt  (10)

| File "... \ int_sqrt.py", line 20, in int_sqrt
| assert isinstance  (result, int )

| AssertionError




Let us test some input values...

def int.sgrt (x): Atestidentifies
wrongoutput forx =1

assert int_ sqrt (0) ==
assert int sqrt (1) ==
assert int sqrt (2) ==
assert int sqrt (3) ==
assert int sqrt (4) ==
assert int sqrt (5) ==
assert int sqrt (200)==14

Python shell

Traceback (most recent call last):

File "... \ int_sqgrt.py", line 28, in <module>
assert int. sgrt (1) ==
File "... \ int_sqrt.py", line 21, in int_sqrt

assert result ** 2 <= x < (result + 1) ** 2
AssertionError




Let us check progress of algorithm...

low, high =0, x

while low < high - 1. #low <=floor(
assert low ** 2 <= x < high ** 2
mid = (low + high) // 2
If mid ** 2 <= x:

low = mid
else:
high = mid
result = low

Traceback (most recent call last):
File "... \ int_sqgrt.py", line 28, in <module>
assert int. sgrt (1) ==
File "... \ int_sqrt.py", line 21, in

assert result ** 2 <= x < (result + 1) ** 2
AssertionError

Python shell

sgrt (X)) < high
} check invariant
for loop

int_sqrt

Atestidentifies
wrongoutput forx =1

Abut invariantapparently
correct???

Aproblem

low

result
high

Impliesloop neverentered

Aoutput checkidentifiesthe
error

high = x
Ashouldhavebeen

high = x +1



Final program

We haveusedassertionsto:

ATest ifinput arguments /usageis
valid (defensivgprogramming

ATest if computedesultis correct

ATest if an internainvariantin the
computation is satisfied

APerform afinal testfor a set of
test casesghouldbe run
wheneverwe changeanythingin
the implementation

def int_sgrt (X):
""" Compute the integer square root of an integer x.

Assumes that x is an integer and x >= 0
Returns the integer floor(

assert isinstance (X, int )
assert 0 <= x

low, high=0,x+1
while low < high - 1.  #low <= floor(
assert low ** 2 <= x < high ** 2
mid = (low + high) // 2
if mid ** 2 <= x:
low = mid
else:
high = mid
result = low

assert isinstance  (result, int )
assertresult ** 2 <= x < (result + 1) ** 2

return result

assert int. sqrt (0)==0
assert intsqrt (1)==1
assert int sqrt (2)==1
assert int.sgrt (3)==1
assert int.sqrt (4)==2
assert int.sgrt (5)==2
assert int_sgrt (200) == 14

sgrt (x)) < high




Which checks would you add to the below code’

binary - search.py

def binary_search (X, L):
""" Binary search for x in sorted list L

Assumes X is an integer, and L a non - decreasing list of integers
Returns index i, -1<=i< len (L), where L[i] <= x < L[i+1],
assuming L[ -1]= -infty andlL[ len (L)]=+ infty ™

low, high = -1, len (L)

while low + 1 < high:
mid = (low + high) // 2

if x < L[mid]:
high = mid
else:
low = mid
result = low

return result




binary - search - assertions.py

def binary_search (x, L):
""" Binary search for x in sorted list L
Assumes x is an integer, and L a non - decreasing list of integers @ Verlfylnglf L iS %Orted ||St
Returns index i, -1<=i< len (L), where L[i] <= x < L[i+1], i
assuming L[ -1]= ~-infty andL[ len (L)]=+ infty ™" Of:f |ntegerscar.\S|O_1YVdOV;/n
+— [ assert isinstance (x, int ) the programS|gn| Icant y
= | assert isinstance (L, list) : : .
8‘ <|assert all([ isinstance (e, int ) forein L]) @ T @ Alternative is toonlyverlfy
= Lassert all([L[i] <= L[i + 1] for i in range( len (L) - 1)) Inetticien if the part of Lvisitedis a
low, high = -1, len (L)
8 while low + 1 < high: # L[low] <= x < L[high] SOrted SUbsequence
) { assert (low == - 1 or L[low] <= x) and (high == len (L) or x < L[high])
: mid = (low + high) // 2
) { assert isinstance  (L[mid], int ) } @
CCL assert (low == - 1 or L[low] <= L[mid]) and (high == len (L) or L[mid] <= L[high])
= if x < L[mid]:
high = mid
else:
low = mid
result = low
+— (assert( isinstance (result, int J)and -1<=result< len (L) and
a ((result == -land( len (L) ==0or x < L[0Q])) or
5 (result == len (L) - landx>=L] -1])) or
@) (0 <=result < len (L) - 1andL[result] <=x < L[result+ 1])))
return result
assert binary search (42, []) == -1 h
assert binary search (42,[7]) ==0
assert binary _search (7, [42]) == -1
assert binary search (7, [42,42,42]) == -1 >~ L
assert binary _search (42,[7,7,7]) == 2 test ¢ases
assert binary _search (42,[7,7,7,56,81]) == 2
assert binary _search (8,[1,3,5,7,9]) == 3 B




Testingg how ?

ARun set of test cases
C test all cases in input/outpugpecificationblackbox testing)
C test allspecialcasegblackbox testing)
¢ set of testsshouldforce all lines o€odeto be tested(glassbox testing)

AVisual test

AAutomatictesting
¢ Systematically randomlygenerate inpuinstances

¢ Createfunctionto validate if output iscorrect
(hopefullyeasierthan findingthe solution)

AFormalverification
¢ Usecomputer programs to do formalroofsof correctnesslike usingCoq


https://coq.inria.fr/

Visual testing Convex hull computation

Correct Bug !
(not convex)



d OCte St binary - search - doctest.py Python shell

def binary_search (X, L): Trying:
“““ Binary search for x in sorted list L binary_search (42, [])
< Expecting:
A PythOn mOdUIe Examples: g -1 ?
. ) ) ) >>> binary_search (42, []) ok
A Test instances (pairs of input -1 Trying:
: >>> binary_search (42, [7]) binary_search (42, [7])
and corresponding output) . Expecting.
are written in the doc >>> binary_search (42, [7,7,7,56,81]) 0
: i 2 ok
_Strlngs,_formatted as in _an >>> binary_search (8, [1,3,5,7,9]) Trying:
interactive Python session 3 binary_search (42, [7,7,7,56,81])
""" Expecting:
2
low, high = -1, len (L) ok
while low + 1 < high: Trying:
mid = (low + high) // 2 binary_search (8, [1,3,5,7,9])
if X < L[mid]: Expecting:
high = mid 3
else: ok
low = mid 1 items had no tests:
return low __main__
1 items passed all tests:
import  doctest 4 testsin __main__. binary_search
doctest.testmod (verbose=True) 4 tests in 2 items.
4 passed and 0 failed.
Test passed.

docs.python.org/3/library/doctest.html


https://docs.python.org/3/library/doctest.html

binary - search - pytest.py

def binary_search  (x, L):

teSt """ Binary search for x in sorted list L
py low, high= -1, len (L)
while low + 1 < high:

mid = (low + high) // 2
if X < L[mid]:

ARun all tests stored in functions __ high=mic

prefixed bytest  or test T

prefixedtest methodsinside return low

I def test binary _search 0O:

Test prefixedtest classes i L
A i : assert binary search (42,[7])==0
Aplp InSta” pyteSt assert binary _search (42, [7,7,7,56,81]) == 2
ARU” thepyteSt program frOm assert binary_search  (8,[1,3,5,7,9]) == 3

a She” import  pytest

def test types ():
with  pytest.raises ( TypeError ):
_ = binary_search (5, [a','b", 'c)

Shell

> pytest binary -search - pytest.py

—==———=—=——=—=—=—== {est SeSSion starts ===========—==

platform win32 --  Python 3.7.2, pytest -4.3.1,...0.9.0
collected 2 items

binary - search - pytest.py .. [100%)]

theSt- Orq ============= 2 passed in 0.06 seconds =============



https://docs.pytest.org/

unittest

A Python module

A A comprehensivebjectoriented
test framework inspired by the
correspondinglUnittest framework
for Java

binary - search - unittest.py

def binary_search (x, L):
""" Binary search for x in sorted list L™

low, high = -1,
while low + 1 < high:
mid = (low + high) // 2

len (L)

if x < L[mid]:
high = mid
else:
low = mid
return low
import  unittest

class TestBinarySearch  (‘unittest.TestCase ):

def test search (self):
self.assertEqual
self.assertEqual
self.assertEqual
self.assertEqual

( binary_search
( binary_search
( binary_search
( binary_search

(421 [])! - 1)
(42, [7]), 0)

(42, [7,7,7,56,81]), 2)
(8, [1,3,5,7,9]), 3)

def test types (self):

self.assertRaises ( TypeError , binary_search ,5,[a','b", 'c')

unittest.main (verbosity=2)

Python shell

| test_search (_main__. TestBinarySearch )...o0k
| test_types (_main__. TestBinarySearch )...ok

| .............................................. - ——-

| Ran 2 tests in 0.051s

| oK

docs.python.org/3/library/unittest.html



https://docs.python.org/3/library/unittest.html

Debugger (IDLE)

AWhen an exception has stopped the program, you can examine the
state of the variables usingebug > Stack Viewan the Python shell

D .
| & idle — O P
™
| & Python 3.6.4 Shell O X M
File Edit Shell | Debug Options Window Help @] idlelib.run.runcode(...), line 474: exec(code, self.locals)
i i 4:d48eceb, Dec 19 2017, 06:04:45 MSC +.1900 32 bit (Intel)] ~| | 1 ~- . .
Debugger = ’ 2 : 2o .
credits"™ or "license ()" for more information. éﬁ_] _main__.int_sqrt(...), line 10: assert isinstance(low, int)
Stack Viewer g [
- i =] <locals>
Auto-open Stack Viewer aul2l\Desktop\ipsal8icode\slides\14 testing\intsqgrt buggy.py “’H_‘I i
>>> int_sqrt (10) % mid = 3.125
Traceback (most recent call last): ‘ high = 3.75
File "<pyshell#0>", line 1, in <module> \
int_sqrt (10) -, low = 3.125
File "C:\Users\aul2l\Desktop‘\ipsal8\code\slides\14 testing\intsgrt buggy.pv", ‘ X= 10
line 10, in int sqgrt A - | |
assert isinstance (low, int) #-_] <globals>

sl CLOLNLDIIUL

> I

Ln: 12 Col: 4




Stepping through a program (IDLE debugger)

