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Make sure you have the software

Material associated with these slides

® Python version 2.5 ® These slides have a companion book:
® Numerical Python (nunpy) Scnpt!ng in Compt_JtatlonaI_ Science, 3rd <_ad|t|o_n,
Texts in Computational Science and Engineering,
# Gnuplot program, Python Gnuplot module Springer, 2008
#® SciTools #® All examples can be downloaded as a tarfile
# For multi-language programming: gcc, g++, g77 http://folk.uio.no/hpl/scripting/ TCSE3- 3r d- exanpl es. tar. gz
® For GUI programming: Tcl/Tk, Pm . . . .
prog g L omw #® Software associated with the book and slides: SciTools
#® Some Python modules are handy: IPython, Epydoc, ... http://code. googl e. cont p/ sci t ool s/
Invo o Pyton programmiog 5.3 Invo 0 Pyton programmiog —p.4
Installing TCSE3-3rd-examples.tar.gz Scientific Hello World script
® Pack TCSE3- 3rd- exanpl es. tar. gz outin a directory and let ® All computer languages intros start with a program that prints "Hello,
scri pti ng be an environment variable pointing to the top directory: World!" to the screen
tar xvzf TCSE3-3rd-exanples.tar.gz #® Scientific computing extension: read a number, compute its sine
export scripting="pwd’ value, and print out
All paths in these slides are given relative to scri pti ng, e.g., ® The script, called hw.py, should be run like this:
src/ py/intro/ hw. py is reached as python hw. py 3.4
$scripting/src/pylintro/ hw py R X
or just (Unix)
./hw. py 3.4
& Output:
Hel o, World! sin(3.4)=-0.255541102027
It Pyton programmiog 5.5 Invo 0 Pyton programmiog 5.6
Purpose of this script The code
Demonstrate ® File hw.py:
#® how to get input from the command line #! [ usr/ bin/ env python
® how to call a math function like sin(x) # | oad systemand math nodul e:
. . inmport sys, math
® how to work with variables )
) # extract the 1st comnmand-line argunent:
# how to print text and numbers r = float(sys.argv[1])
s = math.sin(r)
print "Hello, World! sin(" + str(r) + ")=" + str(s)
® Make the file executable (on Unix):
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chnod a+rx hw py

0110 0 Python programiming — p. 8




Comments Alternative print statements
® The first line specifies the interpreter of the script ® Desired output:
(here the first python program in your path) Hello, World! sin(3.4)=-0.255541102027
python hw.py 1.4 # first line is not treated as comrent X .
./hw.py 1.4 # first line is used to specify an interpreter ® String concatenation:
. . int "Hell Idl sin(" + st + ")=" + st
® Even simple scripts must load modules: print "Hello, Vorld: sin( str(r) ) str(s)
inmport sys, math #® printf-like statement:
. . int "Hell I d! sin(%)=%" %
® Numbers and strings are two different types: print "Hello, verld: sin(%)=g" % (r.s)
r = sys.argv[1] #71 is string ® \Variable interpolation:
s = math.sin(float(r)) print "Hello, Vrld! sin(%r)g)=%s)g" % vars()
# sin expects number, not string r
# s becones a floating-point nunber
Invo o Pyton programmiog 5. o Pyhon progamming .10
printf format strings Strings in Python
% integer . _ # Single- and double-quoted strings work in the same way
%d integer in a field of width 5 chars . K . .
% 5d integer in a field of width 5 chars, sl = "some string with a nunber %" %r
but adjusted to the left s2 = 'some string with a nunber %' %r # = sl
%95d integer in a field of width 5 chars, . X . i .
padded with zeroes fromthe left #® Triple-quoted strings can be multi line with embedded newlines:
% float variable in % or % notation text = "
% : float variable in scientific notation - f
%1.3e : float variable in scientific notation, L:ngepggmngeﬁ{ | a tf;zed
with 3 decinals, field of width 11 chars Coide foil tydptr.n
9.1f : float variable in fixed decimal notation, ! S\IMQ Iple-quote Sd I ngs
with one deciml, field of width 5 chars (newines are preserved)
% 3f float variable in fixed deciml form . X
with three decinals, field of min. width #® Raw strings, where backslash is backslash:
% string

% 20s string in a field of width 20 chars,

and adjusted to the left
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s3 = r’\(\s+\ . \d+)’
# with ordinary string (nmust quote backsl ash):
s3 = "\\(\\s+\\ . \\dH\\)’
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Where to find Python info

New example: reading/writing data files

® Make a bookmark for $scri pti ng/ doc. ht ni Tasks:
® Follow link to Index to Python Library Reference # Read (x,y) data from a two-column file
(complete on-line Python reference) ® Transform y values to f(y)
® Click on Python keywords, modules etc. ® Write (x.f(y)) to a new file
#® Online alternative: pydoc, e.g., pydoc mat h What to learn:
# pydoc lists all classes and functions in a module ® How to open, read, write and close files
® Alternative: Python in a Nutshell (or Beazley's textbook) ® How to write and call a function
#® Recommendation: use these slides and associated book together ® How to work with arrays (lists)
with the Python Library Reference, and learn by doing exercises : .
File: src/ py/intro/datatransl. py
o Pynon programming .13 o Pyton programing . 14
Reading input/output filenames Exception handling
® Usage: #® What if the user fails to provide two command-line arguments?
./datatransl. py infilename outfilenane #® Python aborts execution with an informative error message
#® Read the two command-line arguments: #® Agood alternative is to handle the error manually inside the program
input and output filenames code:
. try:
infilename = sys.argv[1] Y infilename = sys.argv[1]
outfilename = sys.argv[2] outfilename = sys.argv[2]
. . except:
#® Command-line arguments are in sys. ar gv[ 1:] # try block failed,
#® sys. argv[ 0] isthe name of the script # we mss two command-|ine arguments
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print 'Usage:', sys.argv[O], "infile outfile’

sys.exit(1)

This is the common way of dealing with errors in Python, called
exception handling
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Open file and read line by line

® Open files:
ifile = open( infilename, 'r') # r for reading
ofile = open(outfilename, 'w) # wfor witing
afile = open(appfilenane, "a') # a for appending

® Read line by line:

for lineinifile:
# process line

® Observe: blocks are indented; no braces!
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Defining a function

inport math

def nyfunc(y):
if y>=0.0:
return y**5xmat h. exp(-y)
el se:
return 0.0

# alternative way of calling nodule functions
# (gives nore math-like syntax in this exanple):

frommath inport =
def nyfunc(y):
if y>=0.0:
return y*x5xexp(-y)
el se:
return 0.0
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Data transformation loop

# Input file format: two columns with numbers

0.1 1.4397
0.2 4.325
0.5 9.0

#® Read a line with x and y, transform y, write x and f(y):

for lineinifile:
pair = line.split()
x = float(pair[0]); y = float(pair[1])
fy = nyfunc(y) # transformy value
ofile.wite(’% 9%2.5e\n" % (x,fy))

Intr0 10 Python programming — p. 19

Alternative file reading

® This construction is more flexible and traditional in Python (and a bit
strange...):

while 1:
line = ifile.readline() # read a line
if not line: break # end of file: junp out of |oop
# process |ine

i.e., an infinite’ loop with the termination criterion inside the loop
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Loading data into lists

® Read input file into list of lines:
lines = ifile.readlines()

® Now the 1stlineis | i nes[ 0], the 2ndis | i nes[ 1], etc.
® Store x and y data in lists:

# go through each |ine,
# split line into x and y colums

x =[]y =11 # store data pairs inlists x and y
for line in lines:
xval, yval = line.split()

x. append(fl oat(xval))
y. append(float (yval))

See src/ py/intro/ datatrans2. py for this version
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Loop over list entries

® For-loop in Python:
for i in range(start,stop,inc):

for j'in range(stop):

generates
i = start, start+inc, start+2xinc, ..., stop-1
j =0, 1, 2, ..., stop-1

® Loop over (x,y) values:
ofile = open(outfilename, 'w ) # open for witing
for i in range(len(x)):
fy = nyfunc(y[i]) # transformy value
ofile.wite(’% od2.5e\n" % (x[i], fy))

ofile.close()

0110 10 Python programming — p. 22

Running the script

® Method 1: write just the name of the scriptfile:
./datatransl.py infile outfile

# or
datatransl.py infile outfile

if . (current working directory) or the directory containing
datatransl.py is in the path

#® Method 2: run an interpreter explicitly:
python datatransl.py infile outfile
Use the first python program found in the path

#® This works on Windows too (method 1 requires the right
assoc/ f t ype bindings for . py files)
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More about headers

® Inmethod 1, the interpreter to be used is specified in the first line
® Explicit path to the interpreter:
#!/usr/local/bin/python
or perhaps your own Python interpreter:
#! / hone/ hpl / proj ect s/ scri pting/ Li nux/ bi n/ pyt hon
# Using env to find the first Python interpreter in the path:
#!/usr/bin/env python
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Are scripts compiled?

Yes and no, depending on how you see it
Python first compiles the script into bytecode
The bytecode is then interpreted

No linking with libraries; libraries are imported dynamically when
needed

About Python for the experienced computer scientist

® Everything in Python is an object (number, function, list, file, module,
class, socket, ...)

® Objects are instances of a class — lots of classes are defined
(float,int,list,file,..)andthe programmer can define new
classes

#® Variables are names for (or “pointers” or “references” to) objects:

® Itappears as there is no compilation A=1 # make an int object with value 1 and nane A
#® Quick development: just edit the script and run! A="HUI # make a str object with value 'H!' and name A
ime- i ilati linki print Al1] # Al1] is a str object "i’, print this object
(no time-consuming compilation and linking) A=1[-1,1] # let Arefer to alist object with 2 elenents
® Extensive error checking at run time A[-1] =2 # change the list Arefers to in-place
b=A # let nane b refer to the sane object as A
print b # results in the string '[-1, 2]’
® Functions are either stand-alone or part of classes:
n = len(A) # len(sonelist) is a stand-alone function
A append(4) # append is a |list nmethod (function)
o Pynon progamming .25 ot Pynon progamming .26
Python and error checking Computing with arrays
# Easy to introduce intricate bugs? ® Xx andy indat atrans2. py are lists
» no declaration of variables ® We can compute with lists element by element (as shown)
# functions can "eat anything” ® However: using Numerical Python (NumPy) arrays instead of lists is
® No, extensive consistency checks at run time replace the need for much more efficient and convenient
strong typing and compile-time checks ® Numerical Python is an extension of Python: a new fixed-size array
# Example: sending a string to the sine function, mat h. sin(’t’), type and lots of functions operating on such arrays
triggers a run-time error (type incompatibility)
® Example: try to open a non-existing file
./datatransl. py qqq sonmeoutfile
Traceback (nost recent call last):
File "./datatransl.py", line 12, in ?
ifile = open( infilename, 'r’)
ICError:[Errno 2] No such file or directory:’qqq’
o Pynon programing .27 o Pyhon progamming .28
A first glimpse of NumPy Loading file data into NumPy arrays
# Import (more on this later...): ® A special module loads tabular file data into NumPy arrays:
from nunpy inport * inport scitools.filetable
x = linspace(0, 1, 1001) # 1001 val ues between 0 and 1 f = open(infilenane, "r")
X = sin(x) # conputes sin(x[0]), sin(x[1]) etc. X, Yy = scitools.filetable.read_col ums(f)
f.close()
® x=sin(x) is 13 times faster than an explicit loop: .
. . . #® Now we can compute with the NumPy arrays X and y:
or i in range(len(x)):
x[i] = sin(x[i]) X = 10%x
. . . . y = 2xy + 0. 1*sin(x)
because si n( x) invokes an efficient loop in C
#® We can easily write X and y back to a file:
f = open(outfilenane, "wW)
scitools.filetable.wite_colums(f, x, y)
f.close()
ot Pyhon progamming .20 o Pyhon progaming .30
More on computing with NumPy arrays Interactive Python
#® Multi-dimensional arrays can be constructed: # Python statements can be run interactively in a Python shell
x = zeros(n) # array with indices 0,1,...,n-1 ® The “best” shell is called IPython
x = zeros((mn)) # two-di mensi onal array . .
x[i,j] =1.0 # indexing ® Sample session with IPython:
i[i: jzerk?S(:( P,Zqir)) # three-di nensional array Uni x/ DOS> i pyt hon
X = sin(x)*cos(x) i'n'[l]:3*4-1
) ) Qut[1]:11
#® We can plot one-dimensional arrays: In [2]:frommth inport
fromscitool s.easyviz inmport * # plotting o
x = linspace(0, 2, In[3]:x =1.2
y = X + sin(10%x) | A1y = si
plot(x, y) n A= sinGo
In [5]:x
#® NumPy has lots of math functions and operations Qt[5]:1.2
#® SciPy is a comprehensive extension of NumPy In[6]:y
Qut [ 6] : 0. 93203908596722629
® NumPy + SciPy is a kind of Matlab replacement for many people
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Editing capabilities in IPython

# Up- and down-arrays: go through command history
#® Emacs key bindings for editing previous commands
® The underscore variable holds the last output

In[6]:y
Qut [ 6] : 0. 93203908596722629

In[7]:_ + 1
Qut[7]:1.93203908596722629
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TAB completion

® |Python supports TAB completion: write a part of a command or
name (variable, function, module), hit the TAB key, and IPython will
complete the word or show different alternatives:

In [1]: inport math
In [2]: math. <TABKEY>

math. __class__ math. __str__ mat h. frexp
math. __delattr__ mat h. acos mat h. hypot
math. __dict__ mat h. asin mat h. | dexp
or

In [2]: ny_variable_with_a_very_long_nanme = True

In [3]: ny<TABKEY>
In [3]: ny_variable_with_a_very_|l ong_nanme

You can increase your typing speed with TAB completion!
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More examples

In [1]:f = open(’'datafile’, 'r’)

IOError: [Errno 2] No such file or directory: 'datafile’
In[2]:f = open(’'.datatrans_infile , "r")

In [3]:fromscitools.filetable inport read_col ums

In [4]:x, y = read_col ums(f)

In [5]:x

Qut[5]:array([ 0.1, 0.2, 0.3, 0.4])

In[6]:y

Qut[6]:array([ 1.1 , 1.8 , 2.22222, 1.8 1)
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IPython and the Python debugger

# Scripts can be run from IPython:
In[1]:run scriptfile argl arg2 ...
e.g.,
In [1]:run datatrans2.py .datatrans_infile tnpl
® |Python is integrated with Python’s pdb debugger
# pdb can be automatically invoked when an exception occurs:

In [29]:%db on # invoke pdb autonatically
In [30]:run datatrans2.py infile tnmp2
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More on debugging

® This happens when the infile name is wrong:
/'hone/ wor k/ scri pting/src/pylintro/datatrans2. py

print "Usage:",sys.argv[0], "infile outfile"; sys.exi

8
---->9 ifile = open(infilename, 'r’) # open file for reading

10 lines ifile.readlines() # read file into list of
11 ifile.close()
I CError: [Errno 2] No such file or directory: "infile

> [ home/ wor k/ scri pting/src/pyl/intro/datatrans2. py(9)?()
->ifile = open(infilename, 'r’) # open file for reading
(Pdb) print infilename

infile
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On the efficiency of scripts

Consider datatrans1.py: read 100 000 (x,y) data from a pure text (ASCII)
file and write (x,f(y)) out again

® Pure Python: 4s

Pure Perl: 3s

Pure Tcl: 11s

Pure C (fscanf/fprintf): 1s
Pure C++ (iostream): 3.6s

[ 20 3 B I )

Pure C++ (buffered streams): 2.5s
#® Numerical Python modules: 2.2s (!)
(Computer: IBM X30, 1.2 GHz, 512 Mb RAM, Linux, gcc 3.3)
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The classical script

® Simple, classical Unix shell scripts are widely used to replace
sequences of manual steps in a terminal window

#® Such scripts are crucial for scientific reliability and human efficiency!

® Shell script newbie? Wake up and adapt this example to your
projects!

#® Typical situation in computer simulation:
» run a simulation program with some input
® run a visualization program and produce graphs

#® Programs are supposed to run from the command line, with input
from files or from command-line arguments

#® We want to automate the manual steps by a Python script
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What to learn

® Parsing command-line options:
somescript -optionl valuel -option2 val ue2

# Removing and creating directories

o

Writing data to file
# Running stand-alone programs (applications)
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A code: simulation of an oscillating system

Acos(wt)

d? d
deg + bdii +cf(y) = Acoswt
d
y(0) =y, y(0)=0

Code: osci | | at or (written in Fortran 77)
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Usage of the simulation code

® Input: m, b, ¢, and so on read from standard input

® How to run the code:
oscillator < file
where fi | e can be
3.0
0.04
1.0
i:é., values of m b, ¢, etc. -- in the right order!

® The resulting time series y(t) is stored in a file si m dat with t and
y(t) in the 1st and 2nd column, respectively
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A plot of the solution

tmp2: m=2 b=0.7 c=5 f(y)=y A=5w=6.28319 y0=0.2 dt=0.05

yoO ——

0.3
0.2
0.1

-0.1
-0.2
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Plotting graphs in Gnuplot

# Commands:
set title 'case: nF3 b=0.7 c=1 f(y)=y A=5 ...";

# screen plot: (x,y) data are in the file simdat
plot "simdat’ title "y(t)' with |ines;

# hardcopi es:

set sizeratio 0.3 1.5, 1.0;

set term postscript eps nono dashed ' Ti mes- Roman’ 28;
set output ’'case.ps’;

plot "simdat’ title "y(t)" with lines;

# make a plot in PNG format as wel|:

set termpng snall;

set output 'case.png’;

plot "simdat’ title "y(t)' with |ines;

#® Commands can be given interactively or put in a file
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Typical manual work

® Change physical or numerical parameters by editing the simulator’s
input file

#® Run simulator:
oscillator < inputfile
® Edit plot commands in the file case. gp
® Make plot:
gnupl ot -persist -geonmetry 800x200 case. gp
# Plot annotations in case. gp must be consistent with i nput fil e
® Let's automate!
#® You can easily adapt this example to your own work!

Final script: src/ py/ i ntro/ si nvi z1. py
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The user interface

® Usage:
.Isimvizl.py -m3.2 -b 0.9 -dt 0.01 -case runl
Sensible default values for all options

#® Put simulation and plot files in a subdirectory
(specified by - case runl)
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Program tasks

o

Set default values of m, b, c etc.

Parse command-line options (-m, -b etc.) and assign new values to
m, b, c etc.

Create and move to subdirectory
Write input file for the simulator

e

Run simulator
Write Gnuplot commands in a file

L 2 B B 3 )

Run Gnuplot
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Parsing command-line options

® Set default values of the script's input parameters:

m=10; b=0.7, ¢ =50; func ='y'; A=5.0;
w = 2xmath.pi; y0 = 0.2; tstop = 30.0; dt = 0.05;
case = 'tnpl’; screenplot =1

# Examine command-line options in Sys. ar gv:

# read variables fromthe command |ine, one by one:
whil e I en(sys.argv) >= 2:

option = sys.argv[1]; del sys.argv[1]
if option == "-ni:

m = float(sys.argv[1]); del sys.argv[1]
elif option == "-b":

b = float(sysAa'rgv[l]): del sys.argv[1]

Note: sys. ar gv[ 1] is text, but we may want a float for numerical
operations
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Modules for parsing command-line arguments

® Python offers two modules for command-line argument parsing:
getopt and optparse

® These accept short options (- M) and long options (- mass)

® getopt examines the command line and returns pairs of options and
values (( - mass, 2.3))

® optparse is a bit more comprehensive to use and makes the
command-line options available as attributes in an object

#® In this introductory example we rely on manual parsing since this
exemplifies basic Python programming

Intr0 10 Python programming - p. 49

Creating a subdirectory

® Python has a rich cross-platform operating system (OS) interface

#® Skip Unix- or DOS-specific commands; do all OS operations in
Python!

#® Safe creation of a subdirectory:

dir = case
inmport os, shutil
if os.path.isdir(dir): # does dir exist?
shutil.rntree(dir) # yes, renove old files
os. nkdir(dir) # make dir directory
os.chdir(dir) # move to dir

# subdirectory name
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Writing the input file to the simulator

f = open('%.i' %case, 'W)
fowrite(" "

%y0)g
% tstop)g
%dt)g
" % vars())
f.close()

Note: triple-quoted string for multi-line output
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Running the simulation

# Stand-alone programs can be run as

failure = os.systen(commuand)

# or

i mport commands

failure, output = conmands. get st at usout put (conmand)

#® out put contains the output of command that in case of
0s. syst emwill be printed in the terminal window

# failureisO0 (false) for a successful run of conmand

® Ouruse:

cmd = "oscillator < %.i’ %case # conmand to run
inport commands
failure, output = conmands. getstatusout put (cnd)
if failure:
print 'running the oscillator code failed’
print output
sys. exit(1)
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Making plots

#® Make Gnuplot script:

f = open(case +
fowrite("""
set title '%: mr% b=% c=% f(y)=% A=% ...’

.gnuplot’, "w)

% (case, mb, ¢, func, A, w, y0, dt, case, case))
f:élose()
$ Run Gnuplot:

cnd = 'gnuplot -geonetry 800x200 -persist ' \
+ case + '.gnuplot’

failure, output = conmands. getstatusout put (cnd)
if failure: . . . .
print 'running gnuplot failed ; print output; sys.exit(1)
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Python vs Unix shell script

# Oursinvizl. py scriptis traditionally written as a Unix shell script
® What are the advantages of using Python here?

» Easier command-line parsing

» Runs on Windows and Mac as well as Unix

» Easier extensions (loops, storing data in arrays, analyzing results,
etc.)

Example on corresponding Bash script file: src/bash/simvizl.sh
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Other programs for curve plotting

® |tis easy to replace Gnuplot by another plotting program
® Matlab, for instance:

f = open(case + '.m, 'W) # wite to Matlab Mfile

# (the character % nust be witten as %6in printf-1like strings)

fowite("""

|l oad si m dat %Woread simdat into simmtrix

plot(sim(:,1),sim:,2)) %% pl ot 1st colum as x, 2nd as y

I'egend(’ y(t)")

title(’%: nm% b=% c=% f(y)=% A=% w=% y0=% dt=%g’)

outfile = "%.ps’; print('-dps’, outfile) 9 ps BWplot

outfile = "%.png’; print('-dpng’, outfile) 9bpng color plot
" % (case, mb, c, func, A w,y0, dt, case, case))

if screenplot: f.wite(’ pause(30)\n")

f.wite('exit\n); f.close()

if screenplot:

cnd = 'matlab -nodesktop -r ' + case + ' > /dev/null &
el se:

cmd = 'matlab -nodisplay -nojvm-r ' + case
failure, output = conmmands. getstatusout put (cnd)
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Series of numerical experiments

#® Suppose we want to run a series of experiments with different m
values

#® Put a script on top of si nvi z1. py,

./l oop4dsinvizl.py mmn mnax dm\
[options as for sinvizl. py]

with a loop over m, which calls si nvi z1. py inside the loop
® Each experiment is archived in a separate directory

# Thatis, | oop4si nmvi z1. py controls the -m and -case options to
sinvizl. py
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Handling command-line args (1)

The first three arguments define the m values:

try:
mmn = float(sys.argv[1])
m max = float(sys.argv[2])
dm = float(sys.argv[3])
except:

print 'Usage:',sys.argv[O],\

"mmn mmax mincrement [ sinvizl.py options ]’

sys.exit(1)
Pass the rest of the arguments, sys. ar gv[ 4: ], to si nvi z1. py
Problem: sys. ar gv[ 4:] is alist, we need a string
["-b,’5,"-¢c","1.1] ->'-b 5 -c 1.1
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Handling command-line args (2)

® ' . join(list) can make a string out of the list | i st , with a
blank between each item
sinvizl_options = ' ' .join(sys.argv[4:])

® Example:

./loop4sinvizl.py 0.5 2 0.5 -b 2.1 -A 3.6
results in the same as

mmn =0.5
mnmax = 2.0
dm =0.5
sinvizl_options = '-b 2.1 -A 3.6’
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The loop over m

Cannot use

for min range(mnmin, mnmx, dm:
because r ange works with integers only
A while-loop is appropriate:

m=mnmn
while m<= mmax:
case = '"tnp_m%’ %m
s = 'python sinvizl.py % -m % -case %' %)\

(sinvizl_options, m case)
failure, output = conmands. getstat usout put(s)
m += dm

(Note: our - mand - case will override any - mor - case option
provided by the user)
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Collecting plots in an HTML file

#® Many runs of si nvi z1. py can be automated, many results are

generated, and we need a way to browse the results

® |dea: collect all plots in a common HTML file and let the script

automate the writing of the HTML file

htm = open(’tnp_nruns. htnl’, "w)
htm . wite(’ <HTM.><BODY BGCOLOR="whi te">\n")

m=mmn
while m <= mnmax:
case = '"tnp_m%’ %m

cnd = 'python sinvizl.py % -m % -case %' %\
(sinvizl_options, m case)
failure, output = conmands. get st atusout put (cnd)

htm . wite(’ <HL>m=%g</ H1> <I MG SRC="%">\n" \
% (m os. pat h. j oi n(case, case+' .png’)))

m += dm
htm . wite(’ </BODY></HIM.>\n")

#® Only 4 additional statements!
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Collecting plots in a PostScript file

For compact printing a PostScript file with small-sized versions of all
the plots is useful
epsmner ge (Perl script) is an appropriate tool:

# concatenate filel.ps, file2.ps, and so on to
# one single file figs.ps, having pages with
# 3 rows with 2 plots in each row (-par preserves
# the aspect ratio of the plots)
epsnerge -o figs.ps -x 2 -y 3 -par \
filel.ps file2.ps file3.ps ...