ADebug > Debuggén the Python shelbpens Debug Control window
ARightclick y I O2RS fAYS Ay SRAUZNI 02 ¢

ADebug ControlGoA run until next breakpoint is encountered:;
StepA execute one line of code; OvAr run function call without detalils;

OutA finish current function call; Qu, Stop program,;

| & Debug Control — O X
L:ﬁ intsgrt_buggy.py - C:\Users\au121\Desktop\ipsal.. — O X
i - v Stack ¥ Source
. . . . Go | Step | Over| Out | Quit |
File Edit Format Run Options Window Help W Locals I~ Globals
int sqgrt(x): intsqrt_buggy.py:6: int_sqrt()
low = 0
hih = N 'bdb'.run(), line 431: exec(cmd, globals, locals)
aigh x ) E..,‘" Python 3.6.4 Shell - O X '__main__".<module>(), line 1: int_sqrt(10)
) low < high - ) 1: File Edit Shell Debug Options Window Help > _main_"int_sqri(), line & if mid ** 2 <= ¢
mid = [lcw + ﬂlgﬂj /2 Go to File/Line |4:d48eceb, Dec 19 2017, 06:04:45) [MSC v.19
1f mid ** 2 <= x:
2 r + ] " " " L "
low = mid Cut StackViewer L fcredite™ or "lice nse ()" for more informatio
H Cop Auto-open Stack Viewer
ﬂlgﬂ. = mid Pacte
low Locals
Set Breakpoint high 10
Clear Breakpoint low 0
Ln:3 Cok 4 mid 3.0
Ln: 6 Col 25 . 10




Concluding remarks

ASimple debugging: add print statements

ATestdriven developmentA Strategy for code development, where
tests are written before the code

ADefensive programmindy, add tests (assertions) to check if
iInput/arguments are valid according to specification

AWhen designing tests, ensuceverage
(the set of test cases should make sure all code lines get executed)

APython testing frameworksdoctest, unittest, pytest, ...



Mypy ¢ a static type checker for Python

AStatic type checkingries to
analyze a program for potential
type errorswithout executing
the program

Alnstalling:

pip install mypy

ARunning Python will cause an error
during execution, whereas using
mypythe error will be found without
executing the program

AStandard (and required) in statically
typed languages like Java, C, C++

Experimentay

mypy- simple.py
print("start")
printf( 42+" abc") #error

print("end")

> python mypy - simple.py
| start

| TypeError : unsupported operand type(s)
for +:* int "and'  str '

> mypy mypy- simple.py

| mypy- simple.py:2: error: Unsupported
operand types for + (" int "and" str ")

mypylang.org
PER184 - TypeHints



https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwitnuqf5I7hAhWHAxAIHTJWA-kQFjAAegQIBxAB&url=http://mypy-lang.org/&usg=AOvVaw2bn63UXnfMdWbR3mNQ0dkV
https://www.python.org/dev/peps/pep-0484/

Type hints (PEP 48¢

APython allows type hints in
programs

AThey ardgnoredat runtime by
Python, but useful for static type

analysis fiypy)

A Syntax
variable type
variable type =value

mypy- basic - types.py

X :int # type hint

X =42

X = "abc" # type error

y :int =42 #type hint

y = "abc # type error

Z=42

z = "abc" # type changed from int to str
print(x, y, z)

Shell

> python mypy - basic - types.py

| abc abc abc

> mypy mypy- basic - types.py

| mypy- basic - types.py:3: error: Incompatible
types in assignment (expression has type
"str ", variable has type " int ")

| mypy- basic - types.py:6: error: ...

| mypy- basic - types.py:9: error: ...




Type hintg functions

Syntax
def name( variable . type , ... ) -> returntype
mypy- function.py Shell
def f(x :int ,units :str ) ->str : > python mypy - function.py
return str(x) + " " + units 3 cm
def g(x, units  :str ) ->str : one meter
return str(x) + " " + units 3cm
print(f(3, "cm")) one meter
. S S . > mypy mypy- function.py
pr?nt(f( S ISE) mypy- function.py:8: error: Argument 1
print(g(3, “cm”)) to "f* has incompatible type " str
print(g("one”, "meter")) expected " int "

A Note: for functions and method®inction . _annotations s a dictionary with the annotation



Type hintg; objects

class A: a=A()
pass a = B() # valid, B subclass of A
a=C() # error
class  B(A): b=A() # error
pass b =B()
class C: b=C() # error
pass c=A( # error
c =B() # error

mypy mypy - classes.py
mypy- classes.py:15: error: Incompatible types in assignment (expression has type "C", variable has type "A")

>
|
|  mypy- classes.py:16: error: Incompatible types in assignment (expression has type "A", variable has type "B")
|  mypy- classes.py:18: error: Incompatible types in assignment (expression has type "C", variable has type "B")
|  mypy- classes.py:19: error: Incompatible types in assignment (expression has type "A", variable has type "C")
|  mypy- classes.py:20: error: Incompatible types in assignment (expression has type "B", variable has type "C")




More type hints... see PEP 484 for even

maore...

from typing import Mapping, Set, List , Tuple , Union, Optional

S :Set ={} # error {} dictionary

S2 : Setfint] ={1, 2, "abc"} # error "abc"is not int

D : Mapping[int, int] ={1: 42, a1} # error 'a'is not int

T : Tuple[int, str | =42, 7) # error 7 is not str

L : ListfUnion[int, str]] =[42, 'a, None] # list can only contain int and str
L2 : List[Optional[str]] = ['abc’, None, 42] # list can only contain str og None

Shell

> mypy mypy- function.py
|

mypy- typing.py:3: error: Incompatible types in assignment (expression has type " Dict [<nothing>,
<nothing>]", variable has type "Set[Any]")

| mypy- typing.py:4: error: Argument 3 to <set> has incompatible type " str "; expected " int "

| mypy- typing.py:5: error: Dict entry 1 has incompatible type " str 1" int "; expected" int ":" int "

| mypy- typing.py:6: error: Incompatible types in assignment (expression has type Tuple[ int , int ],
variable has type "Tuple[ int , str 1)

| mypy- typing.py:7: error: List item 2 has incompatible type "None"; expected "Union| int , str ]

| mypy- typing.py:8: error: List item 2 has incompatible type " int "; expected "Optional[ str ]"

PER184 - TypeHints



https://www.python.org/dev/peps/pep-0484/

Decorators
A@

www.python.org/dev/peps/pep0318



https://www.python.org/dev/peps/pep-0318/
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Pythondecoratorsare just syntaticsugar

@dec2 def func (argl, arg2, ...):
@decl pass
def func (argl, arg2, ...):

pass func = dec2 (decl (func ))

'pie-decorator syntax

decl, dec?2, .arefunctions(decoratorg takingafunctionas an argument
andreturninga newfunction

Note: decoratorsare listed bottom up inorder of execution



Recagdunctions

[[ defg ',

j

abc']

len

X

- X +Yy
—+ x
L5
list
sortedlist L
keyfunction sorted » [ 1
original decorated
—_—
function decorator rocton >

abc','

defg ']



Contrivedexample Plusone (I-11)

plus_onel.py

def plus_one (X):
return x + 1

def square (X):
return x ** 2

def cube (x):
return X ** 3

print( plus_one (square (5)))
print( plus one (cube (5)))

| 26
| 126

Assumewe alwaysneedto callplus _one on the
resultof square andcube (R 2 yaskwhy!)

plus_one2.py

def plus_one (x):
return x + 1

def square (X):
return  plus_one (x**2)

def cube (x):
return  plus_one (x** 3)

print(  square (5))

print( cube (5))

| 26
| 126

(but couldbe morereturn

We couldcallplus _one insidefunctions
statements infunctiong



Contrivedexample Plusone (l1HV)

plus_one3.py

def plus one (x):
return x + 1

def square(x):
return x ** 2

def cube(x):
return x ** 3

square_original = square
cube_original = cube
square = lambda x: plus_one ( square_original (X))

cube = lambda x: plus_one ( cube_original (X))
print(square(5))

print(cube(5))

Python shell

| 26
| 126

Overwritesquare andcube with decoratedversions

plus_one4.py

def plus_one (x):

return x + 1
def plus_one_decorator (f):

return lambda x: plus_one (f(x))
def square(x):

return x ** 2

def cube(x):
return X ** 3

square = plus_one_decorator (square)
cube = plus_one_decorator (cube)
print(square(5))

print(cube(5))

Python shell

| 26

| 126

Createa decoratorfunction plus_one_decorator



Contrivedexample Plusone (V-VI)

plus_one5.py

def plus_one (x):
return x + 1

def plus_one_decorator (f):
return lambda x: plus_one (f(x))

@lus_one_decorator
def square (X):
return x ** 2

@lus_one_decorator
def cube (x):
return x ** 3

print(  square (5))
print(  cube (5))

Python shell

| 26
| 126

UsePythondecoratorsyntax

plus_one6.py

def plus_one_decorator (f):
def plus_one (x):
return f(x) + 1

return  plus_one

@lus_one_decorator
def square (X):
return x ** 2

@lus_one_decorator
def cube (x):
return x ** 3

print(  square (5))
print( cube (5))

Python shell

| 26
| 126

Createlocalfunctioninsteadof usinglambda



Contrivedexample Plusone (Vi)

plus_one7.py

(f):

def plus_one_decorator
def plus_one (x):
return f(x) + 1

return  plus_one

@lus_one_decorator

@lus_one_decorator

def square (x):
return x ** 2

@lus_one_decorator
@lus_one_decorator
@lus_one_decorator
def cube (x):

return x ** 3

print(  square (5))
print(  cube (5))

| 27
| 128

A Afunctioncanhave an
arbitrary numberof decorators
(alsothe samerepeated

A Decoratorsare listed bottom up
In order of execution



Handling arguments

def run_twice (f):
def wrapper ():

f()

f0

return  wrapper

@un_twice
def hello_world ():
print("Hello world")

hello_world ()

| Hello world
| Hello world

ewrapper €  kamnménnamefor the
function returned by adecorator

run_twice2.py

def run_twice (f):
def wrapper( *args ):

f( *args )

f( *args )

return wrapper

@un_twice
def hello_ world () :
print("Hello world")

@un_twice
def hello(txt)
print("Hello", txt)

hello_world ()
hello ("Mars")