Can use this technique to make a compact report of the generated
PostScript files for easy printing
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Implementation of ps-file report

psfiles =[] # plot files in PostScript formt

e m <= m.nax:
case = "tnp_m% ' %m

béf i | es. append(os. path. joi n(case, case+' .ps’))

= ‘epsnmerge -o tnp_nruns.ps -x 2 -y 3 -par ' +\

'.join(psfiles)

failure, output = conmands. getstat usout put(s)
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Animated GIF file

When we vary m, wouldn't it be nice to see progressive plots put
together in a movie?

Can combine the PNG files together in an animated GIF file:

convert -delay 50 -1oop 1000 -crop 0x0 \
plotl.png plot2.png plot3.png plotd.png ... novie.gif

animate novie.gif # or display novie.gif
(convert and ani mat e are ImageMagick tools)

Collect all PNG filenames in a list and join the list items to form the
convert arguments

Run the convert program
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Some improvements

® Enable loops over an arbitrary parameter (not only m)

# easy:

-m%’ %m

# is replaced with

-9% %’ % (str(prm.nane), str(prmvalue))

# prmval ue plays the role of the mvariable
# prmnanme ('m, 'b’, 'c', ...) is read as input

® New feature: keep the range of the y axis fixed (for movie)

® Files:
sinvizl.py : run sinulation and visualization
sinviz2.py : additional option for yaxis scale

| oop4sinviz1.py : mloop calling sinvizl.py
| oop4sinvi z2.py : |oop over any paraneter in
sinviz2. py and nmake novie
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Playing around with experiments Remarks
We can perform lots of different experiments: ® Reports:
# Study the impact of increasing the mass: tnp_c.gif # ani mated G F (novie)
- . animate tnp_c.gif
./loop4sinviz2.py m0.1 6.1 0.5 -yaxis -0.5 0.5 -noscreenpl ot
tnp_c_runs. htnl # browsabl e HTML docu_mant
# Study the impact of a nonlinear spring: tmp_c_runs. ps # all plots in a ps-file
-/1oopdsimviz2.py ¢ 5 30 2 -yaxis -0.7 0.7 -b 0.5\ ® All experiments are archived in a directory with a filename reflecting
-func siny -noscreenpl ot . .
the varying parameter:
#® Study the impact of increasing the damping: tmp_m2.1 tnp_b_ O tnp_c_29
-/1oopdsimiz2.py b 0 2 0.25 -yaxis -0.5 0.5 -A 4 ® Al generated files/directories start with tmp so it is easy to clean up
hundreds of experiments
® Try the listed | oop4si nvi z2. py commands!!
o1 Pyton progaming - . 65 o Pynon progamming .66
Exercise Increased quality of scientific work
® Make a summary report with the equation, a picture of the system, ® Archiving of experiments and having a system for uniquely relating
the command-line arguments, and a movie of the solution input data to visualizations or result files are fundamental for reliable
® Make a link to a detailed report with plots of all the individual scientific investigations
experiments ® The experiments can easily be reproduced
#® Demo: #® New (large) sets of experiments can be generated
-/1oopdsinviz2_2htm.py m0.1 6.1 0.5 -yaxis -0.5 0.5\ ® All these items contribute to increased quality and reliability of
-noscr eenpl ot N
computer experiments
Is -d tnp_*
firefox tnp_msumary. htm
o  Pynon progarming . 67 o Pynon progamming .68
New example: converting data file formats Example on an output file
® Input file with time series data: # The nodel 1. dat file, arising from column no 2, becomes
sonme coment |ine 0 0.1
1.5 1.5 0.1
neasurenents nodel 1 nodel 2 3 0.2
0.0 0.1 1.0
8: % 8: % 8: %28 ® The time step parameter, here 1.5, is used to generate the first
column
Contents: comment line, time step, headings, time series data
® Goal: split file into two-column files, one for each time series
® Script: interpret input file, split text, extract data and write files
o Pyhon progaming .69 o Pyhon progamming . 70
Program flow What to learn
#® Read inputfile name (1st command-line arg.) ® Reading and writing files
#® Open input file # Sublists
#® Read and skip the 1st (comment) line #® List of file objects
® Extract time step from the 2nd line # Dictionaries
® Read time series names from the 3rd line #® Arrays of numbers
® Make a list of file objects, one for each time series ® List comprehension
® Read the rest of the file, line by line: ® Refactoring a flat script as functions in a module

» split lines into y values
» write tand y value to file, for all series

File: src/ py/intro/ convert1l. py

I0t10 10 Python programiming — p. 71

0110 10 Python programiming — p. 72




Reading in the first 3 lines

Output to many files

® Open file and read comment line: ® Make a list of file objects for output of each time series:
infilename = sys.argv[1] outfiles =[]
ifile = open(infilename, 'r’) # open for reading for nane in ynanes:
line = ifile.readline() outfiles.append(open(name + '.dat’, 'w))
® Read time step from the next line:
dt = float(ifile.readline())
#® Read next line containing the curvenames:
ynames = ifile.readline().split()
o Pyhon progamming - p. 73 o Pyton progaming - p. 74
Writing output Dictionaries
® Read each line, split into y values, write to output files: # Dictionary = array with a text as index
t =0.0 # t value _ . . ® Also called hash or associative array in other languages
# read the rest of the file line by line: X
while 1: ® Can store 'anything’:
line = ifile.readline() , o
if not line: break prn{’ danping’] = 0.2 # nunber
=1i i def x3(x):
yval ues line.split() Fatulh xexsx
# skip blank lines: prni’stiffness’] = x3 # function object
if len(yvalues) == continue prni’nmodel 1'] =[1.2, 1.5, 0.1] # list object
for i in range(len(outfiles)):
outfiles[i].wite(’%2g %2.5e\n’ %\ #® The text index is called key
(t, float(yvalues[i])))
t += dt
for file in outfiles:
file.close()
o  Pyton progaming . 75 o Pynon progaming - p. 76
Dictionaries for our application Dissection of the previous slide
® Could store the time series in memory as a dictionary of lists; the list # Specifying a sublist, e.g., the 4th line until the last line: | i nes[ 3:]
items are the y values and the y names are the keys Transforming all words in a line to floats:
y = {} # declare enpty dictionary yvalues = [float(x) for x in line.split()]
# ynanes: nanes of y curves
for name in ynames: f ﬁuﬁgg‘rasai line.split()
y[nane] =[] # for each key, nake enpty list yval ues = []
lines = ifile.readlines() # list of all lines for s in nunbers:
L yval ues. append(float(s))
for linein lines[3:]:
yvalues = [float(x) for x in line.split()]
i =0 # counter for yval ues
for nane in ynanes:
y[ name] . append(yval ues[i]); i += 1
File: src/ py/intro/ convert 2. py
o  Pyton progaming - p. 77 o  Pyton progarming . 78
The items in a dictionary Remarks
® The input file ® Fortran/C programmers tend to think of indices as integers
SiOgE comment |ine ® Scripters make heavy use of dictionaries and text-type indices (keys)
' maagu(rjemant s "Sd‘i' 1 mladgl 2 #® Python dictionaries can use (almost) any object as key (!)
8: % 8: % 8: %28 # Adictionary is also often called hash (e.g. in Perl) or associative array
) ) ) #® Examples will demonstrate their use

results in the following y dictionary:
'measurenents’: [0.0, 0.1, 0.2],

" model 1 : 0.1, 0.1, 0.2],

" nodel 2" : [1.0, 0.188, 0.25]

(this output is plain print: pri nt y)
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Next step: make the script reusable

The load data function

# The previous script is “flat” def Load_dat ?f(f: | enane) : Y ] dlines(): f.close()
= open(filename, 'r’); lines = f.readlines(); f.close
(start at top, run to bottom) dt = float(lines[1])
® Parts of it may be reusable ynames = lines[2].split()
® We may like to load data from file, operate on data, and then dump for nane in ynanes: # make y a dictionary of (enpty) lists
data y[nane] =[]
® Let's refactor the script: for line inlines[3:]: S )
. yvalues = [float(yi) for yi in line.split()]
» make a load data function if len(yvalues) == 0: continue # skip blank Iines
» make a dump data function for nane, value in zip(ynanes, yvalues):
. . y[ nane] . append(val ue)
» collect these two functions in a reusable module return y, dt
o 1 Pyhon programming .61 o Pyhon progamming .82
How to call the load data function Iterating over several lists
® Note: the function returns two (!) values; ® C/C++/Java/Fortran-like iteration over two arrays/lists:
a dictionary of lists, plus a float for i in range(len(list)):
# Itis common that output data from a Python function are returned, el = listl[i]; e2 = list2[i]
3 # work with el and e2
and multiple data structures can be returned (actually packed as a
tuple, a kind of “constant list") # Pythonic version:
® Here is how the function is called: for el, e2 in zip(listl, list2):
v, dt = | oad_data(’ sonedatafile.dat’) # work with elenent el fromlistl and e2 fromlist2
print y For example,
Output from print y: for name, value in zip(ynames, yval ues):
>>> y[ nane] . append(val ue)
{’ tnp-nodel 2’ : [1.0, 0.188, 0.25],
"t np-nodel 1’ : [ 0.10000000000000001, 0.10000000000000001,
0.20000000000000001] ,
" tnp-neasurements’: [0.0, 0.10000000000000001,
0.20000000000000001] }
o Pynon progamming .83 ot Pyhon progaming .84
The dump data function Reusing the functions
def dunp_data(y, dt): # Ourgoalistoreuse | oad_dat a and dunp_dat a, possibly with

# wite out 2-colum files with t and y[nane] for each name:
for name in y.keys():
ofile = open(nane+ .dat’, 'w)
for k in range(len(y[nane])):
ofile.wite(’'%d2g %2.5e\n" % (k+dt, y[name][k]))
ofile.close()

some operations on y in between:
fromconvert3 inport |oad_data, dunp_data
y, tinmestep = | oad_data(’.convert_infilel’)

frommath inmport fabs

for name in y: # run through keys iny
maxabsy = max([fabs(yval) for yval in y[nane]])
print "max abs(y[%s](t)) = % % (nane, maxabsy)

dunp_data(y, timestep)

® Then we need to make a module convert 3!
o Pynon programing .85 o Pynon progamming .86
How to make a module Module with application script
® Collect the functions in the module in a file, here the file is called ® The scripts convert 1. py and convert 2. py load and dump
convert 3. py data - this functionality can be reproduced by an application script
® We have then made a module convert 3 using convert3
® The usage is as exemplified on the previous slide ® The application script can be included in the module:
if _nane__ =="'__main__":
inport sys
try:
infilename = sys.argv[1]
except:
usage = 'Usage: % infile %sys.argv[O0]
print usage; sys.exit(1)
y, dt = load_data(infilenane)
dunp_data(y, dt)
# If the module file is run as a script, the i f test is true and the
application script is run
#® |f the module is imported in a script, the i f test is false and no
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statements are executed
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Usage of convert3.py

How to solve exercises

® As script: # Construct an example on the functionality of the script, if that is not
uni x> . /convert3. py someinputfile.dat included in the problem description
® Write very high-level pseudo code with words
# As module: ) . ’
i mport convert3 # Scan l_(nown examples for constructions and functionality that can
y, dt = convert3.load_data(’ soneinputfile.dat’) come into use
gugrg gg[g(‘)’,“ tgt g'? ® Look up man pages, reference manuals, FAQs, or textbooks for
- ' functionality you have minor familiarity with, or to clarify syntax details
# The application script at the end also serves as an example on how ® Search the Internet if the documentation from the latter point does
to use the module not provide sufficient answers
Into o Python pregramming .59 Into 0 Python pragramming .50
Example: write a join function The next steps
® Exercise: ® Pseudo code:
Write a function nmyj oi n that concatenates a list of strings to a function nyjoin(list, delimter)
single string, with a specified delimiter between the list elements. joined = first elenent in |ist
That is, myj oi n is supposed to be an implementation of a string’s fogoglcg{rgﬂgt Ienj LFrSntedOfdlei |SFn ter and el ement
j oi n method in terms of basic string operations. return joined '
K] i ity: . . .
Functlo.nalllty #® Known examples: string concatenation (+ operator) from hw.py, list
S s mio n([’ Si*’ Z*Sé ) indexing (I i st [ 0] ) from datatrans1.py, sublist extraction
S DECOmes " Slrsexs (1'i st 1:]) from convertl.py, function construction from
datatrans1.py
oo Python pragramming .51 oo Python pragramming .52
Refined pseudo code How to present the answer to an exercise
def nyjoin(list, delimter): # Use comments to explain ideas
joined = list[0] o .
for element in list[1:]: #® Use descriptive variable names to reduce the need for more
joined += delimter + el enent comments
return joined X X R )
#® Find generic solutions (unless the code size explodes)
Thats it! ® Strive at compact code, but not too compact
#® Always construct a demonstrating running example and include in it
the source code file inside triple-quoted strings:
uni x> python hw. py 3.1459
Hel 1o, Wrld! sin(3.1459)=-0.00430733309102
# Invoke the Python interpreter and runi nmport this
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How to print exercises with a2ps

® Here is a suitable command for printing exercises:
Uni x> a2ps --line-nunbers=1 -4 -0 outputfile.ps ».py
This prints all *. py files, with 4 (because of - 4) pages per sheet
® See man a2ps for more info about this command
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Intro to mixed language programming
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Contents

Why Python and C are two different worlds
Wrapper code

Wrapper tools

F2PY: wrapping Fortran (and C) code

{ 20 T BN )

SWIG: wrapping C and C++ code
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More info

® Ch. 5in the course book

® F2PY manual

#» SWIG manual

® Examples coming with the SWIG source code
#® Ch. 9and 10 in the course book
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Optimizing slow Python code

® |dentify bottlenecks (via profiling)
® Migrate slow functions to Fortran, C, or C++
® Tools make it easy to combine Python with Fortran, C, or C++
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Getting started: Scientific Hello World

® Python-F77 via F2PY
® Python-C via SWIG
# Python-C++ via SWIG

Later: Python interface to osci | | at or code for interactive
computational steering of simulations (using F2PY)
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The nature of Python vs. C

® A Python variable can hold different objects:

3.2 # d holds a float
"txt' # d holds a string

A
d
d
d Button(frame, text="push’) # instance of class Button

#® InC, C++ and Fortran, a variable is declared of a specific type:

double d; d = 4.2,
d = "sone string"; [/ illegal, conpiler error =/

#® This difference makes it quite complicated to call C, C++ or Fortran
from Python
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Calling C from Python

#® Suppose we have a C function
extern doubl e hwi(double r1, double r2);

#® We want to call this from Python as
fromhw i nport hwl
rl =1.2;, r2 =-1.2
s = hwi(rl, r2)

® The Python variables r 1 and r 2 hold numbers (f | oat ), we need to
extract these in the C code, convert to doubl e variables, then call
hwl, and finally convert the doubl e result to a Python f | oat

#® All this conversion is done in wrapper code

0110 10 mixed language programming - p. 102

Wrapper code

® Every object in Python is represented by C struct Py Qbj ect

® Wrapper code converts between PyChbj ect variables and plain C
variables (from PyCbj ect r 1 and r 2 to doubl e, and doubl e
result to PyChbj ect ):

static PyCbject »_wap_hwl(PyObject *self, Pyhject *args) {
PyObj ect *resul tobj;
doubl e argl, arg2, result;
PyAr g_Par seTupl e(args, (char *)"dd: hwl", &ar g1, &ar g2))
result = hwl(argil, arg2);

resul tobj = PyFl oat _FronDoubl e(result);
return resul tobj;
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Extension modules

# The wrapper function and hwl must be compiled and linked to a
shared library file

#® This file can be loaded in Python as module

#® Such modules written in other languages are called extension
modules
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Writing wrapper code

® A wrapper function is needed for each C function we want to call from
Python

® Wrapper codes are tedious to write

o

There are tools for automating wrapper code development
® We shall use SWIG (for C/C++) and F2PY (for Fortran)
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Integration issues

® Direct calls through wrapper code enables efficient data transfer;
large arrays can be sent by pointers

#® COM, CORBA, ILU, .NET are different technologies; more complex,
less efficient, but safer (data are copied)

#® Jython provides a seamless integration of Python and Java
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Scientific Hello World example

# Consider this Scientific Hello World module (hw):
inport math, sys
def hwi(rl, r2):
s = math.sin(rl + r2)
return s

def hw2(rl, r2):

s = math.sin(rl + r2)

print "Hello, World! sin(%+%)=%" % (rl,r2,s)
Usage:

fromhw inport hwi, hw2
print hwi(1.0, 0)
hw2(1.0, 0)

#® We want to implement the module in Fortran 77, C and C++, and use
it as if it were a pure Python module

0110 10 mixed language programming - p. 107

Fortran 77 implementation

® We start with Fortran (F77)

® F77 code in afile hw. f :

real *8 function hwi(r1, r2)
real*8 r1, r2

hwl = sin(rl + r2)

return

end

subroutine hw2(ri, r2)

real*8 rl1, r2, s

s =sin(rl +r2)

wite(*,1000) 'Hello, World! sin(',ri1+r2,’)=",s
1000 format (A, F6. 3, A F8. 6)

return

end
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One-slide F77 course

# Fortran is case insensitive (r eAL is as good as r eal )
#® One statement per line, must start in column 7 or later
#® Comma on separate lines
# All function arguments are input and output
(as pointers in C, or references in C++)
® A function returning one value is called f unct i on
#® A function returning no value is called subr out i ne
® Types: real ,doubl e precision,real *4,real *8,

i nteger, character (array)

® Arrays: just add dimension, as in
real *8 a(0:m 0:n)
# Format control of output requires FORMAT statements
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Using F2PY

® F2PY automates integration of Python and Fortran
Say the F77 code is in the file hw. f
# Run F2PY (-m module name, -c for compile+link):

o

f2py -mhw -c hwf

#® Load module into Python and test:
fromhw inport hwi, hw2
print hwi(1.0, 0)
hw2(1.0, 0)

#® In Python, hwappears as a module with Python code...
#® |t cannot be simpler!
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Call by reference issues

® In Fortran (and C/C++) functions often modify arguments; here the
result s is an output argument:
subroutine hwd(rl, r2, s)
real*8 r1, r2, s
s =sin(rl + r2)
return
end

#® Running F2PY results in a module with wrong behavior:
>>> from hw i nport hw3
>>rl1 =1, r2=-1; s =10
>>> hw3(rl, r2, s)
>>> print s
10  # should be 0
® Why? F2PY assumes that all arguments are input arguments

# Output arguments must be explicitly specified!
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Check F2PY-generated doc strings

® F2PY generates doc strings that document the interface:

>>> jnport hw

>>> print hw __doc__

Functions:
hwi = hwi(r1,r2)
hw2(r1,r2)
hw3(r1,r2,s)

>>> print hw. hwd.__doc__ # nore detailed function doc string
hw3 - Function signature:

hwd(r1,r2,s)
Requi red argunents:

rl : input float

r2 : input float

s @ input float

# brief nodul e doc string

#® We see that hw3 assumes s is input argument!
#® Remedy: adjust the interface
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Interface files

#® We can tailor the interface by editing an F2PY-generated interface file

® Run F2PY in two steps: (i) generate interface file, (ii) generate
wrapper code, compile and link

® Generate interface file hw. pyf (- h option):
f2py -mhw -h hw pyf hw f
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Outline of the interface file

® The interface applies a Fortran 90 module (class) syntax

® Each function/subroutine, its arguments and its return value is
specified:

python nmodule hw! in
interface ! in :hw
subroutine hwd(r1,r2,s) ! in :hw hwf
real*8 :: rl
real*8 :: r2

real*8 :: s
end subroutine hw3
end interface
end python nodul e hw

(Fortran 90 syntax)
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Adjustment of the interface

#® We may edit hw. pyf and specify s in hw3 as an output argument,
using F90's i nt ent (out ) keyword:

python nmodule hw! in

interface ! in :hw
subroutine hwd(r1,r2,s) ! in :hw hwf
real*8 :: rl
real 8 :: r2
real *8, intent(out) :: s

end subroutine hw3
end interface
end python nodul e hw

® Next step: run F2PY with the edited interface file:
f2py -c¢ hw pyf hw f
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Output arguments are always returned

® Load the module and print its doc string:

>>> jnport hw
>>> print hw __doc__
Functions:
hwi = hwi(r1,r2)
hw2(r1,r2)
s = hw3(r1,r2)
Oops! hw3 takes only two arguments and returns s!

#® This is the “Pythonic” function style; input data are arguments, output
data are returned

® By default, F2PY treats all arguments as input

® F2PY generates Pythonic interfaces, different from the original
Fortran interfaces, so check out the module’s doc string!
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General adjustment of interfaces

# Function with multiple input and output variables
subroutine somef(il, i2, ol, 02, 03, 04, iol)

® inputil,i2

$ output: 01, ..., 04

# input and output: i 01

#® Pythonic interface (as generated by F2PY):

ol, 02, 03, o4, iol = sonef(il, i2, iol)
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Specification of input/output arguments; .pyf file

® Inthe interface file:
python nodul e sonenodul e

interface
subroutine somef(il, i2, ol, 02, 03, 04, iol)
real *8, intent(in) :: i1l
real *8, intent(in) :: i2
real *8, intent(out) :: ol
real *8, intent(out) :: 02
real *8, intent(out) :: 03
real *8, intent(out) :: 04
real *8, intent(in,out) :: iol

end subroutine sonef

end interface
end python nodul e somenodul e

® Note: noi ntent impliesi ntent (in)
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Specification of input/output arguments; .f file

® |Instead of editing the interface file, we can add special F2PY
comments in the Fortran source code:
subroutine sonmef (i1, i2, ol, 02, 03, 04, iol)
real*8 i1, i2, ol, 02, 03, 04, iol
Cf2py intent(in) il

Cf2py intent(in) i2
Cf2py intent(out) ol
Cf2py intent(out) o2
Cf2py intent(out) o3
Cf2py intent(out) o4
Cf2py intent(in,out) iol

#® Now a single F2PY command generates correct interface:
f2py -mhw -c hwf
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Integration of Python and C

® Let us implement the hwmodule in C:

#i ncl ude <stdio. h>
#i ncl ude <nmath. h>
#include <stdlib. h>

doubl e hwi(double r1, double r2)

double s; s =sin(rl +r2); returns;

voi d hw2(double r1, double r2)

double s; s =sin(rl + r2);
printf("Hello, Wrld! sin(%+%)=%\n", rl, r2, s);
}
/+ special version of hwl where the result is an argunent: x/
voi d hw3(double ri1, double r2, double *s)
{

*s =sin(rl +r2);

}
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Using F2PY

® F2PY can also wrap C code if we specify the function signatures as
Fortran 90 modules
® My procedure:

» write the C functions as empty Fortran 77 functions or
subroutines

» run F2PY on the Fortran specification to generate an interface file
» run F2PY with the interface file and the C source code
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Step 1: Write Fortran 77 signatures

Cfile signatures.f

real *8 function hwi(rl, r2)
Cf2py intent(c) hwl

real*8 rl, r2
Cf2py intent(c) rl, r2

end

subroutine hw2(r1, r2)
Cf2py intent(c) hw2

real *8 r1, r2
Cf2py intent(c) rl1, r2

end

subroutine hwd(r1, r2, s)
Cf2py intent(c) hw3

real*8 rl1, r2, s
Cf2py intent(c) rl, r2
Cf2py intent(out) s

end
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Step 2: Generate interface file

® Run
Uni x/ DOS> f2py -m hw -h hw pyf signatures.f

#® Result: hw. pyf
python nmodule hw! in

interface ! in :hw
function hwi(r1,r2) ! in :hwsignatures.f
intent(c) hwi
real *8 intent(c) rl
real *8 intent(c) r2

real *8 intent(c) :: hwl
end function hwl

subroutine hwd(ri1,r2,s) ! in :hwsignatures.f
intent(c) hw3
real *8 intent(c) :: rl
real *8 intent(c) :: r2
real *8 intent(out) :: s

end subroutine hw3
end interface
end python nmodul e hw
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Step 3: compile C code into extension module

® Run
Uni x/ DOS> f2py -c hw. pyf hw.c

® Test:

inport hw
print hw hw3(1.0,-1.0)
print hw __doc__

® One can either write the interface file by hand or write F77 code to
generate, but for every C function the Fortran signature must be
specified
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Using SWIG

o

Wrappers to C and C++ codes can be automatically generated by
SWIG

SWIG is more complicated to use than F2PY
First make a SWIG interface file
Then run SWIG to generate wrapper code

(3 I I )

Then compile and link the C code and the wrapper code
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SWIG interface file

® The interface file contains C preprocessor directives and special
SWIG directives:
I+ file: hwi =*/
%odul e hw
%

I+ include C header files necessary to conpile the interface */
#include "hw h"
0

/= list functions to be interfaced: */

doubl e hwi(double ri1, double r2);

voi d hw2(doubl e r1, double r2);

voi d hwad(doubl e r1, double r2, double xs);

# or
% nclude "hw. h" /* nake interface to all funcs in hw h %/
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Making the module

® Run SWIG (preferably in a subdirectory):
swig -python -1.. hwi

® SWIG generates wrapper code in
hw_wr ap. ¢

#® Compile and link a shared library module:

gcec -1.. -O-I1/sone/path/include/python2.5 \
-c ../hw.c hwwap.c
gcc -shared -o _hw.so hw.o hw wap.o

Note the underscore prefix in _hw. so
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A build script

#® Can automate the compile+link process

#® Can use Python to extract where Pyt hon. h resides (needed by any
wrapper code)
swig -python -1.. hwi
root='python -c ’inport sys; print sys.prefix’‘
ver="python -c "inport sys; print sys.version[:3]""
gcc -O-1.. -1$root/include/python$ver -c ../hw.c hw wap.c
gcc -shared -o _hw.so hw.o hw wap.o
python -c "inport hw' # test
(these statements are found in make_nodul e_1. sh)

#® The module consists of two files: hw. py (which loads) _hw. so
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Building modules with Distutils (1)

Building modules with Distutils (2)

® Python has a tool, Distutils, for compiling and linking extension Now run

modules python setup. py build_ext

. . . . python setup.py install --install-platlib=.

® First write a script set up. py: python -c 'inmport hw # test

inport os

fromdistutils.core inport setup, Extension Can install resulting module files in any directory

nane = ' hw # name of the nmodul e Use Distutils for professional distribution!

version = 1.0 # the nodul e’ s version number

swig_cnd = 'swig -python -1.. %.i’' % nane

print 'running SWG ', swg_cnd

0s. systen(sw g_cnd)

sources = ['../hwc’, "hwwap.c']

setup(name = nane, version = version,

ext_nodul es = [Extension(’'_' + nane, # SWGrequires _
sources,
include_dirs=[os.pardir])
1
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Testing the hw3 function Specifying input/output arguments

® Recall hw3: We need to adjust the SWIG interface file:

voi d hwd(doubl e r1, double r2, double *s) /* typemaps.i allows input and output pointer arguments to be

{ X ) speci fied using the names | NPUT, OUTPUT, or | NOUT */

) *s =sin(rl + r2); % ncl ude “typenaps. i"

voi d hw3(doubl e r1, double r2, double xQUTPUT);

®» Test: .

>>> from hw i nport hud Now the usage from Python is

>>>rl1 =1 r2=-1; s =10 s = hw3(rl, r2)

>>> hw3(rl, r2, s)

>>> print s i :

10 # should be 0 (sin(1-1)=0) Unfortunately, SWIG does not document this in doc strings

Major problem - as in the Fortran case
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Other tools Integrating Python with C++
# SIP: tool for wrapping C++ libraries SWIG supports C++
® Boost.Python: tool for wrapping C++ libraries The only difference is when we run SWIG (- c++ option):
® CXX: C++ interface to Python (Boost is a replacement) Swi g -python -c++ -1.. hwi
. e # generates wapper code in hw_w ap. cxx

#® Note: SWIG can generate interfaces to most scripting languages

(Perl, Ruby, Tcl, Java, Guile, Mzscheme, ...)
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Use a C++ compiler to compile and link:

root="python -c 'inport sys; print sys.prefix'‘
ver='python -c 'inport sys; print sys.version[:3]"*
g++ -O-1.. -I$root/include/python$ver \

-c ../hw. cpp hw_wrap. cxx
g++ -shared -o _hw.so hw.o hw_ wap.o
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Interfacing C++ functions (1)

® This is like interfacing C functions, except that pointers are usual

replaced by references

voi d hw3(double r1, double r2, double *s) // Cstyle
{ *s =sin(rl +r2);

voi d hw4(double r1, double r2, double& s) // C++ style
{ s=sin(rl1 +r2); }
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Interfacing C++ functions (2)

Interface file (hw. i ):
%modul e hw

%

#i nclude "hw. h"

0

% ncl ude "typenaps.i"

%pply double *QUTPUT { doublex s }
%ppl y double *QUTPUT { double& s }
% ncl ude "hw. h"

® That's it!
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Interfacing C++ classes

® C++ classes add more to the SWIG-C story

® Consider a class version of our Hello World module:
class Hellowrld

protect ed:

double r1, r2, s;

voi d conpute(); /1 conpute s=sin(rl+r2)
public:

Hel | oVor 1 d();

~Hel I oWor 1 d() ;

voi d set(double r1, double r2);
doubl e get() const { returns; }
voi d message(std::ostream& out) const;

I

® Goal: use this class as a Python class

0110 10 mixed language programming - p. 137

Function bodies and usage

# Function bodies:
voi d Hel | oworld:: set(double r1_, double r2_)

rli=rl_; r2=r2;

conpute(); // conpute s

void Hel lowsrld:: conpute()
{ s =sin(rl +r2);

etc.
® Usage:
Hel I oWorl d hw;

hw.set(r1, r2);
hw. nessage(std::cout); // wite "Hello, Wrld!" nessage

® Files: Hel | oWor | d. h, Hel | oWor 1 d. cpp
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Adding a subclass

® Toillustrate how to handle class hierarchies, we add a subclass:
class Hellowsrld2 : public HellowWrld

public:
voi d gets(doubl e& s_) const;
void Hel | oworl d2:: gets(double& s_) const { s_ =s; }
i.e., we have a function with an output argument
#® Note: get s should return the value when called from Python
# Files: Hel | oWor 1 d2. h, Hel | oWor | d2. cpp
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SWIG interface file

[+ file: hwi =/
%modul e hw
%

/* include C++ header files necessary to conpile the interface */
#include "Hel | oVWorld. h"

#incl ude "Hel | oWorl d2. h"

0

% ncl ude "Hel | oWorld. h"

% ncl ude "typenaps.i"

%ppl y doubl ex QUTPUT { double& s }
% ncl ude "Hel | oWorl d2. h"
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Adding a class method

# SWIG allows us to add class methods

#® Calling nessage with standard output (st d: : cout ) is tricky from
Python so we add a pri nt method for printing to std.output

# print coincides with Python’s keyword pr i nt so we follow the
convention of adding an underscore:

%extend Hel | oworld {
void print_() { self->message(std::cout); }
}

® This is basically C++ syntax, but sel f is used instead of t hi s and
%ext end Hel | oWor | d is a SWIG directive
#® Make extension module:

swig -python -c++ -1.. hwi
# conpile Hel | oworld.cpp Hel | oworl d2. cpp hw_wr ap. cxx
# link Hel loworld.o Hell oWwrld2.0 hw wap.o to _hw so
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Using the module

fromhw inport Hell owrld

hw = Hel loWwrld() # maeke class instance

rl = float(sys.argv[1]); r2 = float(sys.argv[2])
hw. set (r1, r2) # call instance nethod
s = hw. get()

print "Hello, Wrld! sin(% + %)=%" % (rl, r2, s)

hw. print_()

hw2 = Hel | oworl d2() # make subcl ass instance

hw2. set(r1, r2)

s = hw. gets() # original output arg. is nowreturn val ue
print "Hello, Wrld2! sin(%g + %)=%" % (rl, r2, s)
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Remark

® Itlooks that the C++ class hierarchy is mirrored in Python
® Actually, SWIG wraps a function interface to any class:
inmport _hw # use _hw.so directly
_hw. Hel | oWorl d_set(r1, r2)

# SWIG also makes a proxy class in hw. py, mirroring the original C++
class:

inmport hw # use hw. py interface to _hw so
¢ = hw. Hel | oWor | d()
c.set(rl, r2) # calls _hw HelloWrld_set(r1, r2)

® The proxy class introduces overhead
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Steering Fortran code from Python
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Computational steering

Example on computational steering

maxsteps = 10000; n = 2
y = zeros((n, naxsteps), order="Fortran’)
step = 0; time = 0.0

def run(nsteps):
gl obal step, tine, y

y, step, time =\
oscillator.tinmeloop2(y, step, time, nsteps)

yl = y[0, 0: step+1]
g.plot(Gwplot.Data(t, yl, with="lines"))
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® Consider a simulator written in F77, C or C++
#® Aim: write the administering code and run-time visualization in . 1m0 m=2b-07 =5 ()Y A5 W= 28519002 0=005
Python o [ —
® Use a Python interface to Gnuplot o
® Use NumPy arrays in Python ﬁSiO - ————
#® F77/C and NumPy arrays share the same data Consider the osci | | at or code. The following interactive features
® Result: would be nice:
» steer simulations through scripts ® set parameter values
» do low-level numerics efficiently in C/F77 ® run the simulator for a number of steps and visualize
» send simulation data to plotting a program ® change a parameter
The best of all worlds? . )
® option: rewind a number of steps
# continue simulation and visualization
Steting Foran cod rom Pyhon - . 145 Steting Foran cod rom Pyhon - . 145
Example on what we can do Principles
® Here is an interactive session: ® The F77 code performs the numerics
> L‘_‘l’f“ \i'izg‘*’iwzafwgi i "§°2La;ge paraneters ® Python is used for the interface
>>> set ’pr ) # send paraneters to oscillator code (setprmrun, rewind, plotting)
>>>run(60) ~ # run 60 steps and plot solution ® F2PY was used to make an interface to the F77 code (fully
>>> w=mat h. pi # change frequency d
>>> setprm() # update prms in oscillator code automated process)
>>> rew nd(30) # rewind 30 steps ) i
255 run(120) ¥ run 120 steps and pl ot é;r;\ys éNumPy) are created in Python and transferred to/from the
>>> A=10; setprm() code
Z:Z rew zgg) # rewind to t=0 # Python communicates with both the simulator and the plotting
run(400) program (“sends pointers around”)
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About the F77 code Creating a Python interface w/F2PY
® Physical and numerical parameters are in a common block ® scan2: trivial (only input arguments)
# scan2 sets parameters in this common block: ® tinestep2: need to be careful with
subroutine scan2(m, b_, c_, A, w, y0_, tstop_, dt_, func_) » output and input/output arguments
real*8 m, b_, c_, A, w, y0_, tstop_, dt_ i ;
character func_ () » multi dfm.enswn-al arrays (y) . - .
can use scan2 to send parameters from Python to F77 o glr?éel.:c:?#g;?|men5|onal arrays are stored differently in Python (i.e. C)
# tinel oop2 performs nst eps time steps:
subroutine tineloop2(y, n, naxsteps, step, tine, nsteps)
integer n, step, nsteps, naxsteps
real *8 time, y(n,O:naxsteps-1)
solution available in 'y
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Using timeloop2 from Python Arguments to timeloop2
® This is how we would like to write the Python code: ® Subroutine signature:

subroutine tinmeloop2(y, n, naxsteps, step, tine, nsteps)

integer n, step, nsteps, maxsteps
real *8 time, y(n,O:nmaxsteps-1)

# Arguments:

y : solution (all time steps), input and output

n : no of solution conponents (2 in our exanple), input
naxsteps : max no of time steps, input

step : no of current tinme step, input and output

tinme : current value of time, input and out put

nsteps : no of tine steps to advance the solution
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Interfacing the timeloop2 routine

® Use Cf 2py comments to specify argument type:

Cf2py intent(in,out) step
Cf2py intent(in,out) time
Cf2py intent(in,out) y
Cf2py intent(in) nst eps

$ Run F2PY:
f2py -moscillator -c --build-dir tnpl --fconpiler= G \
.. /tineloop2.f \
$scripting/src/app/oscillator/F77/oscillator.f \
only: scan2 tinel oop2 :
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Testing the extension module

# |mport and print documentation:

>>> jnport oscillator
>>> print oscillator.__doc__
This nodule 'oscillator’ is auto-generated with f2py
Functions:
y,step,time = tinmel oop2(y, step,tine, nsteps,
n=shape(y, 0), maxst eps=shape(y, 1))
scan2(m,b_,c_,a_,w_,y0_,tstop_,dt_, func_)
COMMON bl ocks:
/data/ mb,c,a, wy0,tstop,dt, func(20)

® Note: array dimensions (n, maxst eps) are moved to the end of the
argument list and given default values!

® Rule: always print and study the doc string since F2PY perturbs the
argument list
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More info on the current example

® Directory with Python interface to the oscillator code:
src/ py/ m xed/ si nvi z/ f 2py/

® Files:

sinvi z_steering. py conpl ete script running oscillator
from Python by calling F77 routines
as sinviz_steering.py, but with a GU

bui I d extension nodul e

sinvi zGUI _st eeri ng. py
nake_nodul e. sh
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Comparison with Matlab

® The demonstrated functionality can be coded in Matlab
Why Python + F77?

#® We can define our own interface in a much more powerful language
(Python) than Matlab

#® We can much more easily transfer data to and from or own F77 or C
or C++ libraries

e

#® We can use any appropriate visualization tool
We can call up Matlab if we want

e

® Python + F77 gives tailored interfaces and maximum flexibility
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Intro to GUI programming
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Contents

Introductory GUI programming
Scientific Hello World examples
GUI for simvizl.py

L I I )

GUI elements: text, input text, buttons, sliders, frames (for controlling
layout)
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GUI toolkits callable from Python

Python has interfaces to the GUI toolkits

® Tk (Tkinter)

Qt (PyQt)

wxWidgets (wxPython)

Gtk (PyGtk)

Java Foundation Classes (JFC) (java.swing in Jython)

[ 2 I B B )

Microsoft Foundation Classes (PythonWin)
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Discussion of GUI toolkits

® Tkinter has been the default Python GUI toolkit
Most Python installations support Tkinter

e

#® PyGtk, PyQt and wxPython are increasingly popular and more
sophisticated toolkits

#® These toolkits require huge C/C++ libraries (Gtk, Qt, wxWindows) to
be installed on the user's machine

#® Some prefer to generate GUIs using an interactive designer tool,
which automatically generates calls to the GUI toolkit

® Some prefer to program the GUI code (or automate that process)

® |tis very wise (and necessary) to learn some GUI programming even
if you end up using a designer tool

® We treat Tkinter (with extensions) here since it is so widely available
and simpler to use than its competitors

® Seedoc. ht nl for links to literature on PyGtk, PyQt, wxPython and
associated designer tools
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More info

Ch. 6 in the course book

“Introduction to Tkinter” by Lundh (see doc. ht m )
Efficient working style: grab GUI code from examples
Demo programs:

$PYTHONSRC/ Deno/ t ki nt er
denos/ Al |l .py in the Pnw source tree
$scripting/ src/gui/denpGUl . py

L2 I 3 )
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Tkinter, Pmw and Tix

® Tkinter is an interface to the Tk package in C (for Tcl/Tk)

® Megawidgets, built from basic Tkinter widgets, are available in Pmw
(Python megawidgets) and Tix

® Pmw is written in Python

o

Tix is written in C (and as Tk, aimed at Tcl users)

#® GUI programming becomes simpler and more modular by using
classes; Python supports this programming style
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Scientific Hello World GUI

Hello, Word! The sine of |1 2 equals | 0.932039085967

® Graphical user interface (GUI) for computing the sine of numbers
® The complete window is made of widgets
(also referred to as windows)
® Widgets from left to right:
» al abel with "Hello, World! The sine of"
» atext entry where the user can write a number
» pressing the but t on "equals" computes the sine of the number
» al abel displays the sine value
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The code (1)

Hello, Word! The sine of |1 2 equals | 0.932039085967

#!'/ usr/ bi n/ env python
from Tkinter inport =
inport math

root = Tk() # root (main) w ndow

top = Frane(root) # create frame (good habit)
top. pack(si de="top’") # pack frane in main w ndow
hwt ext = Label (top, text="Hello, Wrld! The sine of")
hwt ext . pack(side="left")

r = StringVar() # special variable to be attached to widgets
r.set('1.2") # default val ue

r_entry = Entry(top, width=6, relief="sunken’, textvariable=r)
r_entry. pack(side="left")
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The code (2)

s = StringVar() # variable to be attached to widgets
def conp_s():

gl obal s
s.set('%’ % math.sin(float(r.get()))) # construct string
conpute = Button(top, text=" equals ', command=conp_s)

conput e. pack(side="left")

s_|l abel = Label (top, textvariable=s, w dth=18)
s_| abel . pack(side="left")

root . mai nl oop()
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Structure of widget creation

#® A widget has a parent widget

® A widget must be packed (placed in the parent widget) before it can
appear visually
® Typical structure:

wi dget = Tk_cl ass(parent_wi dget,
argl=val uel, arg2=val ue2)
wi dget . pack(side="left")

® Variables can be tied to the contents of, e.g., text entries, but only

special Tkinter variables are legal: St ri ngVar, Doubl eVar,
I nt Var
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The event loop

® No widgets are visible before we call the event loop:
root . mai nl oop()
#® This loop waits for user input (e.g. mouse clicks)

® There is no predefined program flow after the event loop is invoked;
the program just responds to events

® The widgets define the event responses
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Binding events

Hello, WoHd! The sine ofequals 0.932039085967

® |Instead of clicking "equals”, pressing return in the entry window
computes the sine value

# bind a Return in the .r entry to calling conp_s:
r_entry. bi nd(’ <Return>', conp_s)

# One can bind any keyboard or mouse event to user-defined functions
® We have also replaced the "equals” button by a straight label
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Packing widgets

® The pack command determines the placement of the widgets:
wi dget . pack(side="left")
This results in stacking widgets from left to right

Hello, WoHd! The sine of equals

0.932039085967

10 10 GUI programming - p. 169

Packing from top to bottom

® Packing from top to bottom:
wi dget . pack(side="top")

results in
Hello, World! The sine of

equals
0.932039055967

® Valuesofside:left,right,top, bottom
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Lining up widgets with frames

Hello, World!
The sine of equals 0.932039085967

Goodbye, GUI Word! §

® Frame: empty widget holding other widgets
(used to group widgets)

® Make 3 frames, packed from top

o

Each frame holds a row of widgets
# Middle frame: 4 widgets packed from left
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Code for middle frame

# create frame to hold the niddle row of widgets:
rframe = Frame(top)

# this frane (row) is packed fromtop to bottom
rframe. pack(side="top’)

# create | abel and entry in the frane and pack fromleft:

r_|l abel = Label (rframe, text='The sine of’)
r_| abel . pack(side="left")

r = StringVar() # variable to be attached to w dgets
r.set('1.2") # default val ue

r_entry = Entry(rframe, width=6, relief="sunken', textvariable=r)

r_entry. pack(side="left")
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Change fonts

Hello, World!

The sine of equals 0.932039085967
Goodbye, GUI World!

# pl atformindependent font nane:

font = times 18 bol d’

# or Xli-style:

font = '-adobe-tines-bold-r-normal-*-18-#-%-%-%-%-%-x’

hwt ext = Label (hwframe, text="Hello, Wrld!",
font=font)

10 10 GUI programming - p. 173

Add space around widgets

Hello, World!

The sine of equals 0.932039085967
Goodbye, GUI World!

padx and pady adds space around widgets:

hwt ext . pack(si de="top’, pady=20)
rfrane. pack(side="top’, padx=10, pady=20)
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Changing colors and widget size

Hello, World!

The sine of equals 0.932039085967

Goodbye, GUI World!

quit_button = Button(top,
text =" Goodbye, GUI World!’,
comand=qui t,
background="yel | ow ,
foreground="bl ue’)

qui t_button. pack(side="top’, pady=5, fill="x")

# fill="x" expands the w dget throughout the available
# space in the horizontal direction
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Translating widgets

Hello, World!

e s or souls 0 372035085967

Goodbye, GUI Viorkd!

#® The anchor option can move widgets:

qui t _button. pack(anchor="w)
# or 'center’, 'nw, 's’ and so on
# default: ’center’

#® i padx/i pady: more space inside the widget

qui t _button. pack(side="top’, pady=5,
i padx=30, ipady=30, anchor="w)
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Learning about pack

Pack is best demonstrated through packdemo.tcl:

$scripting/src/tool s/ packdeno. tcl

packsdemo.tcl

sveon 1| Spaur | sy | Span 1 | Sy |

Objects
Pack Contgur:

Location: « top - bottom A left -, right

Anchor: ~ Center M NS B W oNe o nw  y o Se yoSw

L Expand Rl yonone  \ x Ay yoboth  pask |3 pady: [3
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The grid geometry manager

® Alternative to pack: grid

o

Widgets are organized in m times n cells, like a spreadsheet
#® Widget placement:

wi dget . gri d(row=1, col um=5)

#® A widget can span more than one cell

wi dget . grid(row=1, colum=2, col umspan=4)
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Basic grid options

® Padding as with pack (padx, i padx etc.)
® sticky replaces anchor andfill
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Example: Hello World GUI with grid

Hello, World!