Python shell

Hello world
Hello world
Hello Mars
Hello Mars

args holds theargumentsin atuple
given to thefunctionto be decorated



Questionc Whatdoesthe decoratedprogram print 7

def double(f): ,
def wrapper(*args): A7
return 2 * f(*args) <
return wrapper Al10
def add_three(f): Al4
def wrapper(*args): A
return 3 + f(*args) ALY
return wrapper A20
@double A5 2 ykbiv
@add_three
def seven():
return 7/
print(seven())




Example
Enforcing
argument

types

ADefiningdecoratorscan
be (slightly) complicated

AUsingdecoratorsis easy

integer_suml.py

def integer sum (* args ):
assert all([ Isinstance (X, int )forxin args ), \
"all arguments most be int "
return sum(  args )

Python shell

> integer_sum (1,2, 3, 4)

| 10
> integer_sum (1,2, 3.2, 4)
| AssertionError : all arguments most be int
integer_sum2.py
def enforce_integer : # decorator function

def wrapper (* args ):

assert all([ isinstance (X, int )forxin args ]), \
"all arguments most be int "

return f(* args )
return  wrapper

@nforce_integer
def integer sum (* args ):
return sum(  args )

Python shell

> integer_sum (1, 2, 3, 4)

| 10

> integer_sum (1, 2, 3.2, 4)

| AssertionError : all arguments most be int




Decoratorsantakearguments

@dec(argA, argB, ...) def func (argl, arg2, ...):
def func (argl, arg2, ...): pass
pass func = dec(argA, argB, ...) (func)

dec is afunction (decoratol) that takesa list of argumentandreturnsa function
(to decoratefunc ) that takesa functionas an argumenandreturnsa newfunction



ExampleGeneriaype enforcing

def enforce types (* decorator_args ):
def decorator (f):
def wrapper (* args ):

assert len (args )== len (decorator args ), \
("got %s arguments, expected %s" % ( len (args ), len (decorator_args )))
assert all([ Isinstance (X, t) for x, tin zip( args , decorator_args )]), \

"unexpected types"
return f(* args )

return  wrapper @dec(argA, argB, ...)
return decorator def func (argl, arg2, ...):
pass
@nforce types (str , int ) # decorator with arguments
def print_repeated (txt, n):
print(txt * n) def func (argl, arg2, ...):
print_repeated ("Hello ", 3) pass

print_repeated ("Hello ", "world") WSS CEEEY-y EEE) o) (func)

| Hello Hello Hello
| AssertionError: unexpected types




Example A timerdecorator

import time
def time it (f):
def wrapper (* args ,** kwargs ):
t start = time.time ()

result = f(* args , ** kwargs )
t end = time.time ()
t= tend - t start

print("%s took %.2f sec" % (
return result

return  wrapper
@ime_it
def slow_function (n):
sum_=0
for x in range(n):
sum_ +=X
print("The sum is:", sum )

for i in range(6):
slow_function

(1_000_000 * 2**)

f.__name

1)

Python shell

The sum is: 499999500000
slow_function took 0.27 sec
The sum is: 1999999000000
slow_function took 0.23 sec
The sum is: 7999998000000
slow_function took 0.41 sec
The sum is: 31999996000000
slow_function took 0.81 sec
The sum is: 127999992000000
slow_function took 1.52 sec
The sum is: 511999984000000

slow_function took 3.12 sec




Builtin @roperty

Adecoratorspecificfor classmethods

Aallowsaccessing.attribute () asx.attribute ,
convenientf attribute doesnot takeanyarguments &lsoreadonly)

rectanglel.py rectangle2.py

class Rectangle : class Rectangle :
def  init _ (self, width, height): def _ init _ (self, width, height):
self.width = width self.width = width
self.height = height self.height = height
# @property @property
def area (self): def area (self):
return  self.width * self.height return  self.width * self.height
Python shell Python shell
> r = Rectangle(3, 4) > r = Rectangle(3, 4)
> print( r.area () ) > print(  r.area )
| 12 | 12




Clasglecorators

@dec2

@decl

class
pass

A:

class A:
pass

A = dec2(decl(A))




Moduledataclasses (SincePython3.7)

ANew (and moreconfigurablg alternative tonamedtuple

Python shell

>
>

-— V—V—V YV

from dataclasses import

@lataclass # uses a decorator to add methods to the class

class Person:

name: str # uses type annotation to define fields

appeared: int

height: str  ='unknown height ' # field with default value
person = Person('‘Donald Duck’, 1934, '3 feet’)

person

Person(name='Donald Duck’, appeared=1934, height='3 feet')

person.name
‘Donald Duck’
Person('Mickey Mouse', 1928)

Person(name='"Mickey Mouse', appeared=1928, height="'unknown height')

dataclass

docs.python.org/3/libraryflataclasses.htiml#moduléataclasse:

Raymond Hettinger DataclassesT he code generator to end all code generatdpyCor2018



https://docs.python.org/3/library/dataclasses.html#module-dataclasses
https://www.youtube.com/watch?v=T-TwcmT6Rcw

@functools.total orderingclass decorator)

import  functools

@unctools.total _ordering
class Student ():
def  init _ (self,name
self.name = name
self.id = student_id

, Student_id ):

def  eq (self, other):
return (self.name == other.name

and self.id == other.id)

It (self, other):

my_name ="', "join(reversed(

other_ name ="', "join(reversed(

return ( my_name < other_name
or ( my_name == other_name

donald = Student(‘Donald Duck’, 7)
gladstone = Student('Gladstone Gander', 42)
grandma = Student('Grandma Duck’, 1)

def

self.name.split
other.name.split

0))
0))

and self.id < other.id))

Automaticallycreates
<, <=, >, >=|f &bast
one of the functions
ISimplementedand
== Isimplemented

Python shell

> donald < grandma
True

> grandma >= gladstone
False

> grandma <= gladstone
True

> donald > gladstone
False




Summary

A@decorator name
APytondecoratorsare just syntaticsugar

AAddsfunctionalityto afunctionwithout havingto augmenteach
callto the function or eachreturn statement in thefunction

AThereare decoratorsfor functions classmethods andclasses
AThereare manydecoratorsin the PythonStandard Library
ADecoratorsare easyto use

A...and(slightly) harderto write



Dynamigrogramming
Amemoization
Adecoratormemoized
Asystematicsubproblemcomputation
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return 1

return binomial(n
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1,k -

binomial_recursive.py

def binomial(n, k):
if k==0o0rk==n:

1)

\ recursiontree for binomial(7,5)




Dynamic Programming

Remembesolutionsalreadyfound
(memolzatior)

ATechniquesometimesapplicablewhenrunningtime otherwise
becomesxponential

AOnlyapplicabléf stuffto be rememberedis manageable



BinomialCoefficient

| - (2,2) answers[(n, k)] = answer
- (2,1) return  answers[(n,k)]

| - (1, 1)
- (1, 0) Python shell

recursiontree for Dyn amlq2)I‘Og rammi ngJS| nga d |Ct|0nary
binomial(7,5)
- (15)
| -- (6,5) answers = {} # answers[(n, k)] = binomial(n,k)
I CHLY) def binomial (n, k):
| ~- 6,4 if (n, k) not in answers:
I - (44 if k==0 or k==n:
| - (4,3) answer = 1
| - (3,3) else:
I - (3,2) answer = binomial (n-1, k) + binomial (n-1,k -1)
|
|
|

-- (6, 4) > binomial(6, 3)
|- (5, 4) | 20
- (5, 3) > answers
| -- (4, 3) | {(3,3):1,(2,2):1,(1,1):1,(1,0):1,(2,1):2, (3, 2):
- (4,2) 3, (4,3):4,(2,0):1, (3 1): 3, (4 2):6, (5 3): 10, (3,
|- (3, 2) 0): 1, (4, 1): 4, (5, 2): 10, (6, 3): 20}
- (3,1 - .
> )2 1 AUseadictionaryanswers to storealreadycomputedvalues
|- (2, 1) ~
- (2.0 reusevaluestoredin dictionaryanswers



Questionc Whatis theorder of the sizeof the dictionary
answers after callingbinomial( n,k ) ?

a) max(n, k)

answers = {} # answers|[(n, k)] = binomial(n,k)
def binomial (n, k): D) n+Kk
if (n, k) not in answers:
if k==0 or k==n: C) n*Kk
answer =1
else: d) nk
answer = Dbinomial (n-1,K)+ binomial (n-1,k -1) e) kn
answers[(n, K)] = answer .,
return  answers[(n,k)] f) 5 2 ykm)w




BinomialCoefficient
Dynamigrogrammingusingdecorator

AUsea decorator(@memoize that implementsthe functionality of
rememberingthe resultsof previousfunction calls

binomial _decorator.py

def memoize(f): @memoize
# answers[args] = f(*args) def binomial(n, k):
answers ={} if k==0 or k==n:
def wrapper (*args ): return 1
if args notin answers: else: - -
return binomial(n - 1, k) + binomial(n -1,k -1)

answers[ args | = f(*args)
return answers[ args ]

return wrapper

www.python-course.eu/python3 memoization.php



https://www.python-course.eu/python3_memoization.php

binomial_decorator_trace.py

def trace (f):
indent=0

def

wrapper.__

# decorator

def wrapper(*args):

nonlocal indent

spaces ='| ' * indent

arg_str ="', ".join(map(repr, args))
print(spaces + f{f. __name__}({arg_str})")
indent +=1

result = f(*args )

indent -=1

print(spaces + f'> {result})
return result

return wrapper

memoize (f):
answers = {}

def wrapper(*args):

if args not in answers:
answers[args] = f(*args)
return answers[args]

name__ =f._ name__

return wrapper
@trace

@memoize
def binomial(n, k):

==0ork==

return 1

return binomial(n - 1, k) + binomial(n

print(binomial(5, 2))

+' _memoize'

to trace recursive calls

1,k -1)

Python shell

binomial(5, 2)
| binomial(4, 2)

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
>
1

0

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
>
%
I
I
I
I
I
I
I
I
I
I
I
I
>
1

binomial(3, 2)

| binomial(2, 2)

| >1
binomial(2, 1)

| bmomlal(l 1)

| >

| bmomlal(l 0)
| >

> 2

3

inomial(3, 1)

inomial(2, 1)
bmomlal(l 1)

bmomlal(l 0)