The sine of equals 0.932039085967

Goodbye, GUI World! |

# use grid to place widgets in 3x4 cells:

hwt ext . gri d(row=0, col um=0, col umspan=4, pady=20)

r_label . grid(row=1, col um=0)

r_entry.grid(row=1, colum=1)

conpute. gri d(row=1, colum=2)

s_l abel . grid(row=1, colum=3)

qui t_button.grid(row=2, colum=0, columspan=4, pady=5,
sticky="ew)
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The sticky option

® sticky="w meansanchor="w
(move to west)

® sticky="ew meansfill="x’
(move to east and west)
® sticky="news’ meansfill="both’

(expand in all dirs)
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Configuring widgets (1)

® So far: variables tied to text entry and result label
#® Another method:

» ask text entry about its content

» update result label with conf i gur e

#® Canuse conf i gur e to update any widget property
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Configuring widgets (2)

Hello, World!
The sine of equals 0.932039085967

Goodbye, GUI Word! §

#® No variable is tied to the entry:

r_entry = Entry(rframe, w dth=6, relief="sunken')
r_entry.insert('end ,’1.2") # insert default value

r float(r_entry.get())
s mat h. sin(r)

s_l abel . configure(text=str(s))

® Other properties can be configured:

s_| abel . confi gur e( background="yel | ow )
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Glade: a designer tool

#® With the basic knowledge of GUI programming, you may try out a
designer tool for interactive automatic generation of a GUI

#® Glade: designer tool for PyGtk

® Gtk, PyGtk and Glade must be installed (not part of Python!)

#® Seedoc. htnl forintroductions to Glade

#® Working style: pick a widget, place it in the GUI window, open a
properties dialog, set packing parameters, set callbacks (signals in
PyGtk), etc.

® Glade stores the GUI in an XML file

X ]

The GUI is hence separate from the application code
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GUIl as a class

GUIs are conveniently implemented as classes

Classes in Python are similar to classes in Java and C++
Constructor: create and pack all widgets

Methods: called by buttons, events, etc.

Attributes: hold widgets, widget variables, etc.

The class instance can be used as an encapsulated GUI component
in other GUIs (like a megawidget)
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The basics of Python classes

® Declare a base class MyBase:
class MyBase:

def __init_ (self,i,j): # constructor

Self.i =i; self.j =]
def wite(self): # menber function
print 'MWBase: i=",self.i,’"j=",self.j

® sel f is areference to this object

® Data members are prefixed by self:
self.i,self.]j

® All functions take sel f as first argument in the declaration, but not in
the call
instl = MyBase(6,9); instl.wite()

10 10 GUI programming - p. 186

Implementing a subclass

Class MySub is a subclass of MyBase:
class MySub(M/Base):
def __init__(self,i,j,k): # constructor
MyBase. __init_ (self,i,j)
self.k = k;
def wite(self):

print "MWSub: i=",self.i,"j=",self.j, k=" ,self.k

Example:

# this function works with any object that has a wite nethod:
def wite(v): v.wite()

# nmake a MySub instance
inst2 = MySub(7,8,9)

write(inst2) # will call MySub’s wite
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Creating the GUI as a class (1)

class Hel | oWorl d:
def __init__(self, parent):
# store parent
# create widgets as in hwGU 9. py

def quit(self, event=None):
# call parent’s quit, for use with binding to

# and quit button

q
def conp_s(self, event=None):
# sine conputation

root = Tk()
hello = Hel | oWor ! d(root)
root . mai nl oop()
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Creating the GUI as a class (2)

class Hel | oWorld:

def __init__(self, parent):
sel f.parent = parent # store the parent
top = Frane(parent) # create frame for all class widgets

top. pack(side="top’) # pack frame in parent’s w ndow

# create frame to hold the first w dget row

hwf rame = Frame(top)

# this frame (row) is packed fromtop to bottom

hwf rame. pack(si de="top")

# create label in the frane:

font = 'tines 18 bol d’

hwt ext = Label (hwframe, text="Hello, Wrld!'', font=font)
hwt ext . pack(si de="top’, pady=20)
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Creating the GUI as a class (3)

# create frame to hold the niddle row of widgets:
rframe = Frame(top)

# this frane (row) is packed fromtop to bottom
rframe. pack(side="top’, padx=10, pady=20)

# create label and entry in the frane and pack fromleft:
r_|l abel = Label (rframe, text='The sine of")
r_| abel . pack(side="left")

self.r = StringVar() # variable to be attached to r_entry
self.r.set('1.2") # default val ue

r_entry = Entry(rframe, width=6, textvariable=self.r)
r_entry. pack(side="left’)

r_entry. bind(’ <Return>', self.conp_s)

conpute = Button(rfranme, text=" equals ',
command=sel f.conp_s, relief="flat")
conput e. pack(side="left")
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Creating the GUI as a class (4)

self.s = StringVar() # variable to be attached to s_| abel
s_|l abel = Label (rfrane, textvariable=self.s, width=12)
s_| abel . pack(side="left")

# finally, make a quit button:
quit_button = Button(top, text=" Goodbye, GU World!’,
comand=sel f. quit,

background="yel | ow , foreground="blue’)

qui t_button. pack(side="top', pady=5, fill="x")
sel f. parent. bind(’ <g>, self.quit)

de

qui t(sel f, event=None):
sel f.parent.quit()

def conp_s(self, event=None):
self.s.set(" %' % math.sin(float(self.r.get())))
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More on event bindings (1)

# Event bindings call functions that take an event object as argument:
sel f.parent.bind(’<gq>, self.quit)
def quit(self,event): # the event arg is required!
sel f.parent.quit()
# Button must call a qui t function without arguments:

def quit():
sel f.parent.quit()

quit_button = Button(frame, text="Goodbye, GU World!’,
comand=qui t)
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More on event bindings (1)

® Here is aunified qui t function that can be used with buttons and
event bindings:

def quit(self, event=None):
self.parent.quit()

® Keyword arguments and None as default value make Python
programming effective!
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A kind of calculator

Define T(x): Ix +4'cos(@) x=|1.2 f= -2.73875

Label + entry + label + entry + button + label

# f_widget, x_widget are text entry w dgets

f_txt = f_widget.get() # get function expression as string
x = float(x_wi dget.get()) # get x as float

HHHHH

res = eval (f_txt) # turn f_txt expression into Python code
H#itHH#

| abel . configure(text="% %res) # display f(x)
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Turn strings into code: eval and exec

# eval (s) evaluates a Python expression s
eval ("sin(1.2) + 3.1x%8")

® exec(s) executes the string s as Python code
s ='x =3; y =sin(l.2«x) + x*x8
exec(s)

#® Main application: get Python expressions from a GUI (no need to
parse mathematical expressions if they follow the Python syntax!),
build tailored code at run-time depending on input to the script
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A GUI for simvizl.py

® Recall simvizl.py: automating simulation and visualization of an
oscillating system via a simple command-line interface

® GUI interface:

1 — —
I .

0.00 1.00 2.00 3.00 4.00 5.00 v 02631650 ACOS(W[)
sp 00

® 070 time step [0.05

T casenamefimpt H ¥0

= Compute
00 40 80 120 160 200
A auit
50
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The code (1)

class SinvizQU :
def __init__(self, parent):
TTubuiTd the GU """
sel f. parent = parent

ééif.p ={} # holds all Tkinter variables

sel f.p['m] = DoubleVar(); self.p['ni].set(1.0)
self.slider(slider_frame, self.p['nm], O, 5 ’'ni)
sel f.p['b"] = DoubleVar(); self.p['b'].set(0.7)
self.slider(slider_frame, self.p['b"], O, 2, 'b’

self.p['c’] = Doublevar(); self.p[’'c’].set(5.0)
self.slider(slider_frame, self.p['c'], 0, 20, 'c')

)
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The code (2)

def slider(self, parent, variable, |ow high, |abel):
"""make a slider [low high] tied to variable"""
wi dget = Scal e(parent, orient="horizontal’,
from=low, to=high, # range of slider
# tickmarks on the slider "axis":
tickinterval =(high-1ow)/5.0,
# the steps of the counter above the slider:
resol uti on=(hi gh-1ow)/100.0,
| abel =I abel , # | abel printed above the slider
| engt h=300, # length of slider in pixels
variabl e=variable) # slider value is tied to variable
wi dget . pack(side="top")
return w dget
def textentry(self, parent, variable, |abel):

make a textentry field tied to variabl e

10 10 GUI programming - p. 198

Layout

Use three frames: left, middle, right

Place sliders in the left frame

Place text entry fields in the middle frame
Place a sketch of the system in the right frame

L 2 I B )
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The text entry field

® \Version 1 of creating a text field: straightforward packing of labels
and entries in frames:

def textentry(self, parent, variable, |abel):
"""make a textentry field tied to variable
f = Frame(parent)
f. pack(side="top’, padx=2, pady=2)
| = Label (f, text=label)
| . pack(side="left")
widget = Entry(f, textvariabl e=variable, width=8)
wi dget . pack(side="left’, anchor="w)
return w dget
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The result is not good...

The text entry frames (f ) get centered:

m funcly
1.00
w 62831852
J Acos(wt)
0.00 1.00 2.00 3.00 4.00 5.00 tstop |30.0
b ume step [i05
010
casename fup1 140
0.00 0.40 0.80 1.20 160 200  TTTTaTTTTTTTTIOTT y
c
50 Compute |
LT
00 40 80 120 160 200 autt
A func b
50
I o
0o 20 40 6.0 a0 100
yo

020

0.00 020 0.40 0.60 0.80 1.00
Ugly!
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Improved text entry layout

® Use the grid geometry manager to place labels and text entry fields
in a spreadsheet-like fashion:

def textentry(self, parent, variable, |abel):
"""make a textentry field tied to variable"""
| = Label (parent, text=label)
| . grid(colum=0, row=self.row counter, sticky="w)
wi dget = Entry(parent, textvariabl e=variable, w dth=8)
wi dget . grid(col um=1, row=sel f.row counter)

sel f.row counter += 1
return w dget

#® You can mix the use of grid and pack, but not within the same frame
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The image

sketch_frame = Frame(sel f.parent)
sketch_frane. pack(side="left’, padx=2, pady=2)

gifpic = os.path.join(os.environ[’scripting],
‘src’,'gui’,'figs', sinviz2.xfig.t.gif")

sel f.sketch = Photol nage(file=gifpic)
# (images nust be tied to a global or class variable!)

Label (sket ch_frame, i mage=sel f. sketch). pack(si de="top’, pady=20)
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Simulate and visualize buttons

® Straight buttons calling a function

#® Simulate: copy code from simvizl.py
(create dir, create input file, run simulator)

® Visualize: copy code from simvizl.py
(create file with Gnuplot commands, run Gnuplot)

Complete script: sr ¢/ py/ gui / si mvi zGUI 2. py
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Resizing widgets (1)

® Example: display a file in a text widget

root = Tk()

top = Frane(root); top.pack(side="top’)

text = Pmw. Scrol | edText (top, .

text. pack()

# insert file as a string in the text w dget:
text.insert(’'end , open(filenane,'r’).read())

#® Problem: the text widget is not resized when the main window is
resized

file fileshowrl.py

inport Puw, sys
try:  Filename = sys.argy[l] =
except: print 'Usage: % Filename' % sys

oot = Tk()

R —| >

Quit
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Resizing widgets (2)

# Solution: combine the expand and fi | | options to pack:
text. pack(expand=1, fill="both")
# all parent widgets as well:
top. pack(side="top', expand=1, fill="both")
expand allows the widget to expand, fi | | tells in which directions

the widget is allowed to expand
® Try fileshowl.py and fileshow2.py!
® Resizing is important for text, canvas and list widgets
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Pmw demo program

Select awidget
ComboBoxDialog
ComboBox_Dropdow
ComboBox_Simple
Counter
CounterDialog
Dialog
EntryField

roup
LabeledWidget
MenuBar

MessageBar
MessageDialog
NoteBookR

NoteBooks

Optionienu
PanedWidget
PromptDialog
RadioSelect Horizontal: _dynamic -~
ScrolledCanvas |

ScrolledField | Vertical: dynamic

ScrolledFrame )
 ScrolledListBox
ScrolledText
SelectionDialog
TextDlalog i

+~Scroll mode

Trace t cali | Show code | e |

Very useful demo program in All.py (comes with Pmw)
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Test/doc part of library files

® A Python script can act both as a library file (module) and an
executable test example
® The test example is in a special end block
# denmp program ("main" function) in case we run the script
# fromthe command |ine:
if __name__ =="'__main__
root = Tkinter.Tk()
Pmw.initialise(root)
root.title(' prelimnary test of ScrolledListBox’')
# test:
wi dget = MyLi bGUI (root)
root . mai nl oop()

® Makes a built-in test for verification
® Serves as documentation of usage
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Array computing and visualization

Array computing and visualization - p. 209

Contents

Efficient array computing in Python
Creating arrays

Indexing/slicing arrays

Random numbers

Linear algebra
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Plotting
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More info Numerical Python (NumPy)
® Ch. 4in the course book ® NumPy enables efficient numerical computing in Python
$ www.scipy.org ® NumPy is a package of modules, which offers efficient arrays
® The NumPy manual (contiguous storage) with associated array operations coded in C or
X K Fortran
#® The SciPy tutorial . . )
® There are three implementations of Numerical Python
» Numeric from the mid 90s (still widely used)
» numarray from about 2000
» numpy from 2006
® We recommend to use numpy (by Travis Oliphant)
from nunpy inport *
Aoy compuig an vsalzason - . 211 Aoy compuig an vsalzaton - p 212
A taste of NumPy: a least-squares procedure Resulting plot
x = linspace(0.0, 1.0, n) # coordi nat es
y_line = -2sx + 3 2% data points o
y = y_line + randomnornmal (0, 0.25, n) # line wth noise origlng\ line ——
fitted line --------
# goal: fit aline to the data points x, y
# create and sol ve | east squares system 3 o, 7
A = array([x, ones(n)])
A = A transpose() -
result = linalg.lstsq(A v) 25 1
# result is a 4-tuple, the solution (a,b) is the 1st entry: .
a, b =result[0] L
plot(x, y, "0, # data points w noi se Fas ° ° o i
X, y_line, 'r’", # original line
X, a*x + b, "b’) # fitted |ines o
| egend(’ data points', 'original line', "fitted line") o
har dcopy(’ nypl ot. png’) 15} ° o k!
o
°
. . . . .
0 0.2 0.4 0.6 0.8 1
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>>>
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>>>
>>>
>>>
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L

>>>
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P
a

p

pp oo o0

Making arrays

rom nunpy inport *

= zeros(n) # one-dim array of length n
rint a
0. 0. 0.]

({0, 0., o0, 0])
=q=2

= zeros((p,q,3))

rint a
0.

# pxq*3 three-dim array

0.]

0. 0.]]
0. 0.]

0. 0.]]1 _ .

shgipe # a's di mension

, 3
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Making float, int, complex arrays

>>> a = zeros(3)

>>> print a.dtype # a's data type
f1 oat 64

>>> a = zeros(3, int)
>>> print a

[0 0 0]

>>> print a.dtype

int32

>>> a = zeros(3, float32)
>>> print a

[ 0. 0. 0.]

>>> print a.dtype
f1oat32

>>> a = zeros(3, conplex)
>>> a

array([ 0.+0.j, 0.+0.j,
>>> a.dtype

dtype(’ conpl ex128")

# single precision

0.+0.j1)

>>> given an array a, make a new array of sane di nension
>>> and data type:
>>> x = zeros(a.shape, a.dtype)
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Array with a sequence of numbers

® |inspace(a, b, n) generates n uniformly spaced coordinates,
starting with a and ending with b
>>> x = |inspace(-5, 5, 11)
>>> print X
[-5. -4. -3. -2. -1. 0. 1. 2. 3. 4 5]

® A special compact syntax is also available:

>>> a = r_[-5:5:11]] # same as |linspace(-5, 5, 11)
>>> print a
[-5. -4. -3. -2, -1. 0. 1. 2. 3. 4. 5]

#® ar ange works like r ange (xr ange)
>>> x = arange(-5, 5, 1, float)
>>> print x # upper linmit 5 is not included!!
[-5. -4. -3. -2, -1. 0. 1. 2. 3. 4.]
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Warning: arange is dangerous

® ar ange’s upper limit may or may not be included (due to round-off
errors)
® Better to use a safer method: seq(start, stop, increnent)

>>> from scitool s. nunpyutils inport seq

>>> x = seq(-5, 5, 1)

>>> print x # upper linmt always included
[-5. -4. -3. -2, -1. 0. 1. 2. 3. 4. 5]
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Array construction from a Python list

® array(list, [datatype]) generates an array from a list:

>>>pl = [0, 1.2, 4, -9.1, 5, 8]
>>> a = array(pl)

® The array elements are of the simplest possible type:

>>> z = array([1, 2, 3])

>>> print z # array of integers
[12 3]

>>> z = array([1, 2, 3], float)

>>> print z

[ 1. 2. 3.]

® Atwo-dim. array from two one-dim. lists:

[0, 0.5, 1]; vy =[-6.1, -2, 1.2] # Python lists
array([x, y]) # formarray with x and y as rows

>>> X
>>> a

® Fromarraytolist: alist = a.tolist()
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From “anything” to a NumPy array

# Given an object a,

a = asarray(a)

converts a to a NumPy array (if possible/necessary)
® Arrays can be ordered as in C (default) or Fortran:

a = asarray(a, order='Fortran’)

isfortran(a) # returns True if a's order is Fortran
#® Useasarray to, e.g., allow flexible arguments in functions:

def nyfunc(some_sequence):
a = asarray(sonme_sequence)
return 3xa - 5

nyfunc([1,2,3])
nyfunc((-1,1))

# list argument
# tupl e argument
nyfunc(zeros(10)) # array argunent
nyfunc(-4.5) # float argument
nyfunc(6) # int argunent
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Changing array dimensions

>>> a = array([0, 1.2, 4, -9.1, 5, 8])
>>> a.shape = (2,3) # turn a into a 2x3 matrix
>>> print a

Array initialization from a Python function

>>> def nmyfunc(i, j):
return (i+1)*(j+4-i)

[[ 0. 1.2 4. ] >>> # make 3x6 array where a[i,j] = nyfunc(i,j):
[-9.1 5. 8. 11 >>> a = fronfunction(nyfunc, (3,6))
. >>> a
37> a-size array([[ 4., 5, 6., 7., 8, 91,
>>> a.shape = (a.size,) # turn a into a vector of length 6 again [ 6., 8, 10., 12, 14, 16.],
>>> a. shape [ 6., 9., 12., 15., 18., 21.]])
6,
>>> print a
[0 1.2 4 -9.1 5 8 ]
>>> a = a.reshape(2,3) # same effect as setting a.shape
>>> a.shape
(2, 3)
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Basic array indexing More advanced array indexing
Note: all integer indices in Python start at 0! >>> a = |inspace(0, 29, 30)

a = linspace(-1, 1, 6)

a[2:4] = -1 # set a[2] and a[3] equal to -1
a[-1] = a[0] # set last elenent equal to first one
al:] =0 # set all elements of a equal to 0O
a. fill(0) # set all elements of a equal to O
a.shape = (2,3) # turn ainto a 2x3 matrix

print a[o0,1] # print element (0,1)

ali,j] = 10 # assignnent to element (i,j)
a[i][j] = 10 # equi val ent syntax (sl ower)

print a[:,k] # print colum with index k

print a[1,:] # print second row

a[:,:] =0 # set all elenments of a equal to O
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>>> a.shape = (5, 6)

.1
V]
.
.,23.,]

25., 26., 27., 28., 29.,]])

=1,2 and j=0,2,4

5.
11.
17.

>>> a[1:3,:-1:2]  # a[i,j] for
array([[ 6., 8., 10.],
[ 12., 14., 16.]1])

>>> g[::3,2:-1:2] # a[i,j] for i=0,3 and j=2,4

array([[ 2., 4],

[ 20., 22.11)
>>> slice(None, None, 3); | =slice(2, -1, 2)
>>> ali,j]

array((| 2. 4],
[ 20., 22.11)
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Slices refer the array data

Loops over arrays (1)

# Withaaslist,a[ : ] makes a copy of the data # Standard loop over each element:
® Withaasarray, a[ : ] is a reference to the data for i in xrange(a.shape[0]):
for j in xrange(a.shape[1]):
>>> b = a[l,:] # extract 2nd row of a ali,j] = (i+1)*(j+1)*(j +2)
>>> print a[1,1] print ’a[ %, %l]=% ' % (i,j,a[i,j]).
iiob[ 1 =2 print # newine after each row
>>> int 1,1 . N
2.0 print af1,1] # change in b is reflected in al ® A standard for loop iterates over the first index:
) ) o >>> print a
® Take a copy to avoid referencing via slices: [ 2 6. 12.]
>>> b = a[l,:].co [ 4 12 24]]
= . 1. copy() >>> for e in a
i;>0pr| nt a1, 1] .. print e
55> b[1] =2 # b and a are two different arrays now [2 6. 12.]
>>> print a[l,1] [ 4. 12. 24.]
12.0 # a is not affected by change in b
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Loops over arrays (2) Array computations
® View array as one-dimensional and iterate over all elements: ® Arithmetic operations can be used with arrays:
for e in a.ravel(): b =23%a- 1 # ais array, b becones array
rint e
P . o 1)computetl = 3*a,2)computet2=t1l - 1,3)seth =12
Useravel () only when reading elements, for assigning it is better ) ) )
to use shape or r eshape first! ® Array operations are much faster than element-wise operations:
. . >>> jnport time # nodule for measuring CPU tinme
#® For loop over all index tuples and values: >>> a = |inspace(0, 1, 1E+07) # create some array
>>> for index, value in ndenunerate(a): >>> 10 = tine.clock()
. print index, value >>>b =3

(0, 0) 2.0
(0, 1) 6.0
(0, 2) 12.0
(1, 0) 4.0
(1, 1) 12.0
(1, 2) 24.0
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= 3xa -
>>> t1 = tine.clock() # 1t1-t0 is the CPU tine of 3*a-1
>>> for i in xrange(a.size): b[i] = 3*a[i] - 1

>>> 12 = tine. clock()

>>> print '3*a-1: % sec, loop: % sec’ % (t1l-t0, t2-t1)
3xa-1: 2.09 sec, |loop: 31.27 sec
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Standard math functions can take array arguments

Other useful array operations

# let b be an array # ais an array
c = sin(b) a.clip(mn=3, nmax=12) # clip elenents
c = arcsin(c) a.mean(); nean(a) # mean val ue
¢ = sinh(b) a.var(); var(a) # variance
# same functions for the cos and tan fanilies a.std(); std(a) # standard devi ation
_ . nedi an(a)
c = bx*2.5 # power function cov(x,y) # covari ance
c = log(b) trapz(a) # Trapezoi dal integration
c = exp(b) diff(a) # finite differences (da/dx)
c = sqrt(b)
# nore Matlab-like functions:
corrcoeff, cunprod, diag, eig, eye, fliplr, flipud, max, min,
prod, ptp, rot90, squeeze, sum svd, tri, tril, triu
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More useful array methods and attributes Modules for curve plotting and 2D/3D visualization
2z a= zeros(4) + 3 # Matplotlib (curve plotting, 2D scalar and vector fields)
array([ 3., 3., 3., 3.]) #float data ® PyX (PostScript/TeX-like drawing)
>>> a.iten(2) # nore efficient than a[2]
. ) o ® Interface to Gnuplot
>>> a.itenset(3,-4.5) # nore efficient than a[3]=-4.5
>>> a ® |Interface to Vitk
array([ 3. , 3., 3., -4.5])
>>> a.shape = (2,2) #® Interface to OpenDX
>>> a
array([[ 3. , 3. 1, # Interface to IDL
[3 ,-45]])
>>> a.ravel () # fromnulti-dimto one-dim # Interface to Grace
array([ 3., 3., 3., -4.5]) ) ) # Interface to Matlab
>>> a. ndim # no of dinensions
2 ) ) #® Interface to R
>>> | en(a. shape) # no of dinensions
® |Interface to Blender
>>> rank(a) # no of dinensions
2
>>> a.size # total no of elenents
>>> b = a.astype(int) # change data type