1

I

I

I

I

I

|

>
b
| b

| |

| | >

| |

| | >

| >2

| binomial(2, 0)
| >

>3

6

inomial(4, 1)
binomial(3, 1)

| binomial(2, 1)

| | binomial(l, 1)

|

| | blnomlal(l 0)
| | >1

| >

| blnomlal(2, 0)

| >1

>3

binomial(3, 0)
>1

4
0

(' without

@nemoize)

N

Python shell (with  @nemoize)

binomial_memoize(5, 2)

| binomial_memoize(4, 2)

| | binomial_memoize(3, 2)

| binomial_memoize(2, 2)

| >1

binomial_memoize(2, 1)

| blnomlal _memoize(1, 1)

blnomlal _memoize(1, 0)

2 ~

N
\

w V___

omial_memoize(3, 1)
momlal mem0|ze(2 1)

CTD

blnomlal _memoize(2, 0)

3 ~

N
\

I
I
I
I
I
I
>
bi
I
| >
I
| >
>
6
inomial mem0|ze(4 1)
binomial mém0|ze(3 1)
>3

binomial_memoize (3, 0)
1

>
4
0

=,V
© =V U v——

without assigningvrapper.__name
the nameshownwould be wrapper

\ savedrecursivecalls

whenusingmemoization




Dynamigrogrammingusinglru_cache
decorator

bionomial_Iru_cache.py

from functools import Iru_cache

@Iru_cache(maxsize=None)
def binomial(n, k):
if k==0 or k==n:
return 1
else:
return binomial(n - 1, k) + binomial(n -1,k -1)

AThedecorator@u_cache in the standardibraryfunctools  supports the
same as th&lecorator@nemoize

ABYy default it at mostemembers(caches) 12®reviousfunction calls always
evictingLeastRecentlyUsedentriesfrom its dictionary

docs.python.orqg/3/libraryfunctools.html#functools.lru cache



https://docs.python.org/3/library/functools.html#functools.lru_cache

Subsesumusingdynamicprogramming

Aln thesubsetsum problem Exercise 3.4) we aregiven anumberx and a list of
numbersL, andwantto determineif asubsetof L has sunx

L=[3, 7,2, 11,13, 4,8 x=22= 7+ 11 + 4

ALetS(v, Kdenoteif it is possibleto achievevaluev with asubsetof L[:k],
l.e. S(v, k) = True If amaly if asubsetof the first k valuesin L has sum v

AS(v, kranbe computedfrom the followingrecurrence
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Subsesumusingdynamicprogramming

subset_sum_dp.py

def subset sum (x, L):

@nemoize
def solve (value, k):
if k ==0:
return value == 0
return  solve (value,k -1)or solve (value - L[k -1],k -1)

return  solve (x, len (L))

Python shell

> subset sum(11, [2, 3, 8, 11, - 1))
| True
> subset_sum(6, [2, 3, 8, 11, -1])

| False




Questionc Whatis aboundon thesizeorder of the
memoizationtableif allvaluesare possitivaintegers

subset_sum_dp.py

def subset sum (X, L):

@nemoize
def solve (value, k):
if k==0:
return value == 0
return  solve (value,k -1)or solve (value - L[k -1],k -1)

return  solve (x, len (L))

Python shell

> subset sum(11, [2, 3, 8, 11, -1])
| True
> subset sum(6, [2, 3, 8, 11, -1))

| False

a)
b)
C)
© d)
e)
O
9)

len(L)

sum(L)

X

2len(L )

len(L)
len(L)*sum(L)
5 2 yKEoiv



Subsesumusingdynamicprogramming

subset_sum_dp.py

def subset sum_solution (x, L):
d@r11:em0||ze walue, K) Python shell
ef solve (value, Kk): :
it k == 0: > subset_sum_solution (11, [2, 3, 8, 11, - 1))
if value == 0: | 13, 8] :
return [] > ilubset_sum_solutlon (6, [2, 3, 8, 11, -1])
else: | None

return None
solution = solve (value, k -1)
if solution !'= None:
return solution

solution = solve (value - L[k -1],k -1)
If solution !'= None:
return solution + [L[k - 1]]

return None

return  solve (x, len (L))




Volume Value

Knapsackroblem 36
1 3 7

A Given aknapsackwith volumecapacityGC, and set of 2| 2 8
objectswith different volumesand value. 3| 5 9

A Obijective Find asubsetof the objectsthat fits in the
knapsacKsum ofvolumeXXcapacity and has maximadalue

A Example If C = 5 and theolumeandweightsare given by theable,
then the maximalaluel5 canbe achievedoy the 2nd and 3rabject

A LetV(c, k)ddenotethe maximumvalueachievableéby asubsetof the
first k objectswithin capacityc.
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Knapsack maximunwvalue

knapsack.py

def knapsack value (volume, value, capacity):

@nemoize
def solve (c, k): # solve with capacity ¢ and objects 0..k
if k ==0: # no objects to put in knapsack
return O
v= solve (c,k - 1) # try without object k -1
if volume[k - 1] <=c: # try also with object k
v = max(v, value[k - 1]+ solve (c - volumelk
return v
return  solve (capacity, len (volume))

> volumes = [3, 3, 2, 5]

> values =[6, 7, 8, 9]

> knapsack value(volumes, values, 5)
| 15

-1

- 1if space

- 1],k

Python shell

- 1)




Knapsack maximumvalueandobjects

def knapsack (volume, value, capacity):

@nemoize
def solve (c, k): # solve with capacity ¢ and objects 0..k -1
if k ==0: # no objects to put in knapsack
return O, []
Vv, solution = solve (c,k -1) # try without object k -1
If volumel[k - 1] <=c: # try also with object k - 1 if space
v2, sol2 = solve (¢ - volumelk - 1],k - 1)
v2 = v2 + value[k - 1]
if v2 > v:
vV =Vv2
solution = sol2 + [k - 1]
return v, solution
return  solve (capacity, len (volume))
> volumes = [3, 3, 2,5]
> values = [6, 7, 8,9]

> knapsack(volumes, values, 5)
| @51 1, 2)




Knapsack Table
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volumek-1] g
0 I A C S
0
include skip
objectk-1 objectk-1
k-1

E E Asystematidill out table
k ,

Aonly needto remembertwo
rows
V(c, k)

X :
_ final
answer

len(volume)




Knapsack Systemati¢ablefill out

def knapsack (volume, value, capacity):
(D solutions =[(0, [] * (capacity + 1)
@ for obj inrange( _len (volume)):
for c in reversedtrange(volume| obj ], capacity + 1)):
prev_v , prev_solution = solutions [c - volume[ obj ]]
v=value[ obj]+ prev_v
if solutions [c][0] <v:
@ solutions  [c] =, prev_solution +[ obj ]
return  solutions [capacity]

Python shell

> volumes = [3, 3, 2,5]
> values = [6, 7, 8,9]
> knapsack(volumes, values, 5)

| a5 1, 2))

len(volume)

(D base case k=0

(2 consider each object

current row
previous row

solutions|c:]
solutions

® L]

(4 compute next row righto-left

solutions[:volume][ obj ]]
unchanged from previous row

volume[k-1]

capacity

C

include skip
object k-1 object k-1

V(c, k)

final
answer



Summary

ADynamicprogrammings a general approach foecursiveproblems
whereonetriesto avoidrecomputingthe sameexpresiongepeatedly

ASolution 1:Memoization
¢ adddictionaryto functionto rememberpreviousresults
C decorate with a @hemoizedecorator

ASolution 2:Systematictable fill out
¢ canneedto computemore valuesthan whenusingmemoization
¢ candiscardresultsnot neededanylonger (educedmemoryusage



Visualizatiormandoptimization
AMatplotlib

Adupyter

Ascipy.optimize.minimize



matpl:tlib

Matplotlib is a Python 2D plotting library which produces publication quality figures in a variety of
hardcopy formats and interactive environments across platfonadplotlib can be used in Python scripts,
the Python andPythonshells, theJupytemotebook, web application servers, and four graphical user
Interfacetoolkits.

Matplotlib tries to make easy things easy and hard things possible. You can generate plots, histograms,
power spectra, bar chartgyrorcharts scatterplots, etc., with just a few lines of coBersimple plotting

the pyplotmodule provides a MATLAIBe interface, particularly when combined witython For the

power user, you have full control of line styles, font properties, axes propettiega an object oriented
Interface or via a set of functions familiar to MATLAB users

pip installmatplotlib matplotlib.org



https://matplotlib.org/
https://matplotlib.org/tutorials/introductory/sample_plots.html

Plot

pyplot modulef

a ! ¢likeblotting framework

matplotlib - simple.py _

import  matplotlib.pyplot

plt. plot ([1, 2, 3], [5, 2, 7], 'bo:")

plt. show()
add plot . .
to figure x coordinates Yy coordinates ormat
figure is first shown string

when show is called

o
[l

s X< 3o -~Q
/ANENEN

Colors  Line styles
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Marker styleg
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save current view as picture
adjust margins

zoom rectangle

pan and zoom

navigate view history

reset view



Plot¢ somekeywordarguments

matplotlib - plot.py

import  matplotlib.pyplot as plt
X =range( -10,11)

Y1 =[x**2forxin X]
Y2=[x**3/10+x**2/2for xin X]

plt. plot (X,Y1, color ='red', label ='$x"2$',
linestyle  ='-', linewidth =2,
marker ='0', markersize =4,
markeredgewidth =1,
markeredgecolor  ='black’,
markerfacecolor ='yellow")

plt. plot (X, Y2, "™, dashes =(2, 0.5, 2, 1.5),

label =r'$ \frac{1H{10}x"3+

plt. xlim (-15, 15)
plt. ylim (-75, 125)
plt. title ('Some polynomials

\ frac{1H{2}x"2%$")
ETEX

\ n(degree 2 and 3)")
plt. xlabel (‘Thex - axis’)

plt. ylabel (They - axis’)

plt. legend (title="Curves')

plt.show() # finally show figure

Some polynomials

(degree 2 and 3)
125

100

75 1

30

257

The y-axis

—25 4 )
* Curves

—l:u—JC2

1.3 ,1,.2
e g 35X

_?5 T T T
—-15 -10 =5 0 3 10 15

The x-axis

matplotlib.org/ap/ as germatplotlib.pyplot.plot.html
Golors: matplotlib.org/gallery/color/named colors.htir



https://matplotlib.org/api/_as_gen/matplotlib.pyplot.plot.html
https://matplotlib.org/gallery/color/named_colors.html

Scatter(points withindividualsizeandcolor)

matplotlib - scatter.py transpar?y
A scatter plot
import  matplotlib.pyplot as plt / P — 12
n=13 5 5 = 2% 5= x? e 5=X ®s5=xc=x
X = range(n) 10
S=[x*2forxin X] 4-
E =[2* x for x in X] 8
plt. scatter (X, [4] * n, S=E, label='s = $2"x$', alpha =.2) 3 6
plt. scatter (X, [3] * n, s=S, label='s = $x"2%")
plt. scatter (X, [2]*n, s=X, label='s = $x$") 4
plt. scatter (X, [1] * n, s=S, c=X, cmap='plasma’, 2 T
label="s = $x"2$, ¢ = $x$, . ; 2
edgecolors ='gray’, linewidth ~=0.5) colormap(predgflneo) 141 - + « e e e @
olt. colorbar () ~color of eachpoint
' N ol . ~ T T T T T T 0
T \ sizef | NéhthpohtF ; : : : PR
ol xlim (0_5: 13.5) ~po!nt boundarywidth
plt.title (‘A scatter plot') point boundarycolor colorbar
plt. legend (loc ='upper center’, frameon =False, ncol =4, (of most recently
o 0 handletextpad =0) \ usedcolormap)
plt.show

N
manual placement of legend box (default automatic); remove frame; place

legends in 4 columns (default 1); reduce space between marks and lapgl2tplotlib.org/api as qu/ma_thotIib.pyplot.scatter.html
matplotlib.org/tutorials/ colorgcolormaps.html



https://matplotlib.org/api/_as_gen/matplotlib.pyplot.scatter.html
https://matplotlib.org/tutorials/colors/colormaps.html

Bars

matplotlib - bars.py

import  matplotlib.pyplot

x=[1, 2, 3]
y =[7, 5, 10]

plt. bar (x,vy,

plt.show()

color ='lightblue’,
linewidth =1,
edgecolor ='gray’,
tick_label =X,
width =0.7,

yerr =0.25,

xerr =0.5,
capsize =3,
ecolor ='darkblue’,
log =True)

plt. bar (x, [v**2 for v in X],

color="pink’,
linewidth=1,
edgecolor='gray’)

as plt

# bar background color
# bar boundary width

# bar boundary color

# ticks on x - axis
# width, default 0.8
# Error bar: y length

# xlength

# capsize in points

# error bar color

#y - axis log scale

H

101 :

lDI} i

matplotlib.org/apl/ as gen/matplotlib.pyplot.bar.html



https://matplotlib.org/api/_as_gen/matplotlib.pyplot.bar.html

Histogram

- bar barstacked
Histogram
. x2 A
2.0 1 X3 3

1.5 A

matplotlib - histogram.py 15 4

import  matplotlib.pyplot as plt Lo
from random import random 1.0 - a
valuesl = [random()**2 for _ in range(1000)]

values2 = [random()**3 for _ in range(100)] 0.5 - 0.5 7
bins =[0.0, 0.25, 0.5, 0.75, 1.0]

i : 0.0 - 0.0 -
for i, ht in enumerate( _ 0.00 025 050 075 100 000 025 050 075 100
[ 'bar* , ‘barstacked' , 'step’ , ‘stepfilled’ 1, _
start=1): step stepfilled
plt. subplot (2, 2, 1) # start new plot — X3 X3

hist ([valuesl, values?], # data sets 504
bins, # bucket boundaries

plt.

1 x? 2.0 7 . X

histtype =ht, # default ht ='bar' 15 154
rwidth =0.7, # fraction of bucket width
label =['$x"2%', '$x"3%1, # labels
density =True) #norm. prob. density 1.0 7 1.09

plt. title (ht) # plot title

plt. xticks (bins) # ticks on x - axis 0.5 1 0.5 A

plt.legend()

g::.shzsv%me RISt # U >0 0.00 025 050 075 1.00 . 0.00 025 050 075 100

matplotlib.org/apl/ as gerimatplotlib.pyplot.hist.html



https://matplotlib.org/api/_as_gen/matplotlib.pyplot.hist.html

Pie

matplotlib - pie.py

import  matplotlib.pyplot

plt.title('My Pie")
plt. pie ([2, 3,2, 7]

textprops

autopct
plt.show()

labels =['A','B','C','D1,
colors =[r,'b", 'y, 'm1,
explode =(0, 0.1, 0.3, 0),
startangle =5,
counterclock  =True,
rotatelabels =False,
shadow =True,

=dict(

color ='black’,

style ='italic"),
wedgeprops =dict(

width =0.8,

linewidth =1,

edgecolor ='black’),

='%1.1f %%")

as plt

# relative wedge sizes

# radius fraction
# angle above horizontal
# default True
# default False
# default False
# text properties, dict

# text color

# text style

# wedge properties, dict

# width (missing center)

# wedge boundary width
# boundary color
# percent formatting

My Pie

matplotlib.org/apl/ as gerimatplotlib.pyplot.pie.html



https://matplotlib.org/api/_as_gen/matplotlib.pyplot.pie.html

Stackplot

import  matplotlib.pyplot as plt
x=[1,2, 3, 4]

yl= [1’ 2,3, 4] StackedGraphsc Geometry &Aesthetics
y2=1[2,3,1,4] Lee Byron & MartiiVattenberg 2008
y3=[2,4,1, 3]

'plt. style.use  (‘dark_background')

for i, base in enumerate(

['zero' , 'sym' , 'wiggle’ , 'weighted wiggle' 1,

start=1):

plt. subplot (4, 1,1)

stackplot (X, y1, y2,y3,

colors =[T,'d', 'b],

labels =['Red', 'Green’, 'Blue'],

baseline =base)

plt. grid (axis='both', #'X,Y, or 'both’
linewidth=0.5, linestyle ="' -', alpha=0.5)

plt. legend (title=base, loc="upper left’)

plt. xticks (x) # a tick for each value in x

plt. suptitle  (‘'Stackplot')

plt.show()
To list all available styles:
print(  plt.style.available )

ZEero
Red
Green
Blue

sym
Red
Green
Blue

wiggle
Red
Green
Blue

weighted_wiggle '

Red
Green
Blue

Stackplot

matplotlib.org/apl/ as germatplotlib.pyplot.stackplot.html



https://matplotlib.org/api/_as_gen/matplotlib.pyplot.stackplot.html
http://leebyron.com/streamgraph/stackedgraphs_byron_wattenberg.pdf

matplotlib - subplot.py

import  matplotlib.pyplot
from math import pi, sin

as plt

X_min, X_max, n =0, 2 * pi, 100

X = [X_min + (X_max - x_min) *i/nforiinrange(n + 1)]
y = [sin(v) for v in X]
axl =plt. subplot
axl. label outer ()

2, 3, 1) #2rows, 3 columns

# removes X - axis labels

plt. xlim (- pi, 3 * pi) # increase X - axis range
plt.plot(x, y, 'r -9

plt.title('Plot A")

ax2 =plt. subplot (2,3, 2)

ax2. label outer () # removes X - andy - axis labels
plt. xlim (-2 *pi, 4 * pi) # increase x - axis range

plt.plot(x, y, 'g,)

plt.title('Plot B")

ax3 =plt. subplot (2,3, 3, frameon =False) # remove frame
ax3. set_xticks  ([]) # remove x - axis ticks & labels
ax3. set_yticks  ([]) # remove x - axis ticks & labels
plt.plot(x, y, 'b -

plt.title('No frame")

# share x

- axis range

ax4 =plt. subplot
plt. ylim (-2,2)
plt.plot(x, y, 'm:")
plt.title('Plot C")

axs =plt. subplot
ax5. set_xticks  (range(
ax5. label_outer ()
plt.plot(x, y, 'k -0
plt.title('Plot D')

ax6 = plt.
ax6 . set_yticks
ax6 . tick_params
plt.plot(x, y, 'r)
plt.title('Polar projection \ n)

(2, 3, 4, sharex =axl)

# increase y

- axis range

(2, 3, 5, sharex =ax2, sharey =ax4) # share ranges
-5,15,5)) # specific x - ticks & x- labels
# removesy - axis labels

subplot (2, 3,
(-1,01])
(axis =Y,

6, projection  ='polar’) # polar projection

#vy - labels

labelcolor  ='red’) # color of y - labels

# \ n to avoid overlap with90 A

plt. suptitle (‘2 x 3 subplots', fontsize =16)

plt. show()

Plot A

Subplot

(2 rows, 3 columns)

2 X 3 subplots

Plot B

1.0 ~

0.5

0.0 A

—0.5 4

1.0 4

2.0

Plot C

1.5 4
1.0 4
0.5 1
0.0 4
—0.5
1.0
1.5 4

2.0

- It 180°

No frame

N

Polar projection

90°

270"

A Subplotsare numbered1..6 row-by-row, startingtop-left

A subplotreturnsan axesto accesghe plot in thefigure

matplotlib.org/ap’/ as germatplotlib.pyplot.subplot.html
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Subplots

subplots
matplotlib - subplots.py > — =1 ) - 1=2
import  matplotlib.pyplot as plt 0 000 ] m
from math import pi, sin, cos
times =[2 * pi *t/ 1000 for t in range(1001)] 5 i
fig ,(( axl, ax2),( ax3, ax4),( axb, ax6))= \
/ plt. subplots (3, 2, sharex =True, sharey =True) 51 — =3 7 — i=4
for i, ax in enumerate([ axl, ax2, ax3, ax4, ax5, ax6], 01 -
start=1):

X =[i*sin(i * t) for t in times] _5- i

y = [i * cos(3 * t) for t in times] . . . . . .

ax. plot (x,y, label=f'$i = {i}$") # plot to axes

ax. legend (loc='upper right) # axes legend 57
fig . suptitle  (‘subplots’, fontsize=16) # figure title
plt.show() °

create6 axesin 3rowswith 2 colums
sharethe x and yaxis rangesautomatically
applieslabel outerto createdaxeg
returnsa pair {igure, axe9

matplotlib.org/api/ as germmatplotlib.pyplot.subplots.html
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matplotlib

import matplotlib.pyplot as plt
import math

- subplot2grid.py

X_min, Xx_max, n =0, 2 * math.pi, 20

X = [x_min + (X_max - x_min) *i/n
for i in range(n + 1)]
y = [math.sin(v) for v in x]
plt. subplot2grid  ((5, 5), (0,0) ,
rowspan =3, colspan =3)
plt. fill_between (x, 0.0, v,

alpha=0.25, color="r")

plt.plot(x, y, 'r -

plt.title('Plot A")

plt. subplot2grid  ((5, 5), 0,3) ,
rowspan =2, colspan =2)

plt.plot(x, y, 'g.")