>>>

array([3, 3, 3, 3])
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Curve plotting with Easyviz

® Easyviz is a light-weight interface to many plotting packages, using a
Matlab-like syntax

® Goal: write your program using Easyviz (“Matlab”) syntax and
postpone your choice of plotting package

#® Note: some powerful plotting packages (Vtk, R, matplotlib, ...) may
be troublesome to install, while Gnuplot is easily installed on all
platforms

® Easyviz supports (only) the most common plotting commands
® Easyviz is part of SciTools (Simula development)
fromscitools.all inport *

(imports all of nunpy, all of easyvi z, plus sci t ool s)
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Basic Easyviz example

fromscitools.all inport * # inport nunpy and plotting

t = linspace(0, 3, 51) # 51 points between 0 and 3
y = txx2xexp(-t**2) # vectorized expression
plot(t, y)

hardcopy(’ tnpl.eps’) # nake PostScript imge for reports
hardcopy(' tnpl.png’) # make PNG i nage for web pages
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Decorating the plot

plot(t, y)

x| abel ("t')

ylabel ("y")

I egend(’ t"2xexp(-t"2)")

axis([0, 3, -0.05, 0.6]) # [tmin, tmax, ymn, ynax]
title(' My First Easyviz Denp')

# or

plot(t, y, xlabel="t", ylabel="y",
| egend="t"2xexp(-t"2)",
axis=[0, 3, -0.05, 0.6],

The resulting plot

My First Easyviz Demo
0.6 T T T T

tz*exp(—tj) e

title=" MW First Easyviz Deno’, >
har dcopy="t npl. eps’,
show=Tr ue) # display on the screen (default)
0 0.5 1 15 2 25 3
t
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Plotting several curves in one plot The resulting plot
— 2,17 — et
Compare f,(t) = e and fu(t) = t'e or ¢ € [0,3] Plotting two curves in the same plot
fromscitools.all inport = # for curve plotting 0.6 T > 7,
trexp(-t)) ——
def f1(t): thexp(-t?)
return txx2xexp(-t**2) 05 7
def f2(t):
return t*«2«f1(t)
. 04 E
t = linspace(0, 3, 51) /
yl = f1(t)
y2 = f2(t) >~ 03} |
plot(t, yl) .
hol d(’ on’) # continue plotting in the same plot
plot(t, y2) 0.2 + 4
x|l abel ("t")
ylabel ("y") 01+ 4
legend(’ t"2xexp(-t"2)", '"tNxexp(-t"2)")
title(’Plotting two curves in the same plot’)
hardcopy(’ tnp2. eps’) 0 I . . .
0 0.5 1 15 2 25 3
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Example: plot a function given on the command line Plotting 2D scalar fields
® Task: plot (e.g.) f(z) = e~ %% sin(27x) for z € [0, 4] fromscitools.all inport *
x =y = |linspace(-5, 5, 21)

® Specify f(z) and z interval as text on the command line:
Uni x/ DOS> pyt hon plotf.py "exp(-0.2xx)*sin(2xpi*x)" 0 4xpi

® Program:
fromscitools.all inport *
formula = sys.argv[1]
xmn = eval (sys.argv[2])
xmax = eval (sys.argv[3])
x = linspace(xnin, xmax, 101)
y = eval (formul a)
plot(x, y, title=formula)

® Thanks to eval , input (text) with correct Python syntax can be
turned to running code on the fly
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XV, yv = ndgrid(x, vy)
val ues = sin(sqrt(xvx*2 + yvx*2))
surf(xv, yv, values)
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Adding plot features

# Matlab style comands:
setp(interactive=Fal se)
surf(xv, yv, values)
shading('flat’)

col orbar ()

col ormap(hot ())
axis([-6,6,-6,6,-1.5,1.5])
vi ew( 35, 45)

show()

# Optional Easyviz (Pythonic) short cut:
surf(xv, yv, values,
shadi ng="flat’,
col orbar="on’,
col or map=hot (),
axis=[-6,6,-6,6,-1.5,1.5],
vi ew=[ 35, 45])
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The resulting plot

0.8
0.6
0.4
0.2

-0.2
-0.4
-0.6
-0.8
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Other commands for visualizing 2D scalar fields

o

cont our (standard contours)), cont our f (filled contours),
cont our 3 (elevated contours)

® nesh (elevated mesh),
nmeshc (elevated mesh with contours in the xy plane)

# surf (colored surface),
sur f ¢ (colored surface with contours in the xy plane)

# pcol or (colored cells in a 2D mesh)
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Commands for visualizing 3D fields

Scalar fields:
® isosurface

® slice_ (colorsin slice plane),
cont our sl i ce (contours in slice plane)

Vector fields:
# qui ver 3 (arrows), (Qui ver for 2D vector fields)
® streaniine, streantube, streanri bbon (flow sheets)
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More info about Easyviz

® A plain text version of the Easyviz manual:
pydoc scitools. easyviz

® The HTML version:
http://fol k. uio.no/ hpl/easyviz/

#® Download SciTools (incl. Easyviz):
http://code. googl e. con p/ sci t ool s/
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Class programming in Python
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Contents

Intro to the class syntax

Special attributes

Special methods

Classic classes, new-style classes
Static data, static functions
Properties

About scope

o o000 b
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More info

Ch. 8.6 in the course book

Python Tutorial

Python Reference Manual (special methods in 3.3)
Python in a Nutshell (OOP chapter - recommended!)

oo 0 b
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Classes in Python

The basics of Python classes

® Similar class concept as in Java and C++ ® Declare a base class MyBase:
#® All functions are virtual class MBase:
# No private/protected variables def __init_(self,i,j): # constructor
(the effect can be "simulated") self.i =i self.j =]
. . . . def wite(self): # menber function
# Single and multiple inheritance print ' MyBase: i=',self.i,'|="self.j
® Everything in Python is a class and works with classes i X .
o . . ® sel f is areference to this object
#® Class programming is easier and faster than in C++ and Java (?) i
® Data members are prefixed by self:
self.i,self.]j
® All functions take sel f as first argument in the declaration, but not in
the call
instl = MyBase(6,9); instl.wite()
Glass programmingn Python— . 248 Glass programmingn Python— .250
Implementing a subclass Comment on object-orientation
® Class MySub is a subclass of MyBase: ® Consider
class MySub(M/Base): def wite(v):
v.wite()
def __init__(self,i,j,k): # constructor . X o .
MyBase. __init__(self,i,j) wite(i) # i is MySub instance
self.k = k;
def write(self): #® In C++/Java we would declare v as a MyBase reference and rely on
print ' MSub: i=,self.i,'j= self.j, k=, self.k i.wite() ascalling the virtual function wr i t e in MySub
. ® The same works in Python, but we do not need inheritance and
® Example: virtual functions here: v. wr i t () will work for any object v that
# this function works with any object that has a wite func: has a callable attribute wr i t e that takes no arguments
def wite(v): v.wite() ) X L - .
4 mak MySub i ® Object-orientation in C++/Java for parameterizing types is not
nmake a ub i nstance H i i i
i = MySub(7, 8,9) needed in Python since variables are not declared with types
wite(i) # will call MySub’s wite
Glass programmingn Python— . 251 Glass programmingn python— . 252
Private/non-public data Special attributes
® There is no technical way of preventing users from manipulating data i 1lis MyBase, i 2is MySub
and methods in an object #® Dictionary of user-defined attributes:
® Convention: attributes and methods starting with an underscore are >>> i1._dict__ # dictionary of user-defined attributes
treated as non-public (“protected”) {"i': 5 'j': 7}
. ) . . >>> 2. __dict
® Names starting with a double underscore are considered strictly Ci I 7 Ikvc; 79, 'j’: 8}

private (Python mangles class name with method name in this case:
obj . __some has actually the name _obj __sone)

class MyC ass:

def __init__(self):
|

self._a = Fal se # non-public
self.b =0 # public
self._¢c =0 # private
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#® Name of class, name of method:

>>> 2. __class__.__nanme__ # nane of class
" MySub’
>>> 2. wite. __nane__ # name of nethod
wite’

® List names of all methods and attributes:
>>> dir(i2)

["__doc__",

_init__', ' _module__", i, 'j', 'k', 'wite']
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Testing on the class type

Use i si nst ance for testing class type:
if isinstance(i2, MySub):
# treat i2 as a MySub instance

Can test if a class is a subclass of another:
if issubclass(M/Sub, MBase):

Can test if two objects are of the same class:

if instl. __class__is inst2.__class__

(i s checks object identity, == checks for equal contents)
a.__cl ass__ refers the class object of instance a

lass programming in Python — p. 255

Creating attributes on the fly

® Attributes can be added at run time (!)
>>> class G pass

>>> g = §
>>> dir(g)
["__doc__', '__module__'] # no user-defined attributes

>>> # add instance attributes:
>>> g.xm n=0; g.xmax=4; g.ym n=0; g.ymax=1

>>> dir(g)

["_doc__', '__nmodule_', "xmax', 'xmn’, 'ymax', 'ymin']
>>> g.xmn, g.xmax, g.ymn, g.ymax

(0, 4, 0, 1)

>>> # add static variables:

>>> G xm n=0; G xmax=2; G ymin=-1; G ymax=1

>>> g2 = )

>>> g2.xmn, g2.xmex, g2.ymn, g2.ymax # static variables
(0, 2, -1, 1)
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Another way of adding new attributes

Special methods

# Canwork with __di ct__ directly: ® Special methods have leading and trailing double underscores (e.g.
>>>i2.__dict_['q'] = some string’ _str_)
>>i2.9 ® Here are some operations defined by special methods:
sone string
>>> dir(i2) len(a) # a. __len__()
["__doc__', '__init__', '__nodule__', c = axb #c=a _mi_(b)
T K, g, Cwite] a = ath # a =a. __add_(b)
a+=c¢ # a.__iadd__(c)
d = a[3] #d = a. __getitem (3)
a[3] =0 # a.__setitem (3, O
f =a(l1.2, True) #f =a.__call__(1.2, True)
if a # if a.__len__()>0: or if a.__nonzero():
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Example: functions with extra parameters Possible (inferior) solutions
® Suppose we need a function of X and y with three additional # Solution 1: global parameters
parameters a, b, and c: global a, b, c
def f(x, y, a, b, ¢): def f :
return a + bxx + crxyxy € rghr?'a + brx + cryxy
® Suppose we need to send this function to another function L.
. . a=05 b=1 <c¢=0.01
def gridval ues(func, xcoor, ycoor, file): gridval ues(f, xcoor, ycoor, sonefile)
for i in range(len(xcoor)): . . X
for j in range(len(ycoor)): Global variables are usually considered evil
f = func(xcoor[i], ycoor[j]) : .
file.wite('% % Y%\n % (xcoor[i], ycoor[j], f) #® Solution 2: keyword arguments for parameters
f unc is expected to be a function of X and y only (many libraries def frg(i”%, aaio'b*sk E:i;yf;o. 01):
need to make such assumptions!)
® How can we send our f function to gr i dval ues? gridval ues(f, xcoor, ycoor, somefile)
useless for other values of a, b, ¢
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Solution: class with call operator Some special methods
#® Make a class with function behavior instead of a pure function ® _init_ (self [, args]): constructor
#® The parameters are class attributes ® _ del __(sel f): destructor (seldom needed since Python offers
® Class instances can be called as ordinary functions, now with x and automatic garbage collection)
y as the only formal arguments ® _ str__(self): string representation for pretty printing of the
class i object (called by pri nt orstr)
def s ta—;( :?' f’sef‘le'b Ezé: C:él)% c = ® _ repr__(sel f): string representation for initialization
) ' ‘ ' ' (a==eval (repr(a)) istrue)
def __call__(self, x, y): # special method!
return self.a + self.bxx + self.cryxy
f = F(a=0.5, c=0.01)
# can now call f as
v = (0.1,
QH dval ues(f, xcoor, ycoor, sonefile)
Glss progamming nPython . 261 Glss progamming nPython . 262
Comparison, length, call Indexing and slicing
® _ eq__(self, x):forequality (a==b), should return Tr ue or ® _ getitem (self, i): used for subscripting:
Fal se b =a[i]
® _ cnp_ (self, x):forcomparison (<, <=, >, >=, == ® _ setitem (self, i, v):usedforsubscripting:al[i] = v
! =); return negative integer, zero or positive integer if sel f is less ® _delitem (self, i): usedfordeleting: del a[i]
than, equal or greater than x (resp.) . .
| 1f) ) | # These three functions are also used for slices:
® len_ (self): length of object (called by | en(x)) a[p: q:r] impliesthati isaslice object with attributes
® _call__(self [, args]):callslikea(x,y) implies tart (p),stop(q)andstep(r)
a.__call__(x,y) [:-1]
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= a
inplies
= a.__getitem (i)
sinstance(i, slice) is True
.start is None

.stop is -1

S
b
#
b
i
i
i
i.step is None
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Arithmetic operations

In-place arithmetic operations

® _ add__(self, b):usedforself+b,ie., x+y implies ® _iadd__(self, b):self +=b
X.__add__(y) ® _isub__(self, b):self -=b
® _ sub__(self, b):self-b ® _inmul_ (self, b):self *=b
® __mil__(self, b):self<b o _idiv_(self, b):self /=b
® _div_(self, b):self/b
® _ pow_ (self, b):selfx*borpowself,b)
Right-operand arithmetics Type conversions
® radd__(self, b): This method defines b+sel f, while ® _ int__ (self): conversion to integer

__add__(self, b) definessel f+b. If a+b is encountered and
a does not have an __add__ method, b. __radd__(a) is called if
it exists (otherwise a+b is not defined).

® Similar methods: __rsub__, __rmul __, _ rdiv__
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(int(a) makesana. __int__ () call
® _ float__(self): conversion to float
® _ hex__(self): conversion to hexadecimal number
Documentation of special methods: see the Python Reference Manual

(not the Python Library Reference!), follow link from index “overloading -
operator”
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Boolean evaluations

®if a
when is a evaluated as true?

® Ifahas__len__or__nonzero__ and the return value is O or
Fal se, a evaluates to false

® Otherwise: a evaluates to true

# Implication: no implementationof __| en__ or__nonzero__
implies that a evaluates to true!!

#® whil e a follows (naturally) the same set-up
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Example on call operator: StringFunction

#® Matlab has a nice feature: mathematical formulas, written as text,
can be turned into callable functions

® A similar feature in Python would be like

f = StringFunction_v1(’ 1+sin(2*x)’)
print f(1.2) # evaluates f(x) for x=1.2

® f(x) impliesf.__call__(x)
# Implementation of class St ri ngFunct i on_v1 is compact! (see
next slide)
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Implementation of StringFunction classes

# Simple implementation:

class StringFunction_vi:
def __init__(self, expression):
self._f = expression

def __call__(self, x):
return eval (self._f) # evaluate function expression
® Problem: eval (string) is slow; should pre-compile expression

class StringFunction_v2:

def __init__(self, expression):
self._f_conpiled = conpil e(expression,
'<string>, 'eval')
def __call__(self, x):

return eval (sel f._f_conpil ed)
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New-style classes

® The class concept was redesigned in Python v2.2

o

We have new-style (v2.2) and classic classes

® New-style classes add some convenient functionality to classic
classes

# New-style classes must be derived from the obj ect base class:

class MyBase(object):
# the rest of WyBase is as before
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Static data

# Static data (or class variables) are common to all instances

>>> class Point:
counter = 0 # static variable, counts no of instances
def __init__(self, x, y):
self.x = x; self.y =vy;
Point.counter += 1

>>> for i in range(1000):
p = Point(i*0.01, i+0.001)

Static methods

New-style classes allow static methods
(methods that can be called without having an instance)

cl ass Point (object):
_counter =0
def __init__(self, x, y):
self.x = x; self.y =y; Point._counter += 1
def ncopies(): return Point._counter
ncopi es = staticnethod(ncopi es)

iESOPOi nt.counter # access W thout instance Calls:
>>> p.counter # access through instance >>> Poi nt. ncopi es()
1000 0
>>> p = Point(0, 0)
>>> p. ncopi es()
1
>>> Poi nt. ncopi es()
1
Cannot access sel f or class attributes in static methods
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Properties Attribute access; traditional

® Python 2.3 introduced “intelligent” assignment operators, known as

properties
® Thatis, assignment may imply a function call:
x.data = nydata; yourdata = x.data

# can be made equivalent to
x.set _data(nydata); yourdata = x.get_data()
# Construction:
class WO ass(object): # newstyle class required!
def set_data(self, d):
self. _data = d
<update other data structures if necessary...>

def get_data(self):
<performactions if necessary...>
return self._data

data = property(fget=get_data, fset=set_data)
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Direct access:

ny_object.attrl = True

a = ny_object.attrl

get/set functions:

class A

def set_attri(attrl):

self._attrl = attr # underscore => non-public variable
sel f. _update(sel f._attrl) # update internal data too

ny_obj ect.set _attr1(True)

a = ny_object.get_attri()

Tedious to write! Properties are simpler...
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Attribute access; recommended style

® Use direct access if user is allowed to read and assign values to the
attribute

® Use properties to restrict access, with a corresponding underlying
non-public class attribute

#® Use properties when assignment or reading requires a set of
associated operations

® Never use get/set functions explicitly

#® Attributes and functions are somewhat interchanged in this scheme
= that's why we use the same naming convention

nyobj . conput e_sonet hi ng()
nyobj . ny_speci al _variabl e = yourobj.find_val ues(x,y)
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More about scope

Example: a is global, local, and class attribute

a=1 # gl obal variable
def f(x):

a=2 # local variable
class B:

def __init_ (self):

self.a =3 # class attribute

def scopes(self):
a=4 # local (method) variable

Dictionaries with variable names as keys and variables as values:

| ocal s() : local variables
gl obal s() : global variables
vars() : local variables
vars(self) : class attributes
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Demonstration of scopes (1)

® Function scope:

>>>a =1

>>> def f(x):
a=2 # local variable
print 'locals:’', locals(), "local a:’, a
print 'global a:', globals()['a']

>>> f(10)

locals: {"a: 2, "x': 10} local a: 2

global a: 1

a refers to local variable

Class programming i Python — p. 279

Demonstration of scopes (2)

Class:
class B:
def __init__ (self):
self.a =3 # class attribute

def scopes(self):
a=4 # local (method) variable

print 'locals:’, locals()

print 'vars(self):’, vars(self)

print 'self.a:’, self.a

print 'local a:', a, 'global a:’, globals()['a']

Interactive test:

>>> b=B()

>>> b. scopes()

locals: {"a: 4, 'self’': <scope.B instance at 0x4076f b4c>}
vars(self): {"a': 3}

sel f. a:

local a: 4 global a: 1
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Demonstration of scopes (3)

® \Variable interpolation with var s:

class C(B):
def wite(self):
local _var = -1

s = "%l ocal _var)d %gl obal _var)d %a)s’ % vars()
® Problem: var s() returns dict with local variables and the string
needs global, local, and class variables
#® Primary solution: use printf-like formatting:
s ="'% % %' % (local _var, global_var, self.a)

#® More exotic solution:

all = {}

for scope in (locals(), globals(), vars(self)):
al | . updat e(scope)

s = "%l ocal _var)d %gl obal _var)d %a)s’ %all

(but now we overwrite a...)
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Namespaces for exec and eval

# exec and eval may take dictionaries for the global and local
namespace:

exec code in globals, locals

eval (expr, globals, |ocals)
® Example:

a=8 b=29

d={a:1 'b:2}

eval ('a + b, d) # yields 3

and

frommath inport »

d['b’] = pi
eval ("a+sin(b)', globals(), d) # yields 1

® Creating such dictionaries can be handy
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Generalized StringFunction class (1)

® Recall the StringFunction-classes for turning string formulas into
callable objects

f = StringFunction(’ 1+sin(2xx)")
print f(1.2)
$» We would like:
» an arbitrary name of the independent variable
» parameters in the formula

f = StringFunction_v3(' 1+A~sin(wt)’,
i ndependent _variable="t",
set_paraneters="A=0.1; w=3.14159")

First implementation

# |dea: hold independent variable and “set parameters” code as strings

® Exec these strings (to bring the variables into play) right before the
formula is evaluated

class StringFunction_v3:
def __init__(self, expression, independent_variable="x",
set _paranmeters=""):
self._f_conpiled = conpil e(expression,
'<string>, 'eval')
sel f. _var = independent_variable # 'x', 't' etc.
sel f. _code = set_paraneters

def set_paraneters(self, code):
sel f._code = code

print f(1.2)
f. set _par anet ers(’ A=0. 2; w=3.14159") def __call__(self, x):
print f(1.2) exec '% = %9 % (self._var, x) # assign indep. var.
if self._code: exec(self._code) # paranmeters?
return eval (sel f._f_conpil ed)
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Efficiency tests A more efficient StringFunction (1)
® The execusedinthe __cal | __ method is slow! ® |deas: hold parameters in a dictionary, set the independent variable
® Think of a hardcoded function into this dictionary, run eval with this dictionary as local namespace
def f1(x): # Usage:

return sin(x) + xx*3 + 2xx

and the corresponding St ri ngFunct i on-like objects
® Efficiency test (time units to the right):

f1 1
StringFunction_vil: 13

StringFunction_v2: 2.3

StringFunction_v3: 22

Why?
#® eval w/icompile is important; exec is very slow
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f = StringFunction_v4(' 1+Assin(wt)’, A=0.1, w=3.14159)
f.set_paraneters(A=2) # can be done |ater
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A more efficient StringFunction (2)

# Code:
class StringFunction_v4:
def __init__(self, expression, *+xkwargs):
self._f_conpiled = conpil e(expression,
'<string>, 'eval')
sel f. _var = kwargs. get ('independent_variable', 'x')
sel f. _prms = kwargs
try: del self._prns[’independent_variable’]

except: pass

def set_parameters(self, xxkwargs):
sel f. _prms. updat e( kwar gs)

def __call__(self, x):
self._prms[self._var] = x
return eval (sel f._f_conpiled, globals(), self._prms)
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Extension to many independent variables

® We would like arbitrary functions of arbitrary parameters and
independent variables:

f = StringFunction_v5(’ Axsin(x)*exp(-b*xt)’, A=0.
i ndependent _vari abl es=(" x
print f(1.5, 0.01) # x=1.5, t=0.01

#® |dea: add functionality in subclass

class StringFunction_v5(StringFunction_v4):
def __init__(self, expression, **kwargs):
StringFunction_v4. __init__(self, expression, xxkwargs)
sel f. _var = tupl e(kwargs. get ('independent_vari abl es’,

try: del self._prns[’independent_variables’]
except: pass

def __call__(self, xargs):
for nane, value in zip(self._var, args):
sel f. _prms[nane] = value # add indep. variable
return eval (self._f_conpiled,
self._globals, self._prns)
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Efficiency tests

® Testfunction: sin(x) + x**3 + 2xx
f1 . D1
StringFunction_vl: 13
StringFunction_v2: 2.3
StringFunction_v3: 22
StringFunction_v4: 2.3
StringFunction_v5: 3.1

(because of unconpiled eval)
(because of exec in __call_)

(because of loop in __call_))
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Removing all overhead

® Instead ofeval in__call __

class StringFunction:
def _build_| anbda(sel f):
s = 'lanbda ' + ', '.join(self._var)
# add paraneters as keyword arguments:
if self._prns:

we may build a (lambda) function

s+=", "+, " join(['%=%" %(k, self._prms[k]) \
for k in self._prms])
s +=": " +self._f
self.__call__ = eval (s, self._globals)
® Foracall
f = StringFunction(’ Arsin(x)*exp(-bxt)’, A=0. 1, b=1,
i ndependent _vari abl es (x,t))

the s looks like
lambda x, t, A=0.1, b=1: return Arsin(x)x*exp(-bxt)
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Final efficiency test

# StringFuncti on objects are as efficient as similar hardcoded
objects, i.e.,
class F:
def __call__(self, x, y):
return sin(x)*cos(y)

but there is some overhead associated with the __cal | __ op.
® Trick: extract the underlying method and call it directly
f1 = F()
=f1.__call

f2
# f2(x,y) is faster than f1(x,y)
Can typically reduce CPU time from 1.3 to 1.0

#® Conclusion: now we can grab formulas from command-line, GUI,
Web, anywhere, and turn them into callable Python functions without
any overhead
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Adding pretty print and reconstruction

» “Pretty print™:
class StringFunction:

def __str__(self):
return self. _f # just the string fornula

#® Reconstruction: a = eval (repr(a))

# StringFunction(’ 1+x+axy’
i ndependent _variables=("x",'y"),
a=1)

def __repr__(self):
kwargs = ', '.join([’ %=%" % (key, repr(value)) \
for key, value in self._prns.items()])
return "StringFunctionl(%, independent_variabl e=%"
", 9%8)" % (repr(self._f), repr(self._var), kwargs)
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Examples on StringFunction functionality (1)

>>> from scitools. StringFunction inport StringFunction
>>> f = StringFunction(’ 1+sin(2*x)")

>>> f (1.2

1.6754631805511511

>>> f = StringFunction(’ 1+sin(2«t)’
>>> f(1.2
1.6754631805511511

i ndependent _variables="t")

>>> f = StringFuncti on( 1+A«sin(wt)’, independent_variables="t",
A=0.1, w=3. 14159)

>>> f(1.2)

0.94122173238695939

>>> f.set_paraneters(A=1, w=1)

>>> f(1.2)

1. 9320390859672263

>>> (1.2, A=2, wel)
2.8640781719344526

# can al so set paraneters in the call
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\

Examples on StringFunction functionality (2)

>>> # function of two variables:
>>> f = StringFunction(’1+sin(2xx)=*cos(y)’
i ndependent _vari abl es x','y))
>>> f(1.2,-1.1)
1. 3063874788637866

>>> f = StringFunction(’ 1+Vxsin(wx)*exp(-bxt)’, \
i ndependent _variabl es=("x","t"))
>>> f . set parameters(v 0.1, w=1, b=0.1)
>>> f(1.0,0.1)
1. 0833098208613807
>>> str(f) # print fornula with parameters substituted by val ues
' 1+0. 1*sin(1xx) *exp(-0. 1xt)’
>>> repr(f)
"StringFunction(’ 1+Vxsi n(ka)*exp( bxt)’
i ndependent _variables=("x", 't'), b=0. 10000000000000001
w=1, V=0.10000000000000001) "

>>> # vector field of x and y:
>>> f = StringFunction(’ [a+b*x,y]"', \
i ndependent _variabl es=("x",'y"))
>>> f.set_paranmeters(a=1, b=2)
>>> f(2,1) # [1+2%2, 1]
[5, 1]
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Exercise

® Implement a class for vectors in 3D
® Application example:

>>> from Vec3D i nport Vec3D

>>> u = Vec3D(1, 0, 0) # (1,0,0) vector
>>> v = Vec3D(0, 1, O

>>> print ux*v # cross product

(0, 0,

>>> | en(u) # Eucl edi an norm

1.0

>>> y[ 1] # subscripting

0

>>> y[2]=2.5 # subscripting w assignnent
>>> U+v # vector addition

(1, 1, 2.5)

>>> y-v # vector subtraction

(1, -1, -2.5)

>>> Uxv # inner (scalar, dot) product
0

>>> str(u) # pretty print

(1, 0, 0)’

>>> repr(u) # u = eval (repr(u))

"Vec3D(1, 0, 0)’
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Exercise, 2nd part

® Make the arithmetic operators +, - and * more intelligent:

= Vec3D(1, 0, 0)
v = Vec3D(0, -0.2, 8)
=12

u+v  # vector addition

a+v # scalar plus vector, yields (1.2, 1, 9.2)
vector plus scalar, yields (1.2, 1, 9.2)
scal ar m nus vector

scal ar mnus vector

scal ar times vector

vector tinmes scal ar

T
3
I
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More about array computing
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Integer arrays as indices

® Aninteger array or list can be used as (vectorized) index

>>> a
>>> a
array([ 1., 2., 3., 4., 5., 6., 7., 8.])

>>> a[[1,6,7]] = 10
>>> a

= linspace(1, 8, 8)

array([ 1., 10., 3., 4., 5., 6., 10., 10.])
>>> a[range(2,8,3)] = -2

>>> a

array([ 1., 10., -2., 4., 5., -2, 10., 10.])

>>> a[a < 0] # pick out the negative elenments of a

array([-2., -2.])

>>> g[a < 0] = a.max()

>>> a

array([ 1., 10., 10., 4., 5., 10., 10., 10.])

® Such array indices are important for efficient vectorized code
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More about references to data

>>> A = array([[1,2,3],[4,5,6]], float)

>>> print
(i 2 3]
[ 4. 5 6.]]
>>> b = Al:, 1]
>>> print b
[[2 3]
[ 5. 6.]]
>>> ¢ = 3*b
>>> b[:,:] =c # this affects Al
>>> print A
1. 6. 9.]
[ 4. 15, 18.]]
>>> ph = 2*C # b refers to new array
>>> p[0,0] = -1 # does not affect A
>>> print A0, Q]
1.0
>>> A[:,:-1] = 3xc # does not affect b

>>> print A
[[ 18. 27. 9.]
[ 45. 54, 18.]]
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Complex number computing

>>> frommath inmport sqrt

>>> sqrt(-1)

Traceback (nost recent call last):
File "<stdin>", line 1, in <nmodul e>

Val ueError: math domain error

>>> from nunpy inport sqrt

>>> sqrt(-1)

Warning: invalid value encountered in sqrt
nan

>>> fromcmath inport sqrt # conpl ex math functions
>>> sqrt(-1)

1

>>> sqrt(4) # cmath functions always return conplex...
(2+0j)

>>> from nunpy.lib.scimth inport sqrt
>>> sqrt(4)

2.0 # real when possible
>>> sqrt(-1)
1j # ot herwi se conpl ex
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A root function

# Goal : conpute roots of a parabola, return real when possible,
# otherw se conpl ex

def roots(a, b, c):
# conpute roots of a*xx"2 + b*x + ¢ =0
fromnunpy.lib.scimath inport sqgrt
q = sqrt(bx*2 - 4xaxc) # q is real or conplex
rl = (-b + q)/(2*a)
r2 = (-b - q)/(2+a)
returnrl, r2

>>>a=1: b =2; ¢
>>> roots(a, b, c)
((-1+9.94987437107}), (-1-9.94987437107]))
>>a=1, b=4 ¢c=1

>>> roots(a, b, c)
(-0.267949192431, -3.73205080757)

100
# conpl ex roots

# real roots
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Array type and data type

>>> jnport nunpy

>>> a = nunpy. zer os(5)
>>> type(a)

<type 'nunpy.ndarray’ >

>>> jsinstance(a, ndarray) # is a of type ndarray?
True
>>> a. dtype # data (el ement) type object

dtype(’ float64’)
>>> a. dtype. nane
"l oat 64’

>>> a. dtype. char # character code

>>> a.dtype.itensize # no of bytes per array el ement
8

>>> b = zeros(6, float32)

>>> a.dtype == b.dtype # do a and b have the sane data type?
Fal se

>>> ¢ = zeros(2, float)

>>> a.dtype == c.dtype

True
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Matrix objects (1)

® NumPy has an array type, matrix, much like Matlab’s array type

>>> x1 = array([1, 2, 3], float)
>>> x2 = matrix(x1) # or just mat(x)
>>> X2 # row vector
matrix([[ 1., 2., 3.]])
>>> x3 = matrix(x1.transpose() # colum vector
>>> x3
matrix([[ 1.],

[ 2],

[ 31D
>>> type(x3)
<class 'nunpy.core.defmatrix. matrix’ >

>>> jsinstance(x3, matrix)
True

# Only 1- and 2-dimensional arrays can be mat ri x
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Matrix objects (2)

® For mat ri x objects, the * operator means matrix-matrix or
matrix-vector multiplication (not elementwise multiplication)

>>> A = eye(3) # identity matrix

# turn array to matrix

>>> A
matrix([[ 1., 0., O0.],
[ o0, 1., O.],
[0, o0, 1]l _
>>> y2 = x2*A # vector-matrix product
>>> y2

matrix([[ 1., 2., 3.1])
>>> y3 = A«x3

>>> y3
mat ri x([

# matrix-vector product

[ L],
[ 2],
[ 31D
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Compound expressions generate temporary arrays

® Letusevaluate f 1( x) for a vector x:

def f1(x):
return exp(-xx*x)*log(1+x*sin(x))

® Calling f 1( x) is equivalent to the code

tenpl = -x

tenp2 = tenpl*x
tenp3 = exp(tenp2)
tenp4 = sin(x)}
temp5 = x*tenpé
tenp6 = 1 + tenp4d
tenp7 = | og(tenp5)

result = tenp3*tenp?
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In-place array arithmetics

® Expressions like 3* a- 1 generates temporary arrays

#® With in-place modifications of arrays, we can avoid temporary arrays
(to some extent)

a

=3 # or multiply(b, 3, b)

=1 # or subtract(b, 1, b)
Note: a is changed, use b = a. copy()

#® In-place operations:

b =
b *
b -

a*= 3.0 # nmultiply a’s elements by 3
a-=10 # subtract 1 from each el enent
al=3.0 # divide each el ement by 3
a+= 1.0 # add 1 to each el enent

a *xx= 2.0 # square all elenments

# Assign values to all elements of an existing array:

a[:] =3*xc - 1 # insert values into a
a=3*c - 1 # let arefer to new array object
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Vectorization (1)

® Loops over an array run slowly

® Vectorization = replace explicit loops by functions calls such that the
whole loop is implemented in C (or Fortran)

® Explicit loops:

r = zeros(x.shape, x.dtype)
for i in xrange(x.size):

r[i] = sin(x[i])

® \ectorized version:
r = sin(x)

® Arithmetic expressions work for both scalars and arrays

o

Many fundamental functions work for scalars and arrays
® Ex: x**2 + abs(x) works for x scalar or array
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Vectorization (2)

A mathematical function written for scalar arguments can (normally) take
array arguments:

>>> def f(x):
return x**2 + sinh(x)*exp(-x) + 1

>>> # scal ar argunent:
>>> x = 2

f(x)
5.4908421805556333
>>> # array argument:
>>> vy = array([2, -1, 0, 1.5])

>>> f(y)
array([ 5.49084218, -1.19452805, 1. , 3.72510647])
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Vectorization of functions with if tests; problem

® Consider a function with an if test:

def sonefunc(x):
if x <O0:

return 0

el se:
return sin(x)

# or
def sonmefunc(x): return 0 if x < 0 else sin(x)

#® This function works with a scalar X but not an array

® Problem: x<0 results in a boolean array, not a boolean value that
can be used in the if test

>>> x = |inspace(-1, 1, 3); print x
[-1. O. .

>>>y =x <0

>>>

array([ True, False, False], dtype=bool)
>>> pool (y) # turn object into a scalar bool ean val ue

Vai ueError: The truth value of an array with nore than one
el ement is anbiguous. Use a.any() or a.all()
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Vectorization of functions with if tests; solutions

# Simplest remedy: use NumPy's vect or i ze class to allow array
arguments to a function:

>>> sonmefuncv = vectorize(sonefunc, otypes="d’)

>>> # test:

>>> x = |inspace(-1, 1, 3); print x

[-1. 0. 1.

>>> sonef uncv(x)

array([ O. , o . 0.84147098])

Note: The data type must be specified as a character (' d’ for
double)
® The speed of sonef uncv is unfortunately quite slow
#® A better solution, using wher e:
def sonefuncv2(x):
x1 = zeros(x.size, float)

X2 = sin(x)
return where(x < 0, x1, x2)
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General vectorization of if-else tests

def f(x): # scal ar x
if condition:
X = <expressionl>
el se:
X = <expression2>
return x

def f_vectorized(x):
x1 = <expressionl>
X2 = <expression2>
return where(condition, x1, x2)

# scalar or array x
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Vectorization via slicing

® Consider a recursion scheme like
ulth = pul_ + (1 -28)uf + Bul,,, i=1...n-1,
(which arises from a one-dimensional diffusion equation)

#® Straightforward (slow) Python implementation:

n = size(u)-1
for i in xrange(1,n,1):
u_newi] = betaxu[i-1] + (1-2+beta)*u[i] + betaxu[i+1]

® Slices enable us to vectorize the expression:
u[1:n] = beta*u[0:n-1] + (1-2+beta)*u[1l:n] + beta*u[2: n+1]

® Speed-up: factor 10-150 (150 for 3D arrays)
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Random numbers

® Drawing scalar random numbers:

import random
random seed(2198) # control the seed

u
u
u

random r andon( )
random uni forn(-1, 1)
random gauss(m s)

# uni form nunber on [0, 1)
# uni form nunber on [-1,1)
# nunber from N(ms)

® \Vectorized drawing of random numbers (arrays):

from nunpy inport random

random seed(12) # set seed

u = random randon( n) # n uni formnunbers on (0, 1)
u = randomuniforn(-1, 1, n) # n uniformnunbers on (-1,1)
u = random normal (m s, n) # n nunbers fromN(ms)

# Note that both modules have the name r andom A remedy:

import random as random nunber
fromnunpy inport *

# rename random for scalars
# randomis now nunpy.random
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Basic linear algebra

NumPy contains the | i nal g module for

® solving linear systems

computing the determinant of a matrix

computing the inverse of a matrix

computing eigenvalues and eigenvectors of a matrix
solving least-squares problems

computing the singular value decomposition of a matrix

L2 2N I B B )

computing the Cholesky decomposition of a matrix
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A linear algebra session

from nunpy inport * # includes inport of linalg

# fill matrix A and vectors x and b
b = dot (A x) # matrix-vector product
y = linalg.solve(A b) # solve Axy = b

if allclose(x, y, atol=1.0E-12, rtol =1. 0E-12):
print 'correct solution!’

A least-squares procedure

x = linspace(0.0, 1.0, n)
y_line = -2xx + 3

# coordi nates

y_line + randomnormal (0, 0.25, n) # line with noise

goal: fit aline to the data points x, y

= array([x, ones(n)])

y
#
# create and sol ve | east squares system
A =
A = A transpose()

d = linalg.det(A)
B = linalg.inv(A) result = linalg.lstsq(A y) _ .
# check result: i; rgsgl :elsil :i[é]—tupl e, the solution (a,b) is the 1st entry:
R = dot (A, B) - eye(n) # residual ' -
R norm= linalg.norn(R) # Frobenius normof matrix R plot(x, y, ‘0, # data points w noise
print 'Residual R = AxA-inverse - |:', R norm x, y_line, 'r’ # original line
. s . . * b, "b’) # fitted lines
A eigenval ues = |inalg.eigval s(A) # eigenval ues only le X, arx + b, 'br) #Tit tnes S
f i N A gend(’ data points’, 'original line, "fitted line")
A_eigenval ues, A _eigenvectors = |inalg.eig(A) har dcopy(” mypl ot . png’ )
for e, v in zip(A_eigenvalues, A_eigenvectors):
print 'eigenval ue %g has correspondi ng vector\n%' % (e, v)
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File I/O with arrays; plain ASCII format File 1/0O with arrays; binary pickling
® Plain text output to file (just dump r epr (array) ): # Dump arrays with cPi ckl e:
a = linspace(1, 21, 21); a.shape = (2,10) # al and a2 are two arrays
file = open(’tnp.dat’, "w) inmport cPickle
fileewite('Here is an array a:\n") file = open(’tnp.dat’, "wb')
file.wite(repr(a)) # dunp string representation of a fileewite('This is the array al:\n")
file.close() cPickle.dunp(al, file)
file.wite(’Here is another array a2:\n’)
# Plain text input (just take eval on input line): cPickle. dunp(a2, file)
. file.close()
file = open(’tnp.dat’, "r’
file.readline() # load the first line (a coment) : in (i .
b = eval (file.read()) #® Read in the arrays again (in correct order):
file.close() file = open(’'tnp.dat’, 'rb")
file.readline() # swallowthe initial coment line
bl = cPickle.load(file)
file.readline() # swallow next comment |ine
b2 = cPickle.load(file)
file.close()
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ScientificPython ScientificPython: numbers with units
® ScientificPython (by Konrad Hinsen) >>> from Sci entific.Physics. Physical Quantities \
o o . . " . import Physical Quantity as PQ
® Modules for automatic differentiation, interpolation, data fitting via >>> m= PQ12, 'kg') # nunber, di nension
nonlinear least-squares, root finding, numerical integration, basic >>> g = PQ("0.88 knmisx*2') # alternative syntax (string)
statistics, histogram computation, visualization, parallel computing ;;i E ma

(via MPI or BSP), physical quantities with dimension (units), 3D
vectors/tensors, polynomials, /0 support for Fortran files and netCDF

#® \ery easy to install
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Physi cal Quantity(10.56, " kgxkm sx*2")

>>> F = F.inBaseUnits()

>>> F

Physi cal Quantity(10560.0, ' mrkg/s**2")

>>> F.convertToUnit('MN') # convert to Mega Newton
>>> F

Physi cal Quantity(0.01056," W)

>>> F = F + PQ(O0.1, 'kPa*mx*2') # kilo Pascal nt2
>>> F

Physi cal Quantity(0.010759999999999999, ' MN )

>>> F. get Val ue()

0. 010759999999999999
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SciPy SymPy: symbolic computing in Python
® SciPy is a comprehensive package (by Eric Jones, Travis Oliphant, ® SymPy is a Python package for symbolic computing
Pearu Peterson) for scientific computing with Python ® Easy to install, easy to extend
#® Much overlap with ScientificPython ® Easy to use:
# SciPy interfaces many classical Fortran packages from Netlib >>> fromsynpy inport *
(QUADPACK, ODEPACK, MINPACK, ...) >>> x = Synbol (" x)
#® Functionality: special functions, linear algebra, numerical integration, zzz : = cos(acos(x))
ODEs, random variables and statistics, optimization, root finding, cos(acos(x)) .
interpolation, ... >>> sin(x).series(x, 4) # 4 ternms of the Taylor series
! X - 1/6xx*x*x3 + Q(x**4
# May require some installation efforts (applies ATLAS) zzz gggz = diff(cos(2xx), x)
® See www.scipy.org - 2xsin(2+xx)
>>> dcos. subs(x, pi).evalf() # x=pi, float evaluation
0
>>> | = integrate(log(x), Xx)
>>> print |
-x + xxlog(x)
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Python + Matlab = true
® A Python module, pymat, enables communication with Matlab:
from nunpy inport *
import pymat
x = linspace(0, 4xmath.pi, 11)
m = pynat. open()
# can send nunpy arrays to Matl ab: i i . i
byt pat(m e 5 Numerical mixed-language programming
pymat.eval (m 'y = sin(x)")
pymat.eval (m 'plot(x,y)’)
# get a new nunpy array back:
y = pymat.get(m 'y’')
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Contents More info
® Migrating slow for loops over NumPy arrays to Fortran, C and C++ # Ch. 5,9 and 10 in the course book
#® F2PY handling of arrays ® F2PY manual
# Handwritten C and C++ modules #» SWIG manual
® C++ class for wrapping NumPy arrays ® Examples coming with the SWIG source code
#® C++ modules using SCXX ® Electronic Python documentation:
® Pointer communication and SWIG Extendlhg and Embedding..., Python/C API
® Efficiency considerations # Pythoniin a Nutshell
® Python Essential Reference (Beazley)
Numerica misetHanguage progranio - p 326 Numerica misetHanguage prograning - . 326
Is Python slow for numerical computing? Comments
# Fill a NumPy array with function values: ® Python loops over arrays are extremely slow
n = 2000 ® NumPy vectorization may be sufficient
a = zeros((n,n))
xcoor = arange(0, 1, 1/float(n)) #® However, NumPy vectorization may be inconvenient
ycoor = arange(O0, 1, 1/float(n)) - plain loops in Fortran/C/C++ are much easier
for i in range(m: #® Write administering code in Python
for j in range(n):
ali,j] = f(xcoor[i], ycoor[j]) # f(x,y) = sin(x*y) + 8%x ® |dentify bottlenecks (via profiling)
® Fortran/C/C++ version: (normalized) time 1.0 # Migrate slow Python code to Fortran, C, or C++
® NumPy vectorized evaluation of f : time 3.0 # Python-Fortran w/NumPy arrays via F2PY: easy
® Python loop version (version): time 140 (mat h. si n) K ] Python-_C/C++ w/NumPy arrays via SWIG: not that easy,
X X X X handwritten wrapper code is most common
® Python loop version (version): time 350 (numar r ay. si n)
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Case: filling a grid with point values

® Consider a rectangular 2D grid

#® ANumPyarraya[i,j] holds values at the grid points
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Python object for grid data

® Python class:
class Gid2D:
def __init__(self,
xm n=0, xmax=1, dx=0.5,
ym n=0, ynmax=1, dy=0.5):
sel f. xcoor sequence(xnin, xmax, dx)
sel f.ycoor sequence(ynin, ymax, dy)

# make two-dim versions of these arrays:
# (needed for vectorizationin __call__)
sel f.xcoorv = sel f.xcoor[:, newaxi s]

sel f.ycoorv = sel f.ycoor[newaxis, :]

def __call__(self, f):
# vectorized code:
return f(self.xcoorv, self.ycoorv)
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Slow loop

® |Include a straight Python loop also:
class Gid2D:

def gridloop(self, f):
Ix = size(self.xcoor); ly = size(self.ycoor)
a = zeros((Ix,1y))

for i in range(lx):
x = sel f.xcoor[i]
for j in range(ly):
y = self.ycoor[j]
afi,jl =1f(x, y)
return a

® Usage:
g = Gid2D(dx=0.01, dy=0.2)
def nyfunc(x, y):
return sin(xxy) +y
a = g(nyfunc)
i =4; ' =10;
print 'value at (%, %) is %9 % (g.xcoor[i],g.ycoor[j],a[i,j])
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Migrate gridloop to F77

class Gid2Deff(Gid2D):
def __init__(self,
xm n=0, xmax=1, dx=0.5,
ym n=0, ymax=1, dy=0.5):
Gid2D. __init__(self, xmn, xmax, dx, ymin, ymax, dy)
def ext_gridloopl(self, f):
“""conpute a[i,j] = f(xi,yj) in an external routine."""
I x = size(self.xcoor); |y = size(self.ycoor)
a = zeros((Ix,1y))

ext _gridl oop. gridloopl(a, self.xcoor, self.ycoor, f)
return a

We can also migrate to C and C++ (done later)
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F77 function

® First try (typical attempt by a Fortran/C programmer):

subroutine gridloopl(a, xcoor, ycoor, nx, ny, funcl)
integer nx, ny

real *8 a(0:nx-1,0:ny-1), xcoor(0:nx-1), ycoor(0:ny-1)
real 8 funcl

external funcl

integer i,j
real *8 x, y
doj =0, ny-1
y = ycoor(j)
doi =0, nx-1
x = xcoor (i)
a(i,j) = funcl(x, y)
end do
end do
return
end

# Note: f| oat type in NumPy array must match r eal * 8 or doubl e
preci si on in Fortran! (Otherwise F2PY will take a copy of the
array a so the type matches that in the F77 code)
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Making the extension module

® Run F2PY:
f2py -mext_gridloop -c gridloop.f

® Try it from Python:

inport ext_gridl oop
ext_gridl oop. gridloopl(a, self.xcoor, self.ycoor, nyfunc,
size(sel f.xcoor), size(self.ycoor))

wrong results; a is not modified!