plt.title('Plot B")

plt. subplot2grid  ((5, 5), 2,3) ,
rowspan =1, colspan =2)

plt.plot(x, y, 'b -

plt.title('Plot C")

plt. subplot2grid  ((5, 5), (3,00 ,
rowspan =2, colspan =5)

plt.plot(x, y, 'mx:")
plt.title('Plot D")

plt. tight_layout 0O
plt.show()

# adjust padding

subplot2grid (5 x 5)

upperleft corner(row, column)

Plot A Plot B
1.00 1 1.0
0.75 0.5
L 0504 00
0.00
_10_
T
—-0.25 1 0 1 2 3 4 5 6
0501
Plot C
-0.75 1 1——————=====<==C
0d -~~~ T -
-1.00 Scaall e -
B Y . SO
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Plot D
1.0 A TV ..,
0.5 4 X x:
L x
00 e sl X
% x
—0.5 K. X
~1.04 B it . S
.
0 1 2 3 4 5 6

matplotlib.org/ap’/ as germaitplotlib.pyplot.subplot2grid.html
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matplotlib - log.py

import  matplotlib.pyplot as plt
x =i/ 10 foriin range(1, 101)]

yl=1[i** 2 foriinXx]
y2 =[i ** 3 foriin X]
y3 =[3**iforiinX]

foriin range(l, 7):

ax =plt. subplot (3, 2,1)

plt.plot(x, y3, label="$3"x$")

plt.plot(x, y2, label="$x"3%")

plt.plot(x, y1, label="$x"2%$")

ifi ==1:
plt.ylim(0, 2000)
plt. xscale (llinear’) # default
plt. yscale (linear’) # default
plt.legend()
plt.title(‘linear’)

ifi == 2:
plt. yscale (log’)
plt.title('ax.yscale’)

ifi ==3:
ax. set_xscale ('log")
ax. set_yscale (llog’)
plt.title('ax.set_xscale & ax.set_yscale')

if i == 4:
plt. loglog ()
plt.title(‘plt.loglog’)
if i == 5:
plt.ylim(0, 2000)
plt. semilogx ()
plt.title('plt.semilogx’)
if i == 6:
plt. semilogy ()
plt.title('semilogy')
plt.show()

logscales

linear ax.set yscale
2000 10°
31
1500 3
X 1_02' n
1000 4 —— x?
500 1071 1
0 T I T T T T T T T T
00 25 50 75 10.0 00 25 50 75 100
ax.set xscale & ax.set yscale plt.loglog
10° A 10° A
10 1 10 1
1071 + 1071 +
T T T T LA | T T LI | T LA |
1071 10° 10! 1071 10° 10!
plt.semilogx semilogy
2000 1_05 4
1500
1_02 n
1000
500 - 107! 4
0 T T " _-...‘I T T T T T

A Thereare manywaysto makethe x and/or y-axislogarithmicwith pyplot



Savindigures o

0.25

matplotlib - savefig.py 0.00 -

import  matplotlib.pyplot as plt ]
from math import pi, sin, cos >
n = 1000 j:}
points = [(cos(2 * pi * i/n), | o o7 W 0 ok o o b 1w
sin(4 * pi * i/ n)) for i in range(n)]
X, y = zip(*points) butterfly.png
plt.plot(x, y, 'k - ', linewidth=>5)
plt. savefig (butterfly.png’) # save plot as PNG e
plt. savefig (‘butterfly - grey.png’, =
dpi =100, # dots per inch 0507
bbox_inches ='tight, # crop to bounding box 0251
pad_inches =0.1, # space around figure 0.00
facecolor ='lightgrey', # background color .
format ='png’) # optional if file extension '
plt. savefig (butterfly.pdf) # save plot as PDF N
—0.75 A
plt.show() # interactive viewer e X
/ —1:00 —0:}'5 —0:50 —0:25 D.E}D 0.|25 0.|50 D.I'.-'S 1.(I}D
butterfly-grey.png

matplotlib.org/apl/ _as gen/matplotlib.pyplot.savefig.html facecolor pad_inches



https://matplotlib.org/api/_as_gen/matplotlib.pyplot.savefig.html

matplotlib - animation.py

import  matplotlib.pyplot
from matplotlib.animation
from math import pi, cos, sin

n, tail_length = 200, 75
points =[]

def point(i):
t=2*pi*i/n
return (cos(3 * t), sin(2 * t))

fig =plt. figure ()
ax =plt. gca()
ax. set_facecolor
plt.xlim( -1.1,1.1)
plt.ylim( -1.1,1.1)
plt.xticks([])

plt.yticks([])
plt.title('"Moving point’)

(‘black’)

X, y = point(0)

plt.plot(x,

plt. text (x
ha='"right', va='center’)

tail , = plt. plot ([], [], 'w

head, = plt. plot ([], ], 'ro")

def move(frame):
points.append(point(frame))
del points|[: - tail_length]
tail . set data
head . set_data (*points|

y, 'w.)

animation = FuncAnimation
func =move,
frames =range(n),
interval =25,
repeat =True,
repeat_delay =0)

plt.show()

as plt

import  FuncAnimation

- 0.025,y, 'start’, color="w',

- ', alpha=0.5)

(*zip(*points))

-1])
(fig ,

[ |

matplotlib.animation.FuncAnimatic

Moving point

start e

\ plot returns & [ A Y &hjedsérepresenting the plottedata
A ¢ [ A Y &jediséanbe updatedusingset data
A Tomakean animationyouneedto repeatedlyupdateti K S ¢ folljeftS H 5 ¢
A FuncAnimation repeatedlycallsfuncin regularintervalsinterval, each
time with the nextvaluefrom frames(if frames is Nonehenthe frame
valuesprovidedto funcwill be the infinite sequence),1,2,3,...)

matplotlib.org/ap/ as germatplotlib.animation.FuncAnimation.htn



https://matplotlib.org/api/_as_gen/matplotlib.animation.FuncAnimation.html

jupyter

>

TheJupyterNotebook

TheJupyterNotebook is an operource web application that allows you to create and
share documents that contain live code, equations, visualizations and narrative text.
Uses include: data cleaning and transformation, numerical simulation, statistical
modeling, data visualization, machine learning, and much more.

jupyter.org



ython
IPILyl:

IPython

jupyter

»

JupyterServer
(e.g runningon
localmaching

- Prime Number Thearem - Jup. X +

Prime Number Theorem

a(n) = the number of prime numbers < n. The Prime Number Theorem states that a(n) = W”ﬂ)
In the following we consider all primes < 1.000.000. First we computer a set 'composite’ of all
composite numbers in the range 2..n.

In [1]: n =1 000 000
{p for £ in range(2, n + 1) for p in range(f * £, n + 1, £f)}

We next compute select all the prime numbers in the range 2..n, i.e. the non-composite numbers.

In [2]: primes = [p for p in range(2, n + 1) if p not in composite]
In [3]: primes[:10]
Cut[3]: [2, 3, 5, 7, 11, 13, 17, 19, 23, 29]

In [4]: import matplotlib.pyplot as plt
import math

X = range(2, n + 1, 25000)

Y = [len{[p for p in primes if p <= x]) for x in X] # slow
plt.plot(X, ¥, '.g'")

plt.plot (X, [x / math.log(x) for x,y in zip(X, Y)1, 'z-")
plt.show()
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C | U @ 23 localhost:83888/noteboo /Prime Number Theorem.ipynb v 4 B =
" Jupyter Prime Number Theorem uesses) @ Logout
File Edit View Insert Cell Kemel Widgets Help Trusted | Python 3 O
+ 3= @ B A+ ¥ MR B C W Code S

Web Browser

User



cells

pythoncode

- = Prime Number Thearem - Jup. X +

+ = @A B 4 % MHRin B C W Code o

Prime Number Theorem

a(n) = the number of prime numbers < n. The Prime Number Theorem states that a(n) ~

In the following we consider all primes < 1.000.000. First we computer a set 'composite’ of all
composite numbers in the range 2..n.

In [1]: ln =1 000_000
composite = {p for f in range(2, n + 1) for p in range{(f * £, n + 1, f)}

We next compute select all the prime numbers in the range 2..n, i.e. the non-composite numbers.

In [2]: primes = [p for p in range(2, n + 1) if p not in composite]

In [3]: primes[:10]

Cut[3]: [2, 3, 5, 7, 11, 13, 17, 19, 23, 29]

In [4]: import matplotlib.pyplot as plt
import math

X = range(2, n + 1, 25000)

Y = [len{[p for p in primes if p <= x]) for x in X] # slow
plt.plot(X, ¥, '.g'")

plt.plot (X, [x / math.log(x) for x,y in zip(X, Y)1, 'z-")
plt.show()

80000 4

70000 4

60000 1

50000 A

40000

30000 A

20000 1

10000 4

o

0 00000 400000 600000  BOODOD 1000000

G ©U @ 25 localhost:s Yesktop/Prime Number Theorem.ipynb ST T -
" Jupyter Prime Number Theorem uesses) @ Logout
File Edit View Insert Cell Kemel Widgets Help Trusted | Python 3 O

_n_
In(n)"

formatted text:
Markdown/
€ | aTeX HTML/

——— 0YythON Shell

output

matplotlib/
numpy/ ...

output



Jupyter - installing

AOpen awindowsshelland run:pip install jupyter

Administrator: Command Prompt B - .

Microsoft Windows [Version 10.0.14393]
(c) 2016 Microsoft Corporation. All rights reserved.

C:\WINDOWS\system32>pip install jupyterg




Jupyterc launchinghe jupyterserver

AOpen awindowsshelland run:jupyter  notebook

Command Prompt - jupyter notebook - O X

Microsoft Windows [Version 10.0.14393] 8
(c) 2016 Microsoft Corporation. All rights reserved.

q C:\Users\aul2l>jupyter notebook

[I 17:36:08.584 NotebookApp] Serving notebooks from local directory: C:\Users\aul2l

[I 17:36:08.584 NotebookApp] @ active kernels

[T 17:36:08.584 NotebookApp] The Jupyter Notebook is running at:

[I 17:36:08.584 NotebookApp] http://localhost:8888/?token=18644cfeedab986bbdcc@68f61c21bB6b62
5482090169463

[I 17:36:08.584 NotebookApp] Use Control-C to stop this server and shut down all kernels (twi
ce to skip confirmation).