#® Reason: the gri dl oopl function works on a copy a (because
higher-dimensional arrays are stored differently in C/Python and
Fortran)
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Array storage in Fortran and C/C++

#® C and C++ has row-major storage
(two-dimensional arrays are stored row by row)

#® Fortran has column-major storage
(two-dimensional arrays are stored column by column)

#® Multi-dimensional arrays: first index has fastest variation in Fortran,
last index has fastest variation in C and C++
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Example: storing a 2x3 array

1‘2‘3‘4‘5‘6‘Cstorage

1‘4‘2‘5‘3‘6‘F0rtranstorage

1 2 3
4 5 6
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F2PY and multi-dimensional arrays

® F2PY-generated modules treat storage schemes transparently

® |If input array has C storage, a copy is taken, calculated with, and
returned as output

#® F2PY needs to know whether arguments are input, output or both
# To monitor (hidden) array copying, turn on the flag
f2py ... - DF2PY_REPORT_ON_ARRAY_COPY=1
#® In-place operations on NumPy arrays are possible in Fortran, but the

default is to work on a copy, that is why our gr i dl oop1 function
does not work
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Always specify input/output data

® Insert Cf2py comments to tell that a is an output variable:

subroutine gridl oop2(a, xcoor, ycoor, nx, ny, funcl)
integer nx, ny
real *8 a(0:nx-1,ny-1), xcoor(0:nx-1), ycoor(0:ny-1), funcl
external funcl

Cf2py intent(out) a

Cf2py intent(in) xcoor

Cf2py intent(in) ycoor

Cf 2py depend(nx, ny) a
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gridloop2 seen from Python

® F2PY generates this Python interface:

>>> jnport ext_gridl oop
>>> print ext_gridl oop.gridloop2.__doc__

gridloop2 - Function signature:

a = gridl oop2(xcoor, ycoor, funcl, [ nx, ny, funcl_extra_args])
Requi red argunents:

xcoor : input rank-1 array(’'d ) with bounds (nx)

ycoor : input rank-1 array('d' ) wth bounds (ny)

funcl : call-back function
Optional arguments:

nx := len(xcoor) input int
ny := len(ycoor) input int
funcl_extra_args := () input tuple

Return objects:
a : rank-2 array('d') wth bounds (nx,ny)

#® nx and ny are optional (1)
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Handling of arrays with F2PY

# Output arrays are returned and are not part of the argument list, as
seen from Python

#® Need depend( nx, ny) a to specify that a is to be created with
size nx, ny in the wrapper

#® Array dimensions are optional arguments (!)
class Gid2Deff(Gid2D):
def ext_gridloop2(self, f)

a = ext_gridl oop.gridl 6op2(sel f.xcoor, self.ycoor, f)
return a

® The modified interface is well documented in the doc strings
generated by F2PY
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Input/output arrays (1)

#® What if we really want to send a as argument and let F77 modify it?

def ext_gridloopl(self, f):
I x = size(self.xcoor); |y = size(self.ycoor)
a = zeros((Ix,1y))
ext _gridl oop. gridloopl(a, self.xcoor, self.ycoor, f)
return a

® This is not Pythonic code, but it can be realized
1. the array must have Fortran storage

o

® 2. the array argument must be i nt ent (i nout)
(in general not recommended)
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Input/output arrays (2)

® F2PY generated modules has a function for checking if an array has
column major storage (i.e., Fortran storage):

>>> a = zeros((n,n), order="Fortran')

>>> jsfortran(a)

True

>>> a = asarray(a, order="C) # back to C storage
>>> jsfortran(a)

Fal se
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Input/output arrays (3)

® Fortran function:

subroutine gridl oopl(a, xcoor, ycoor, nx, ny, funcl)
integer nx, ny
real *8 a(0:nx-1,ny-1), xcoor(0:nx-1), ycoor(0:ny-1), funcl
C call this function with an array a that has
C col umm nmj or storage!
Cf2py intent(inout) a
Cf 2py intent(in) xcoor
Cf2py intent(in) ycoor
Cf 2py depend(nx, ny) a

#® Python call:

def ext_gridloopl(self, f):
I x = size(self.xcoor); |y = size(self.ycoor)
a = asarray(a, order="Fortran’')
ext_gridl oop. gridloopl(a, self.xcoor, self.ycoor, f)
return a
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Storage compatibility requirements

# Only when a has Fortran (column major) storage, the Fortran
function works on a itself

#® If we provide a plain NumPy array, it has C (row major) storage, and
the wrapper sends a copy to the Fortran function and transparently
transposes the result

® Hence, F2PY is very user-friendly, at a cost of some extra memory
® The array returned from F2PY has Fortran (column major) storage
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F2PY and storage issues

# intent(out) ais the right specification; a should not be an
argument in the Python call

® F2PY wrappers will work on copies, if needed, and hide problems
with different storage scheme in Fortran and C/Python

# Python call:
a = ext_gridl oop. gridl oop2(self.xcoor, self.ycoor, f)
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Caution

# Find problems with this code (conp is a Fortran function in the
extension module pde):

x = arange(0, 1, 0.01)

b = nyfuncl(x) # conpute b array of size (n,n)
u = nyfunc2(x) # conpute u array of size (n,n)
c = nyfunc3(x) # conpute c array of size (n,n)
dt = 0.05

for in range(n)

i
u = pde.conmp(u, b, c, ixdt)
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About Python callbacks

# |tis convenient to specify the nyf unc in Python

® However, a callback to Python is costly, especially when done a large
number of times (for every grid point)

® Avoid such callbacks; vectorize callbacks

#® The Fortran routine should actually direct a back to Python (i.e., do
nothing...) for a vectorized operation

® Let's do this for illustration
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Vectorized callback seen from Python

class Gid2Deff(Gid2D):

def ext_gridloop_vec(self, f):
"""Call extension, then do a vectorized callback to Python.
I x = size(self.xcoor); |y = size(self.ycoor)
a = zeros((Ix,1y))
a = ext_gridloop.grid oop_vec(a, self.xcoor, self.ycoor, f)
return a

def nyfunc(x, y):
return sin(xxy) + 8%x

def nyfuncf77(a, xcoor, ycoor, nx, ny):
"""Vectorized function to be called fromextension nodule. """
X = xcoor[:, NewAxis]; y = ycoor[NewAxis,:]
a[:,:] = nyfunc(x, y) # in-place nodification of a

Gri d2Def f (dx=0. 2, dy=0.1)
g. ext _gridl oop_vec(nyfuncf77)

o Q
1
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Vectorized callback from Fortran

subroutine gridl oop_vec(a, xcoor, ycoor, nx, ny, funcl)
integer nx, ny
real *8 a(0:nx-1,ny-1), xcoor(0:nx-1), ycoor(0:ny-1)
Cf2py intent(in, out) a
Cf 2py intent(in) xcoor
Cf 2py intent(in) ycoor
external funcl

(o} fill array a with values taken froma Python function,
C do that wi thout |oop and point-w se call back, do a
C vectorized cal |l back instead:
call funcl(a, xcoor, ycoor, nx, ny)
C could work further with array a here...
return
end
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Caution

#® What about this Python callback:

def nyfuncf77(a, xcoor, ycoor, nx, ny):
"""Vectorized function to be called fromextension nodule. """
X xcoor[:, NewAxi s]; y = ycoor[ NewAxis,:
a = nyfunc(x, vy)

# a now refers to a new NumPy array; no in-place modification of the
input argument
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Avoiding callback by string-based if-else wrapper

Callbacks are expensive
Even vectorized callback functions degrades performace a bit
Alternative: implement “callback” in F77

L0 3 3 )

Flexibility from the Python side: use a string to switch between the
“callback” (F77) functions

a = ext_gridloop.gridl oop2_str(self.xcoor, self.ycoor, 'nyfunc’)
F77 wrapper:

subroutine gridl oop2_str(xcoor, ycoor, func_str)
character*(*) func_str

if (func_str .eq. 'nmyfunc') then

call gridloop2(a, xcoor, ycoor, nx, ny, nyfunc)
else if (func_str .eq. 'f2') then

call gridl oop2(a, xcoor, ycoor, nx, ny, f2)
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Compiled callback function

® |dea: if callback formula is a string, we could embed it in a Fortran
function and call Fortran instead of Python

® F2PY has a module for “inline” Fortran code specification and
building
source = """
real *8 function fch(x, vy)
real *8 x, y
fch = %
return
end
9 fstr
inmport f2py2e
f2py_args = "--fconpiler="Gw’ --build-dir tnp2 etc..."
f 2py2e. conpi | e(source, nodul ename="cal | back’,
extra_args=f2py_args, verbose=True,
sour ce_f n="sourcecodefile.f")
inport cal | back
<work with the new extension nodul e>
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gridloop2 wrapper

® Toglue F77 gri dl oop2 and the F77 callback function, we make a
gri dl oop2 wrapper:
subroutine gridl oop2_fch(a, xcoor, ycoor, nx, ny)
integer nx, ny
real *8 a(0:nx-1,ny-1), xcoor(0:nx-1), ycoor(0:ny-1)
Cf2py intent(out) a
Cf 2py depend(nx, ny) a
real *8 fcb
external fcb

call gridloop2(a, xcoor, ycoor, nx, ny, fch)
return
end

#® This wrapper and the callback function f ¢ constitute the F77 source
code, stored in sour ce

® The source calls gri dl oop2 so the module must be linked with the
module containing gr i dl oop2 (ext _gri dl oop. so)
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Building the module on the fly

source =
real *8 function fcb(x, y)

subrouti ne gridl oop2_fch(a, xcoor, ycoor, nx, ny)
wew opfstr
f2py_args = "--fconpiler="Gw’' --build-dir tnmp2"\
" - DF2PY_REPORT_ON_ARRAY_COPY=1 "\
" ./ext_gridl oop.so"
f 2py2e. conpi | e(source, nodul ename=" cal | back’,

extra_args=f2py_args, verbose=True,
source_fn="_ch.f")

inport call back
a = cal | back. gridl oop2_fcb(sel f.xcoor, self.ycoor)
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gridloop2 could be generated on the fly

def ext_gridl oop2_conpile(self, fstr):
if not isinstance(fstr, str):
<error>
# generate Fortran source for gridl oop2:
inport f2py2e
source = """
subroutine gridloop2(a, xcoor, ycoor, nx, ny)

doj =0, ny-1
y = ycoor(j)
doi =0, nx-1

x = xcoor (i)
a(i,j) =%

wnoopfstr # no call back, the expression is hardcoded
f 2py2e. conpi | e(source, nodul ename="ext _gridloop2’, ...)

def ext_gridloop2_v2(self):
inport ext_gridl oop2
return ext_gridl oop2. gridl oop2(sel f.xcoor, self.ycoor)
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Extracting a pointer to the callback function

® We can implement the callback function in Fortran, grab an
F2PY-generated pointer to this function and feed that as the f uncl
argument such that Fortran calls Fortran and not Python

# For a module m the pointer to a function/subroutine f is reached as
mf._cpointer
def ext_gridloop2_fcb_ptr(self):
fromcal |l back inport fcb
a = ext_gridl oop. gridl oop2(self.xcoor, self.ycoor,
fch. _cpointer)
return a
f cb is a Fortran implementation of the callback in an
F2PY-generated extension module cal | back
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C implementation of the loop

® Letuswrite the gri dl oopl and gri dl oop2 functions in C
® Typical C code:

voi d gridl oopl(doubl ex* a, doubl ex xcoor, double* ycoor,
int nx, int ny, Fxy funcl)
{
int i, j;
for (i=0; i<nx; i++) {
for (j=0; j<ny; j++) {
a[i][j] = funcl(xcoor[i], ycoor[j])

#® Problem: NumPy arrays use single pointers to data

® The above function represents a as a double pointer (common in C
for two-dimensional arrays)
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Using F2PY to wrap the C function

Use single-pointer arrays
Write C function signature with Fortran 77 syntax
Use F2PY to generate an interface file

L I )

Use F2PY to compile the interface file and the C code
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Step 0: The modified C function

ypedef doubl e (*Fxy)(double x, double y);
#define index(a, i, j) a[j*ny + i]

voi d gridl oop2(doubl e *a, double *xcoor, double *ycoor,
int nx, int ny, Fxy funcl)

int i, j;
for (i=0; i<nx; i++) {
for (j=0; j<ny; j++) {
index(a, i, j) = funcl(xcoor[i], ycoor[j]);
}
}
}
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Step 1: Fortran 77 signatures

Cfile: signatures.f

subroutine gridl oop2(a, xcoor, ycoor, nx, ny, funcl)
Cf 2py intent(c) gridloop2
integer nx, ny
Cf2py intent(c) nx,ny
real *8 a(0: nx-1, 0: ny-1), xcoor(0:nx-1), ycoor(0:ny-1), funcl
external funcl
Cf2py intent(c, out) a
Cf2py intent(in) xcoor, ycoor
Cf 2py depend(nx, ny) a

C sanpl e call of callback function:
real *8 x, y, r
real =8 funcl
Cf2py intent(c) x, y, r, funcl
r = funcl(x, y)
end
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Step 3 and 4: Generate interface file and compile module

® 3:Run
Uni x/ DOS> f2py -mext_gridloop -h ext_gridl oop. pyf signatures.f

® 4:Run

Uni x/ DOS> f2py -c --fconpiler=Gau --build-dir tnpl \
- DF2PY_REPORT_ON_ARRAY_COPY=1 ext _gri dl oop. pyf gridl oop.c

® See
src/ py/ m xed/ Gid2D/ C/ f 2py

for all the involved files
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Manual writing of extension modules

® SWIG needs some non-trivial tweaking to handle NumPy arrays (i.e.,
the use of SWIG is much more complicated for array arguments than
running F2PY)

® We shall write a complete extension module by hand

® We will need documentation of the Python C API (from Python’s
electronic doc.) and the NumPy C API (from the NumPy book)

® Source code files in
src/ mi xed/ py/ Gri d2D/ T pl ai n

#® Warning: manual writing of extension modules is very much more
complicated than using F2PY on Fortran or C code! You need to
know C quite well...
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NumPy objects as seen from C

NumPy objects are C structs with attributes:

® int nd: no of indices (dimensions)

® int dinensions[nd]: length of each dimension
® char =dat a: pointer to data

® int strides[nd]: no of bytes between two successive data
elements for a fixed index

® Access element (i,j) by
a->data + i*a->strides[0] + jra->strides[1]
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Creating new NumPy array in C

® Allocate a new array:
PyObj ect * PyArray_FronDi ns(int n_di nensions,
i nt di mensi ons[ n_di nensi ons],
int type_num;

int dins[2]; dins[0] = nx; dinms[2] = ny;

PyArrayQbject *a; int dinms[2];

dins[0] = 10; dinms[1] = 21;

a = (PyArrayQbject *) PyArray_FronDins(2, dinms, PyArray_DOUBLE);
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Wrapping data in a NumPy array

#® Wrap an existing memory segment (with array data) in a NumPy
array object:
PyObj ect * PyArray_FronDi nsAndDat a(i nt n_di mensi ons,
i nt di mensi ons[ n_di nensi ons],
int itemtype,
char data);

-

* vec is a doublex with 10«21 double entries */

PyArrayQbj ect *a; int dins[2];

dims[0] = 10; dims[1] = 21;

a = (PyArrayCbject =) PyArray_FronDi nsAndData(2, dins,
PyArray_DOUBLE, (char *) vec);

Note: vec is a stream of numbers, now interpreted as a
two-dimensional array, stored row by row
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From Python sequence to NumPy array

# Turn any relevant Python sequence type (list, type, array) into a

NumPy array:

PyObj ect * PyArray_Conti guousFrontbj ect ( PyCbj ect *obj ect,
int itemtype,
int mn_dim
int max_dim;

Use mi n_di mand max_di mas O to preserve the original

dimensions of obj ect

® Application: ensure that an object is a NumPy array,

I+ a_is a PyCbject pointer, representing a sequence
(NunPy array or list or tuple) */
PyArrayObj ect a;
a = (PyArrayQbject *) PyArray_Conti guousFronthject(a_,
PyArray_DOUBLE, 0, 0);

a list, tuple or NumPy array a is now a NumPy array
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Python interface

class Gid2Deff(Gid2D):
def __init__(self,
xm n=0, xmax=1, dx=0.5,
ym n=0, ymax=1, dy=0.5):
Gid2D. __init__(self, xmn, xmax, dx, ymin, ymax, dy)

def ext_gridloopl(self, f):
I x = size(self.xcoor); |y = size(self.ycoor)
a = zeros((Ix,1y))
ext _gridl oop. gridloopl(a, self.xcoor, self.ycoor, f)
return a
def ext_gridloop2(self, f):

a = ext_gridloop.gridl oop2(self.xcoor, self.ycoor, f)
return a
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gridloopl in C; header

# Transform PyCbj ect argument tuple to NumPy arrays:
static PyCbject =gridl oopl(PyOhject *self, PyQhject *args)
{

PyArrayQbj ect *a, *Xxcoor, *ycoor;
PyObj ect *funcl, xarglist, xresult;
int nx, ny, i, j;

double *a_ij, *x_i, *y_j;

/+ arguments: a, xcoor, ycoor */
if (!PyArg_ParseTuple(args, "O O O O gridl oopl",
&PyArray_Type, &a,
&PyArray_Type, &xcoor,
&PyArray_Type, &ycoor,
&funcl)) {
return NULL; /* PyArg_ParseTuple has rai sed an exception */
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gridloopl in C; safety checks

if (a->nd !'= 2 || a->descr->type_num!= PyArray_DOUBLE) {
PyErr _For mat ( PyExc_Val ueError,
“"a array is %l-dinensional or not of type float", a->nd);
return NULL;

nx = a->dimensions[0]; ny = a->dinensions[1];
if (xcoor->nd !'= 1 || xcoor->descr->type_num!= PyArray_DOUBLE ||
xcoor - >di nensi ons[0] != nx) {
PyErr _For mat ( PyExc_Val ueError,
"xcoor array has wong dinmension (%), type or length (%l)",
xcoor - >nd, xcoor - >di mensi ons[ 0] ) ;
return NULL;

}
if (ycoor->nd !'= 1 || ycoor->descr->type_num!= PyArray_DOUBLE ||
ycoor - >di nensi ons[0] != ny) {
PyErr _For mat ( PyExc_Val ueError,
"ycoor array has wong dinmension (%), type or length (%l)",
ycoor - >nd, ycoor - >di mensi ons[ 0] ) ;
return NULL;
}
if (!PyCallable_Check(funcl)) {
PyErr _For mat ( PyExc_TypeError,
“"funcl is not a callable function");
return NULL;
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Callback to Python from C

® Python functions can be called from C

® Step 1: for each argument, convert C data to Python objects and
collect these in a tuple

PyObj ect xarglist; double x, y;
/+ double x,y -> tuple with two Python float objects: =*/
arglist = Py_Buildvalue("(dd)", x, y);

® Step 2: call the Python function
PyQbj ect *result; /+* return value from Python function */
PyQbj ect *funcl; /* Python function object */
result = PyEval _Cal | bj ect(funcl, arglist);

® Step 3: convert result to C data

double r; /* result is a Python float object */
r = PyFl oat _AS_DOUBLE(result);
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gridloopl in C; the loop

for (i =0; i <nx; i++) {
for (j =0; j <ny; j++) {

a_ij (doubl e *)(a->data+i xa->strides[0] +j *ra->strides[1]);
X_i = (doubl e *)(xcoor->data + i*xcoor->strides[0]);
y_j = (double *)(ycoor->data + j*ycoor->strides[0]);

/* call Python function pointed to by funcl: */
arglist = Py_Buildval ue("(dd)", *x_i, *y_j);
result = PyEval _Cal | Object(funcl, arglist);

Memory management

® There is a major problem with our loop:

arglist = Py_Buildvalue("(dd)", *x_i, *y_j);
result = PyEval _Cal | Object(funcl, arglist);
*a_ij = PyFloat_AS DOUBLE(result);

#® Foreachpass, arglist andresul t are dynamically allocated,
but not destroyed

) *a_ij = PyFloat_AS DOUBLE(result); ® From the Python side, memory management is automatic
} # From the C side, we must do it ourself
return Py_Buildvalue(""); /* return None: */ . .
® Python applies reference counting
#® Each object has a number of references, one for each usage
® The object is destroyed when there are no references
Numertca misetHanguage progranmin - . 371 Numerica misetHanguage progranio - p 372
Reference counting gridloopl; loop with memory management
#® Increase the reference count: fO; (i (_= ; Oi < nx; i++) § (
P Or]=;J<ny;]++
Py_I'NCREF(nyobj ) ; aij = (double )(a->data + i*a->strides[0] + j+a->strides[1]);
(i.e., 1 need this object, it cannot be deleted elsewhere) X_i = (double «)(xcoor->data + i*xcoor->strides[0]);
y_j = (double *)(ycoor->data + j*ycoor->strides[0]);
# Decrease the refgrence count: /* call Python function pointed to by funcl: */
Py_DECREF(nyobj ) ; arglist = Py_Buildval ue("(dd)", *x_i, *y_j);
o B : . : result = PyEval _Cal | Qbj ect(funcl, arglist);
(i.e., I don’t need this object, it can be deleted) Py DECREF(argl i 5t);
if (result == NULL) return NULL; /* exception in funcl */
*a_ij = PyFloat _AS DOUBLE(result);
Py_DECREF(result);
}
}
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gridloopl1; more testing in the loop

® We should check that allocations work fine:
arglist = Py_BuildValue("(dd)", *x_i, *y_j);
if (arglist == NULL) { /=* out of menory =/
PyEr r _For mat ( PyExc_Menor yError,
"out of menory for 2-tuple);

#® The C code becomes quite comprehensive; much more testing than
“active” statements
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gridloop2 in C; header

gridloop2: as gridloop1, but array a is returned
static PyObject =gridl oop2(PyObject *self, PyChject xargs)
{

PyArrayCbj ect *a, *xcoor, *ycoor;
int a_dins[2];

PyQbj ect *funcl, xarglist, xresult;
int nx, ny, i, j;

double *a_ij, *x_i, *y_j;

/+ argunments: xcoor, ycoor, funcl */
if (!PyArg_ParseTuple(args, "O O Qgridloop2",
&PyArray_Type, &xcoor,
&PyArray_Type, &ycoor,
& uncl)) {
return NULL; /* PyArg_ParseTupl e has rai sed an exception */

}
nx = xcoor->di mensions[0]; ny = ycoor->di nensi ons[0];
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gridloop2 in C; macros

® NumPy array code in C can be simplified using macros
® First, a smart macro wrapping an argument in quotes:
#define QUOTE(S) # s /* turn s into string "s" */

® Check the type of the array data:

#define TYPECHECK(a, tp) \
if (a->descr->type_num!=tp) { \
PyErr _For mat (PyExc_TypeError, \
"% array is not of correct type (%)", QUOTE(a), tp); \
return NULL; \
}