[C 17:36:08.584 NotebookApp]

Copy/paste this URL into your browser when you connect for the first time,

to login with a token:
http://localhost:8888/?token=18644cfeedab986bbdcc068161c21b06b62548a090169463 Ljr1
[T 17:36:09.154 NotebookApp] Accepting one-time-token-authenticated connection from ::1

Alf this doesnot work, thentry python - m notebook



__ Deskto p/jupyter/ *

&« C' | © @ 25 localhost:8888/tree/Desktop/jupyter el 4 @ =
— Jupyter Quit | Logout
Files Running Clusters
00"
Select items to perform actions on them. N(\O’@\o Upload —
(2 Mo b
[1]0 ~ B/ Desktop/ jupyter g&eﬁa s e
«©
I_:I -
[[1 & Prime Number Theorem.ipynb Runt  1o.4 File kB
Folder

Terminals Unavailable




Untitled - Wfl)rter Motebook

C U @23 IGE’&W@%I/-‘._/?; ‘notebooks/Desktop/jupyter/Untitled.ipynb?kernel_name= el b B =
Ic
. l‘o
Yp
File Edit View Insert Cell Kernel Widgets %%actll/ Trusted |F' ython 3 O
'I'Ex:,l‘-’EIE'F*HFEunIEH
In [ ]: |aCt\Ve ce\\




5 Markdown test - Jupyter Note! X

f Jupyter Markdown test

B + = & B 4+ 4% HREun B C »

G | © @ 23 localhost:8888/notebooks/Desktop/Markdown testipynb ses

File Edit View Insert Cell Kernel Widg Trusted o |F'§,fth|:|n 30

Try:
Help > User Interface Tou
Help >Markdown

Markdown b

1. first item

2. second item HTML formattin

# Title of markdown cell

Here ({i}cnmest-‘ri.‘? <]::}5r:|me*:;’l:}>mat Sx~2

(D

Mmatics

‘cdot \left(\int 1~n x\,dx\right)

Title of markdown cell

1. first item
2. second item

Here comes some math x2 - (f

Iﬂ x dx}

github.comadamp/markdown-here/wiki/MarkdownCheatsheet



https://github.com/adam-p/markdown-here/wiki/Markdown-Cheatsheet

C O @ :3888/notebooks/Desktop/Command Modeipynb  e=| ¥ @ =
Command Mode | -

Jupyter Command Mode Logaut

File Edit View Insert Cell Kermel Widgets Help Trusted | Python 3 O

AUsedto naviagtebetweencells
ACurrentcellis marked withblue bar
AKeyboardshortcuts .

+ 3= @& B 4 % MHEun W C W Warkdown ~| | E&@&

Testing command mode

h show keyboardghortcuts

enter enter Edit Mode oncurrentcell Markdown cell - a* + b* = ¢
shift-enter run cell + selectbelow

ctrl-enter run selectedcells another cell

alt-enter run cellandinsertbelow

YMR changecelltype code markdown raw text) In [1]: print('Hello world')
1234% changeheadinglevel gelle world

ctrl-A selectall cells

downup moveto next/ previouscell

spaceshift-space  scrolldown/up
shift-up shift-down extendselectedcells

AB insertcellabove below

X C\shift-VZ DD  cut, copy, pastebelow above undo, deletecells
shift-L toggleline numbersin cells

shift-M mergeselectedcells(or with cellbelow)

O toggleoutput of selectedcells

shift-O togglescrollbar onselectedcells(long output)




Edit Mode - Jupyter Motebook 3¢

=2 C' | U @ 25 localhost:8888/notebooks/Desktop/Edit Mode.ipynb el b B =
Ed It M Od e " Jupyter Edit Mode @ Logout
File Edit View Insert Cell Kemel Widgets Help Trusted 4 |F'yth|:||13 O
+ 3 B B 4 ¥ MRun B C W Code ~| | =
AUsedto edit currentcell
ACurrentcellis marked withgreenbar Testing edit mode
A Keyboar(BhortCUtS Here we compute 7 - 6, 2° and 'Hello world'
esc enter Command Mode In [11: [print(7 * €)
shift-enter run cell + selectbelow 42
ctrl-enter run selectedcells
alt-enter run cellandinsertbelow In [2]: |2 ** &
ctrl-shift- - splitcellat cursor N out[2]: 256
ctrl-shift-f commandpalette
tab indentor codecompletion In [ ]: print(|'Hello world')
shift-tab showdocstring - + x
ctrl-a-x-c-v-z-y  selectall, cut,copy paste undo, redo —*>| Docstring:
ctrl-d deleteline print (value, ..., =2ep=' ', end='\n', file=sys.=tdout, flu=sh=Fal
=e)




Evaluation - Jupyter Motebook 3¢

C | @ @ 25 localhost:8888/notebooks/Desktop/Evaluation.ipynb e ¥ ® =
Evaluatln e”S " Jupyter Evaluation @ Logout
g: File  Edit  View Inset  Cell  Kemel  Widgets  Help Trusted | Python 3 @
B + = & B 4+ % MHRun B C W Code A
AToevaluatecell
In [1]: print(42)

ctrl-enter, alt-enter, shift-enter

AOutput from progranshownbelow cell b

In [2]: x = 3

x ** 3

AResultof lastevaluatediine — | =

\}.ﬁ.._':'. 16

AOrder ofcodecellsevaluated o
b2iS8 ¢demputedafteré E PR & | morafx-s

A[*] arecellsbeingevaluated/ waiting ——— = 17+ mite e

pass

A[ ] nOtyet evaluated D> In [ ]: |print({'Hello world')

ARecomputeall cellstop-down
» or Kernel> Restart & Run all




Magic lines

AJupytercode cells supporagic
commandgactually it idPython

A% is dine magic
A%% is a&ell magic

%smagic list magiccommands

Y%quickref quickreferencesheetto IPython
%pwd print workingdirectory (currentfolder)
%cddirectory changedirectory (absolut or relative)
%ls list content of currentdirectory

%pipor %conda
%loadscript
%runprogram
%automagic
%matplotlib inline
%matplotlib notebook
%%uvritefile file
%%time

%timeit expression

run pip orcondafrom jupyter
insertexternal script into cell

run external program and show outpt
toggle if %prefixis required

no zoom & resizegllowsmultiple plots
a single plot can be zoomed & resize
write content of cell toa file

measure timefor cell execution

time for simple expression

/

Magic lines - Jupyter Notebook 2

File

Edit

//////if/lél;'

c o ®

o= . .

=2 localhost:8888/notebook

..-;cl..-\.._.- I~

Wiew Insert Cell Kermel Widgets Help

Fpwd

"CroW\\T=sersthanl2l\\Desktop'

fcd my_folder

C:\Users\aulZ2l\Desktop\my folder

%l=

Volume in drive C is O5Disk

Volume Serial Numker is 3CDB-90DE
Directory of C:\Users\aul2l\Desktop\my folder
26-03-2020
26—-03-2020
25-03-2020

14:11
14:11
14:57
1 File(=s)
2 Dir(=)

<DIR>
«<DIR> .
24 my document.txt
24 bytes
382.033.820.888 bytes free

open('my document.txt').readlines()

['Document INSIDE folderin']

F¥time
=10
for x in range (1000000):

5 +=x ** 2

Wall time: 492 ms=s

Trusted

2]

| Python 3 O

L)




Jupyter
andmatplotlib

A%matplotlib inline
pyplot figures are showmvithout
Interactive zoom and pa(default)

AConsider changing default figu

plt.rcParams [ figure.figsize l

AStart each figure witlplt.figure
AFinal call tashow can be omitted

/

Si

File

Matplotlib inline - Jupyter Mot XX

G | © @ 23 localhost:8888/note

Edit

In [3]:

View Insert Cell

fmatplotlib inline

books/Desktop/Matplotlib inline.ipynb

Kernel Widgets Help Trusted

import matplotlib.pyplot as plt
plt.rcParams['fiqgure.fig=size'] = (3, 3) # inches

plt.figure ()

plt.plot(x, [10 * i**2 for i in x])

plt.figure ()

plt.plot{x, [i**3 + 1

plt.show()

* (i - 2.53) ** 2 for i in x])

250 1

200 1

150 1

100 1

G0 4

D.

100 1

I - —

| Python 3 O

)




Jupyter
andmatplotlib

A%matplotlib notebook
pyplotfigures are showmvith
Interactive zoom and pan

ASart each figure withplt.figure
(also allows setting figure size)

AFinal call teshow can be omitted

/

“—

/

File

Matplotlib notebook - Jupyter X

C O

Edit

/

(i) 25 localhost:3888/notebo

In [1]: %matplotlib n

USLEd

Insert Cell Kernel

octebook

import matplotlib_pyplot as t

x = [0.05 * i For i in range(-100, 0131
plt.figure (figaize=(5, Z)) # inches
plt_plot{x, [10 * i**Z for i in =x])
plt_figure (figaize=(5, Z)) # inchss
plt.plot{x, [i**3 + 1 * (i - 2.5) ** Z for i in x])
plt._show()
Figure 1 n
200 1
100 1
-
T T T
—4 -2 o] 2 4

Figure 2

. Interaction
50 1
0
=50

" . p 5 ) resize

# €& > 4 0O Stop int button




JU pyter AWidespread tool used for data science applications

/ ADocumentation, code for data analysis, and resulting
visualizations are stored in one common format

AEasy to update visualizations

AWorks with about 100 different programming languages
(not only Python 3), many special features, ....

AEasy to share data analysis

AMany online tutorials and examples are available

https:// www.youtube.com/results?search query=jupyter+python



https://www.youtube.com/results?search_query=jupyter+python

Scipy.optimize.minimize

AFind pointp minimizing functiorf

ASupports 13 algorithmes but no
guarantee that result is correct

AKnowledge about optimization will help
you know what optimization algorithm to
select and what parameters to provide
for better results

A P WARNINGN

Many solvers return the wrong value
when used as a black box

6.5

6.0

55 8§
c
0

50 ©

4.5

4.0

3.5

pip installscipy docs.scipy.org/doaCipyreference/generated/scipy.optimize.minimize.htm



https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.minimize.html

— starteo |
mirimze.py > print(solution) —— start-6.0
from math import sin final_simplex : (array([[ - 1.3064209 ],

: : [ - 1.30649414])), array([ - 7.94582337, - 7.94582336]))
import matplotlib.pyplot as plt fun : -7.94582337348758
from scipy.optimize import  minimize message: 'Optimization terminated successfully."
fev :
trace =[] n:.;/ 15 °
def f(x): status: 0
' success: True
valye = x ** 2 + 10 * sin(x) x:array([ - 1.3064209 1)
trace\_.append((x, value))
return
X=[ -8+18*"/ 9999 foriin range(1000)]
Y = [f(x) for x in X]
plt.style.use(‘'dark _background’)
plt.plot(X, Y, 'w -\
for start, color in [( 8, 'red), ( - 6, 'yellow"]:
trace =[]
solution = minimize (f,[ start ], method ='nelder - mead’)
X, Yy = solution.x[0], solution.fun
plt.plot(*zip(* trace ),'. -, c=color, label=f'start {start:.1f})
plt.plot(* trace[0], '0', c=color)
plt.text(x, - 23, f{x:.3f}, c=color, ha='center’)
plt.plot([x, x], [ -18,y]," -- ', c=color)
plt.xticks(range( - 5,15, 5))
plt.yticks(range( - 25, 100, 25))
plt.minorticks_on()
plt.legend()

minimize tries to find a local minimum fdr
by repeatedly evaluating for differentx values

plt.show()




Example: Minimum enclosing circle
AFindc such thatr = max, | p - ¢| Is minimized

AA solution is characterized by either

1) three points on circle, where the triangle
contains the circle center

2) two opposite points on diagonal

ATry a standard numeric minimization solver

A PNEomputation involveshaxand+/cy which
can be hard for numeric optimization solvers



n . % Python vs Matlab — Pyz: X
y O C I py & (& |® www.pyzo.org/python_vs_matlab.html g

Pyzo

vs MATLAB

Quickstart
About Python

Why Python

Python 3

Python vs Matiab |
Speed
For whom

About Pyzo
Guide
Learn

Some basic differences
Abendé Of 24aSa | a
Ad¢ at end of commana@voids
command output
Aa(i) instead ali]
stelement of a lisa(1)
Aa(i;j) includes both a(i) and a(j)

like R,Mathematica Julia AWK Smalltalk, ...

Python vs Matlab

We reqularly hear of pecple (and whole research groups) that transition from Matlab to
Python. The scientific Python ecosystem is maturing fast and Python is an appealing
alternative, because it's free, open source, and becoming ever more powerful. This
page tries to explain the differences between these two tools.

Matlab and Python and their ecosystems

Python, by definition, is a pregramming language. The most common implementation
is that in C (also known as CPython) and is what is mostly refered to as “Python™.
Apart from the programming language and interpreter, Python also consists of an
extensive standard library. This library is aimed at programming in general and
contains modules for os specific stuff, threading, networking, databases, etc.

Matlab is & commercial numerical computing environment and programming language.
The concept of Matlab refers to the whole package, including the IDE. The standard
library does not contain as much generic programming functionality, but does include
matrix algebra and an extensive library for data processing and plotting. For extra
functionality the Mathworks provides toolkits (but these cose you extra).

Matlab ecosystem | Python ecosystem

™ IDE’s:
Core Matlab Core Python ! F,Y:D
- Spyder
- IDE - interpreter - Ninja IDE
- interpreter - programming lang. -Wing
- programming lang. - standard library - PyCharm

- HUGE standard library
- GUI builder (sortof) /

I:Ill:;llllﬂe \ [Simulink

[ Image processing TK
et

Diagram illustrating the differences between Python and Matfab in terms of their
ecosystem.

l Numpy ][ Matplotlib ]

|smw ||Pvm |
[m ]




Minimum enclosing circle in MATLAB

enclosing_circle.m

% Minimum enclosing circle of a point set
% fminsearch uses the Nelder - Mead algorithm

global x y

x =[1.0, 3.0, 2.5, 4.0, 5.0, 6.0, 5.0];

y =[3.0, 1.0, 3.0, 6.0, 7.0, 7.0, 2.0];

c = fminsearch (@(x) max_distance(x), [0,0]);

plot(x, y, "0o");
viscircles(c, max_distance(c));

function dist = max_distance(p)
global x y
dist = 0.0;
for i=1:length(x)
dist = max(dist, pdist([p; x(i), y(i)],
‘euclidean’));
end
end

T Figure 1 - 0 X

File Edit View Insert Tools Desktop Window Help
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Minimum enclosing circle MATLABt(ace)

File Edit View Insert Tools Desktop Window Help
x =[1.0, 3.0, 2.5, 4.0, 5.0, 6.0, 5.0]; 8
y =[3.0, 1.0, 3.0, 6.0, 7.0, 7.0, 2.0];
trace x =]
trace .y =]; T
c = fminsearch (@(x) max_distance (x), [0,0]); 61
hold on |
plot(x, y, "0", ‘color’, 'b", ' MarkerFaceColor ', 'b"); °
plot( trace x , trace.y ,"™ -" "color", "g");
plot(c(1), c(2), "o", 'color’, 'r', " MarkerFaceColor ', 'r); 4
viscircles (c, max_distance (c),” color","red ")
function  dist = max_distance (p) dl
global x y trace x trace_y
trace_ x =] trace_x ,p(1)]; 2|
trace .y =] trace_y ,p(2)];
dist =0.0; T
for i=1:length(x)
dist =max( dist , pdist ([p; x(), y()]," euclidean ')); 0 l : J t ' '
end 0 1 2 & 4 5 6 7
end




Minimum enclosing circla Python

enclosing_circle.py

from math import sqrt

from scipy.optimize import  minimize }import modules ¢ Figure 1

import matplotlib.pyplot as plt

x =[1.0, 3.0, 2.5, 4.0, 5.0, 6.0, 5.0]
y =[3.0, 1.0, 3.0, 6.0, 7.0, 7.0, 2.0] 7
def dist(p, q): 7
return sqrt((p[O] - q[0])**2 + (p[1] - q[1])**2) .
def max_distance(c):
return max(dist(p, c) for p in zip(x, y)) 4-
c= minimize (max_distance, [0.0, 0.0], 7
method ="nelder - mead").x )
ax = plt.gca() o
ax.set_xlim((0, 8)) force optimization method L
ax.set_ylim((0, 8)) manually set axis (force circle inside plot)
ax.set_aspect("equal") °c 1 3 3 1 35 e

plt.plot(x, y, "g.")
ax.add_artist(plt.Circle(c, max_distance(c), & € $Q|=|

color="r", fill=False))

plt.show()




Minimum enclosing circia Python iface)

from math import sqrt
from scipy.optimize import minimize
import matplotlib.pyplot as plt

? Figure 1 o g

x =[1.0, 3.0, 2.5, 4.0, 5.0, 6.0, 5.0]
y =[3.0, 1.0, 3.0, 6.0, 7.0, 7.0, 2.0] .

trace =[]

def dist(p, q):

return sqrt((p[0] - q[0])**2 + (p[1] - q[1])**2)
def max_distance(c):

trace.append(c)

return max(dist(p, c) for p in zip(x, y))

¢ = minimize(max_distance, [0.0, 0.0],
method="nelder - mead").x

ax = plt.gca()

ax.set_xlim((0, 8))

ax.set_ylim((0, 8))
ax.set_aspect("equal®)

plt.plot(x, y, "g.") ——
plt.plot(*zip(*trace), "b. - ") # € +Ql=

ax.add_artist(plt.Circle(c, max_distance(c),
color="r", fill=False))
plt.show()




Minimum enclosing circkesearch space

Maximum distance to an input point
pyplot.contour
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enclosing_circle_search_space.py ( previous

from math import sqrt

from scipy.optimize import  minimize
import  matplotlib.pyplot as plt

import numpy as np

from mpl_toolkits.mplot3d import  Axes3D

points = [(1.0, 3.0), (3.0, 1.0), (2.5, 3.0),
(4.0, 6.0), (5.0, 7.0), (6.0, 7.0), (5.0, 2.0)]

# Minimum enclosing circle solver
trace =[]

def distance (p, Q):

return sqrt((p[0] - q[0])**2 + (p[1] - q[1])**2)

def distance_max (q):
dist=max( distance (p, q) for p in points)
trace.append((*q, dist))
return dist

solution = minimize ( distance_max , [0.0, 0.0],
method="nelder - mead’)

center = solution.x

radius = solution.fun

# unzip point coordinates

points_x, points_y = zip(*points)
trace_x, trace_y, trace_z = zip(*trace)

# Bounding box [x_min, x_max] X [y_min, y _max]

XS, YS = points_x + trace_Xx, points_y + trace_y

X_min, X_max = min(xs), max(xs)

y_min, y_max = min(ys), max(ys)

# enforce apsect ratio

X_max = max(x_max, Xx_min +y_max - y_min)
y_max = max(y_max, y_min + x_max - X_min)

# Minimum enclosing circle - 3D surface plot
# (plot_surface requires X, Y, Z are 2D

X, Y= np.meshgrid( np.linspace(x_min, x_max, 100),
np.linspace(y /min, y_max, 100))
Z = np.zeros(X.shape)
for px, py in points:
Z = np.maximum(Z, (X
Z= np.sqrt(2)

px)**2 + (Y - Py)**2)

ax = plt.subplot(1, 2, 1, projection  ='3d' )
ax.plot_surface (X, Y, Z, cmap='plasma’, alpha=0.7)
ax. plot (trace_x, trace_y, trace_z, .
ax. scatter (*center, radius, ‘o', c="red")
ax. set_xlabel ('x)

ax. set_ylabel (Y

ax. set zlabel ('max distance’)

ax. set_title (‘plot_surface")

# Minimum enclosing circle - contour plot

plt.subplot(1, 2, 2)

plt.title('pyplot.contour’)

plt.plot(trace_x, trace_y, ". - ', color="darkblue)
plt.plot(points_x, points_y, ‘o', color="darkgreen’)
plt.plot(*center, ‘o', c="red")

gcs =plt. contour (X,Y, Z, levels=30, cmap="plasma’)
plt. clabel (qgcs, inline=1, fontsize=8, fmt='%.1f")

plt.suptitle('Maximum distance to an input point’)
plt.tight_layout()
plt.show()

numpy.array s)

- ', c='darkblue’)

numpy
arrays



scipy.minimizef((p | A @= 1S

docs.scipy.org/doacipyreference/generated/scipy.optimize.minimize.htr