® PyErr_For mat is a flexible way of raising exceptions in C (must
return NULL afterwards!)
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gridloop2 in C; another macro

® Check the length of a specified dimension:

#define DI MCHECK(a, dim expected_| ength) \
if (a->dinmensions[din] != expected_length) { \
PyErr _For mat (PyExc_Val ueError, \
"% array has wong %l-di nensi on=% (expected %l)",
QUOTE( a) , di m a- >di nensi ons[di n], expected_| ength); \
return NULL; \
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gridloop2 in C; more macros

® Check the dimensions of a NumPy array:

#defi ne NDI MCHECK(a, expected_ndin \
if (a->nd !'= expected_ndim { \
PyErr _For mat (PyExc_Val ueError, \
"% array is %l-di nensional, expected to be %l-di nensional "\
QUOTE(a), a->nd, expected_ndim; \
return NULL; \

® Application:
NDI MCHECK( xcoor, 1); TYPECHECK(xcoor, PyArray_DOUBLE);
If xcoor is 2-dimensional, an exceptions is raised by NDI MCHECK:

exceptions. Val ueError
xcoor array is 2-dinensional, but expected to be 1-dinensional
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gridloop2 in C; indexing macros

® Macros can greatly simplify indexing:

#define INDl(a, i) *((double *)(a->data + i*a->strides[0]))
#define IND2(a, i, j) \
*((double *)(a->data + i*a->strides[0] + jra->strides[1]))

® Application:
for (i =0; i <nx; i++) {
for (j =0; j <ny; j++)

arglist = Py_BuildVal ue("(dd)", I NDL(xcoor,i), INDl(ycoor,j))
result = PyEval _Cal | Object(funcl, arglist);
Py_DECREF(arglist);

if (result == NULL) return NULL; /* exception in funcl */
IND2(a,i,j) = PyFloat_AS DOUBLE(result);

Py_DECREF(result);
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gridloop2 in C; the return array

® Create return array:

a_dins[0] = nx; a_dins[1] = ny;
a = (PyArrayCbject *) PyArray_FronDins(2, a_dins,
PyArray_DOUBLE) ;
if (a == NULL) {
printf("creating a failed, dinms=(%l, %d)\n",
a_dins[0],a_dins[1]);
return NULL; /* PyArray_FronDi ns rai ses an exception */

® After the loop, return a:
return PyArray_Return(a);
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Registering module functions

#® The method table must always be present - it lists the functions that
should be callable from Python:

static PyMethodDef ext_gridl oop_nethods[] = {

{"gridloopl", /+ name of func when called from Python */
gridl oopl, /* corresponding C function */
METH_VARARGS, /* ordinary (not keyword) argunents x/
gridloopl_doc}, /* doc string for gridloopl function */

{"gridl oop2", /+ nane of func when called from Python */
gridl oop2, /* corresponding C function */
METH_VARARGS, /* ordinary (not keyword) argunents x/
gridl oop2_doc}, /* doc string for gridloopl function */

{NULL, NULL}

h

® METH_KEYWORDS (instead of METH_VARARGS) implies that the
function takes 3 arguments (sel f, ar gs, kw)
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Doc strings

static char gridloopl_doc[] =\
"gridl oopl(a, xcoor, ycoor, pyfunc)";

static char gridloop2_doc[] =\
"a = gridloop2(xcoor, ycoor, pyfunc)";

static char nodul e_doc[] =\
"nodul e ext _gridl oop:\n\
gridloopl(a, xcoor, ycoor, pyfunc)\n\
a = gridloop2(xcoor, ycoor, pyfunc)";
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The required init function

PyMODI NI T_FUNC i ni text _gri dl oop()
{

/* Assign the name of the nodule and the nanme of the
met hod table and (optionally) a nodule doc string:
*/
Py_I ni t Modul e3("ext _gri dl oop", ext_gridl oop_nethods, nodul e_doc);
/+ without nodul e doc string:
Py_lInitMdul e ("ext_gridloop", ext_gridloop_nethods); =/

inport_array(); /= required NunPy initialization =/
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Building the module

root='python -c 'inport sys; print sys.prefix'‘
ver='python -c 'inport sys; print sys.version[:3]""*
gcc -G8 -g -1$root/include/ python$ver \

-1 $scripting/src/C\

-c gridloop.c -o gridloop.o
gcc -shared -o ext_gridl oop.so gridloop.o

# test the nodul e:
python -c "inport ext_gridloop; print dir(ext_gridl oop)’
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A setup.py script

® The script:
fromdistutils.core inport setup, Extension
inport os
name = 'ext_gridl oop’

set up( nane=nane,
include_dirs=[os.path.join(os.environ['scripting],
'src’, 'C s
ext _nodul es=[ Ext ensi on(nane, ['gridloop.c'])])

® Usage:

pyt hon setup. py build_ext

python setup.py install --install-platlib=.

# test nodul e:

python -c "inport ext_gridloop; print ext_gridloop.__doc__
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Using the module

® The usage is the same as in Fortran, when viewed from Python

#® No problems with storage formats and unintended copying of a in
gri dl oop1l, or optional arguments; here we have full control of all
details

# gridl oop2 is the “right” way to do it
® |tis much simpler to use Fortran and F2PY
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Debugging

® Things usually go wrong when you program...

® Errors in C normally shows up as “segmentation faults” or “bus error”
- no nice exception with traceback

# Simple trick: run pyt hon under a debugger
uni x> gdb ‘ whi ch python*
(gdb) run test.py

® When the script crashes, issue the gdb command wher e for a
traceback (if the extension module is compiled with -g you can see
the line number of the line that triggered the error)

#® You can only see the traceback, no breakpoints, prints etc., but a tool,
PyDebug, allows you to do this
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Debugging example (1)

® In src/py/mixed/Grid2D/C/plain/debugdemo there are some C files
with errors

® Try
./ make_nodul e_1. sh gridl oopl
This scripts runs
ool 1 Grid2Deff.py verifyl

which leads to a segmentation fault, implying that something is wrong
in the C code (errors in the Python script shows up as exceptions
with traceback)
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1st debugging example (1)

® Check that the extension module was compiled with debug mode on
(usually the -g option to the C compiler)

# Run pyt hon under a debugger:

uni x> gdb ‘ whi ch python*
GNU gdb 6. 0-debi an

(gdb) run ../../../Gid2Deff.py verifyl
Starting program /usr/bin/python ../../../Gid2Deff.py verifyl

Pr bgram recei ved signal SIGSEGV, Segnentation fault.
0x40cdf ab3 in gridloopl (self=0x0, args=0x1) at gridloopl.c:20
20 if (!'PyArg_ParseTuple(args, "OO O Qgridl oopl”,

This is the line where something goes wrong...
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1st debugging example (3)

(gdb) where
#0 0x40cdf ab3 i
#1 0x080f dela i
#2 0x080ab824 i
#3 0x080a9bde i
#4 0x080aa76¢ i
#5 0x080ab8d9 i
#6 0x080ab71c i
#7 0x080a9bde i
#8 0x080ab95d i
#9 0x080ab71c i
#10 0x080a9bde i
#11 0x080aa76¢ i
#12 0x080acf69 i
#13 0x080d90db i
#14 0x080d9d1f i
#15 0x08100c20 i
#16 0x40lee79c i
#17 0x41096bdc i

gridloopl (sel f=0x0, args=0x1) at gridl oopl.c:20
PyCFunction_Cal |

PyEval _Cal | Obj ect Wt hKeywords ()

Py_MakePendi ngCal I's ()

PyEval _Eval CodeEx ()

PyEval _Cal | Obj ect Wt hKeywor ds
PyEval _Cal | Obj ect Wt hKeywor ds
Py_MakePendi ngCal I's ()

PyEval _Cal | Obj ect Wt hKeywor ds
PyEval _Cal | Obj ect Wt hKeywor ds
Py_MakePendi ngCal I's ()

PyEval _Eval CodeEx ()

PyEval _Eval Code ()

PyRun_Fi | eExFl ags ()
PyRun_String ()

_1 0 stdin_used ()

??

?? ()

~— o~

5333333333533 3535335355
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1st debugging example (3)

# What is wrong?

® Theinport_array() call was removed, but the segmentation
fault happended in the first call to a Python C function
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2nd debugging example

Try
./ make_nodul e_1. sh gri dl oop2
and experience that

python -c "inport ext_gridloop; print dir(ext_gridl oop); \
print ext_gridl oop.__doc__’

ends with an exception
Traceback (nost recent call last):
File "<string>", line 1, in ?
SystenError: dynamic nodule not initialized properly
This signifies that the module misses initialization
Reason: no Py_I ni t Modul e3 call
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3rd debugging example (1)

» Ty
./ make_nodul e_1. sh gri dl oop3

® Most of the program seems to work, but a segmentation fault occurs
(according to gdb):
(gdb) where
(gdb) #0 0x40115dle in mallopt () from/lib/libc.so.6
#1 0x40114d33 in malloc () from/lib/libc.so.6
#2 0x40449fb9 in PyArray_FronDi nsAndDat aAndDescr ()
from/usr/lib/python2. 3/site-packages/ Nuneric/_nunpy. so

#42 0x080d90db in PyRun_Fil eExFl ags ()

#43 0x080d9d1f in PyRun_String ()

#44 0x08100c20 in _I O stdin_used ()

#45 0x401ee79c in ?? ()

#46 0x41096bdc in ?? ()

Hmmm...no sign of where in gr i dl oop3. ¢ the error occurs,
except that the Gri d2Def f . py script successfully calls both
gri dl oopl andgri dl oop2, it fails when printing the
returned array
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3rd debugging example (2)

Next step: print out information
for (i =0; i <=nx; i++) {
for (j =0; j <=ny; j++) {
arglist = Py_BuildValue("(dd)", INDL(xcoor,i), |NDL(ycoor,]j
result = PyEval _Cal | Qbj ect(funcl, arglist);
IND2(a,i,j) = PyFloat _AS DOUBLE(result);
#i f def DEBUG
printf("a[ %, %] =f uncl(%, %g) =%@\n",i,j,
I NDL( xcoor, i), | NDL(ycoor,j), I ND2(a,i,j));
#endi f

}

Run
./ make_nodul e_1. sh gridl oop3 - DDEBUG
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3rd debugging example (3)

# Loop debug output:

a[ 2, 0] =func1(1,0)=1

fil...x-y=3.0

a[ 2, 1] =func1(1, 1) =3

fl...x-y=1.0

a[ 2, 2] =func1(1, 7.15113e-312) =1
f1...x-y= 7.66040480538e-312

a[ 3, 0] =f unc1( 7. 6604e- 312, 0) =7. 6604e- 312
fl...x-y=2.0

a[ 3, 1] =f unc1( 7. 6604e- 312, 1) =2

fl...x-y= 2.19626564365e-311

a[ 3, 2] =func1(7. 6604e- 312, 7. 15113e- 312) =2. 19627e- 311

# Ridiculous values (coordinates) and wrong indices reveal the
problem: wrong upper loop limits
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4th debugging example

Try
./ make_nodul e_1. sh gri dl oop4
and experience

python -c inport ext_gridloop; print dir(ext_gridl oop); \
print ext_gridl oop.__doc__
Traceback (nost recent call last):
File "<string>", line 1, in ?
InportError: dynam ¢ nodul e does not define init function (initex

Eventuall we got a precise error message (the
i ni text_gridl oop was notimplemented)
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5th debugging example

» Ty
./ make_nodul e_1. sh gri dl oop5
and experience
python -c inport ext_gridloop; print dir(ext_gridl oop); \
print ext_gridl oop.__doc__
Traceback (nost recent call last):
File "<string>", line 1, in ?
InportError: ./ext_gridloop.so: undefined synbol: nydebug

® gridloop2ingridl oop5. c calls a function nydebug, but the
function is not implemented (or linked)

#® Again, a precise ImportError helps detecting the problem
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Summary of the debugging examples

Check thati nmport _array() is called if the NumPy C APl is in
use!

ImportError suggests wrong module initialization or missing
required/user functions

You need experience to track down errors in the C code

An error in one place often shows up as an error in another place
(especially indexing out of bounds or wrong memory handling)

Use a debugger (gdb) and print statements in the C code and the
calling script

C++ modules are (almost) as error-prone as C modules
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Next example

Implement the computational loop in a traditional C function
Aim: pretend that we have this loop already in a C library
Need to write a wrapper between this C function and Python

Could think of SWIG for generating the wrapper, but SWIG with
NumPy arrays is a bit tricky - it is in fact simpler to write the wrapper
by hand

L I )
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Two-dim. C array as double pointer Problems

® C functions taking a two-dimensional array as argument will normally # How can we write wrapper code that sends NumPy array data to a C
represent the array as a double pointer: function as a double pointer?
voi d gridloopl_C(double **a, double *xcoor, double *ycoor, # How can we make callbacks to Python when the C function expects
( int nx, int ny, Fxy funcl) callbacks to standard C functions, represented as function pointers?
int i, ) ) #® We need to cope with these problems to interface (numerical) C
for (i=0; i<nx; i++) { libraries!

for (]_’zo_; j<ny; j++) { ) _
a1l = funci(xcoor[i]. ycoor(j]); src/mixed/py/Grid2D/C/clibcall
}
}
® Fxy is a function pointer:

typedef doubl e (*Fxy)(double x, double y);

® An existing C library would typically work with multi-dim. arrays and
callback functions this way
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From NumPy array to double pointer Callback via a function pointer (1)
® 2-dim. C arrays stored as a double pointer: ® gridloopl_Cecalls a function like

doubl e sonefunc(doubl e x, double y)

GILTTT - LIT]

but our function is a Python object...
® Trick: store the Python function in
PyObj ect* _pyfunc_ptr; [/ global variable */

doubler

and make a “wrapper” for the call:

doubl e _pycal | (doubl e x, double y)
® The wrapper code must allocate extra data:

doubl e *~app; double =ap;
ap = (double *) a->data; /+ ais a PyArrayChject* pointer */
app = (double *x) nmalloc(nx*sizeof (doublex));
for (i =0; i < nx; i++)
app[i] = &Cap[i=*ny]); /* point rowno. i in a->data */

/+ performcall to Python function object in _pyfunc_ptr =/

/+ clean up when app is no |onger needed: */ free(app);
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Callback via a function pointer (2) The alternative gridloopl code (1)
® Complete function wrapper: static PyCObject =gridl oopl(PyChject *self, PyCbject *args)
{
doubl e _pycal | (doubl e x, double y) PyArrayObj ect *a, *Xcoor, *ycoor;
{ X X PyObj ect *funcl, xarglist, *result;
PyObj ect *arglist, *result; int nx, ny, i;
arglist = Py_BuildVval ug("(dd)", X, Y); . doubl e **app;
result = PyEval _Cal | Obj ect (_pyf u'nc_pt r, arglist); doubl e *ap, *xp, *yp;
return PyFl oat _AS DOUBLE(result);
} I+ arguments: a, xcoor, ycoor, funcl */
_/* parsing without checking the pointer types: */
# Initialize _pyf unc_pt r with the f unc1 argument supplied to the i f{(!rg’ﬁ: g_ﬁaﬁ?mp' e(args, "0000", &a, &xcoor, &coor, & uncl))
gri di oopl wrapper function NDI MCHECK(a,  2); TYPECHECK(a,  PyArray DOUBLE);
_pyfunc_ptr = funcl; /= funcl is PyQbject* pointer / nx = a->di mensions[0]; ny = a->dimensions[1];

NDI MCHECK( xcoor, 1); DI MCHECK(xcoor, 0, nx);
TYPECHECK( xcoor, PyArray_DOUBLE);

NDI MCHECK(ycoor, 1); DI MCHECK(ycoor, 0, ny);
TYPECHECK(ycoor, PyArray_DOUBLE);
CALLABLECHECK( funcl);
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The alternative gridloopl code (2) gridloopl with C++ array object
_pyfunc_ptr = funcl; /x store funcl for use in _pycall =/ ® Programming with NumPy arrays in C is much less convenient than
/+ allocate help array for creating a double pointer: =/ programming with C++ array objects
app = (double **) mall oc(nx*sizeof (doubl ex)); SomeArrayd ass a(10, 21);
ap = (double *) a->data; a(1,2) = 3; /1 indexing

for (i =0; i <nx; i++) { app[i] = &ap[i*ny]); }
xp = (doubl e *) xcoor->dat a;
yp = (double x) ycoor->data;
?;;g'(ggg)l__c( app, xp, yp, nx, ny, _pycall); ® Goal: use this class wrapper to simplify the gr i dl oop1 wrapper
return Py'_BuiIdVaI ue(""); /* return None */

® |dea: wrap NumPy arrays in a C++ class

src/py/mixed/Grid2D/C++/plain
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The C++ class wrapper (1)

class NunPyArray_Fl oat

private:
PyArrayObj ect* a;

public:
NunPyArray_Float () { a=NULL; }
NunPyArray_Float (int nl, int n2) { create(nl, n2); }
NunPyArray_Fl oat (doubl ex data, int nl, int n2)
{ wap(data, n1, n2); }
NunPyArray_Float (PyArrayCbject* array) { a = array; }
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The C++ class wrapper (2)

/'l redinmension (reallocate) an array:

int create (int nl, int n2)
int dinR[2]; din2[0] = nl; din2[1] = n2;
a = (PyArrayQbject+) PyArray_FronDi ms(2, din2, PyArray_DOUBLE);
if (a==NULL) { return O; } else { return 1; } }

/'l wap existing data in a NunPy array:
void wap (doublex data, int nl, int n2) {
int dinR[2]; din2[0] = nl; din2[1] = n2;
a = (PyArrayQbj ect*) PyArray_FronDi msAndDat a(\
2, dinm2, PyArray_DOUBLE, (char*) data);
}

/'l for consistency checks:

int checktype () const;

int checkdim (int expected_ndin) const;

int checksize (int expected_sizel, int expected_size2=0,
int expected_size3=0) const;
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The C++ class wrapper (3)

/1 indexing functions (inline!):
double operator() (int i, int j) const
{ return *((doublex) (a->data +
i*a->strides[0] + jra->strides[1])); }
doubl e& operator() (int i, int j)
{ return *((doublex) (a->data +
i*a->strides[0] + jrxa->strides[1])); }

/1 extract dimensions:

int din() const { return a->nd; } // no of dinensions
int sizel() const { return a->dinmensions[0]; }

int size2() const { return a->dinmensions[1]; }

int size3() const { return a->dinensions[2]; }
PyArrayQbject* getPtr () { return a; }

Using the wrapper class

static PyQbject* gridl oop2(PyOhject* self, PyCbject* args)
{

PyArrayQbj ect *xcoor_, *ycoor_;
PyObj ect *funcl, xarglist, *result;
/+ argunents: xcoor, ycoor, funcl */
if (!PyArg_ParseTuple(args, "O O O gridloop2",
&PyArray_Type, &xcoor_,
&PyArray_Type, &ycoor_,
& uncl)) {
return NULL; /* PyArg_ParseTuple has raised an exception */

}

NunPyArray_Fl oat xcoor (xcoor_); int nx = xcoor.sizel();
if (!xcoor.checktype()) { return NULL; }

if (!xcoor.checkdin(1)) { return NULL;

Iy NunPyArray_Fl oat ycoor (ycoor_); int ny = ycoor.sizel();
/'l check ycoor dinensions, check that funcl is callable...
NunPyArray_Float a(nx, ny); // return array
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The loop is straightforward Reference counting
ifnt i(,J' ; o i e o ® We have omitted a very important topic in Python-C programming:
or (i =0; i <nx; i++ .
for (j =0; j <ny; j++) { _ . reference counting
arglist = Py BuildVal ue("(dd)", xcoor (i), ycoor(j)); # Python has a garbage collection system based on reference counting
result = PyEval _Cal | Object(funcl, arglist); . i
a(i,j) = PyFloat_AS DOUBLE(result); ® Each object counts the no of references to itself
} ® When there are no more references, the object is automatically

return PyArray_Return(a.getPtr());

deallocated

#® Nice when used from Python, but in C we must program the
reference counting manually

PyObj ect *obj ;
Py XI NCREF(obj ) ; /+ new reference created */
Py _DECREF(o0bj ) ; /+ a reference is destroyed */
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SCXX: basic ideas Example
#i ncl ude <PWONurber . h> /1 class for nunbers

® Thin C++ layer on top of the Python C API

® Each Python type (number, tuple, list, ...) is represented as a C++
class

® The resulting code is quite close to Python
® SCXX objects performs reference counting automatically
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#i ncl ude <PWOSequence.h> // class for tuples
#i ncl ude <PWOMBSequence.h> // class for |ists (imutable sequences)

voi d test_scxx()

double a_ = 3.4;
PWONunber a = a_; PWONunber b = 7;
PWONunber c; ¢ a + b;
PWOLi st |ist; |ist.append(a).append(c).append(b);
PWOTupl e tp(list);
for (int i=0; i<tp.len(); i++) {
std::cout << "tp["<<i<<"]="<<doubl e( PAONunber(tp[i]))<<" ";

std::cout << std::endl;
PyObj ect* py_a = (PyObject*) a; // convert to Python C struct
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The similar code with Python C API

voi d test_PythonAPI ()

double a_ = 3.4;

PyObj ect* a = PyFl oat _FronDoubl e(a_);
PyObj ect* b = PyFl oat _FronDoubl e(7);
PyObj ect* ¢ = PyNunber_Add(a, b);

PyObj ect* |ist = PyList_New(0);

PyLi st _Append(list, a);

PyLi st _Append(list, c);

PyLi st _Append(list, b);

PyObj ect* tp = PyList_AsTuple(list);

int tp_len = PySequence_Length(tp);

for (int i=0; i<tp_len; i++)
PyObj ect* gp = PySequence_Getlten(tp, i);
doubl e q = PyFl oat _AS_DOUBLE(qp) ;
std::cout << "tp[" << i << "]=" << q << " ",

std::cout << std::endl;

}

Note: reference counting is omitted
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gridloopl with SCXX

static PyObject* gridl oopl(PyOhject* self, PyCbject* args_)

/* argunents: a, xcoor, ycoor */

try {
PWOSequence args (args_);
NunPyArray_Float a ((PyArrayObject*) ((PyObject*) args[0]));
NunPyArray_Fl oat xcoor ((PyArrayCbjectx) ((PyQbject*) args[1
NunPyArray_Fl oat ycoor ((PyArrayCbject*) ((PyQbjectx) args[2
PWOCal | abl e funcl (args[3]);

Il work with a, xcoor, ycoor, and funcl

1)
1))

return PWONone();

}
catch (PWException e) { return e; }
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Error checking

® NunPyArray_Fl oat objects are checked using their member
functions (checkdi m etc.)
® SCXX objects also have some checks:

if (!funcl.isCallable()) {
PyErr _For mat (PyExc_TypeError,
“funcl is not a callable function");
return NULL;
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The loop over grid points

for (i =0; i <nx; i++) {
for (j =0; j <ny; j++) {
PWOTupl e arglist(Py_Buildvalue("(dd)", xcoor(i), ycoor(j)));
PWONumber resul t(funcl.call (arglist));
a(i,j) = double(result);
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The Weave tool (1)

#® Weave is an easy-to-use tool for inlining C++ snippets in Python
codes

® A quick demo shows its potential
class Gid2Deff:

def ext _gridl oopl_weave(self, fstr):
"""Mgrate loop to C++ with aid of Wave."""

fromscipy inport weave

# the callback function is now coded in C++

# (fstr must be valid C++ code):

extra_code = r"""

doubl e cppcb(doubl e x, double y) {
return %,

" % fstr
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The Weave tool (2)

® The loops: inline C++ with Blitz++ array syntax:

. . code =r
int i, j;

;oi<nx; i++) {
for (j=0; j<ny; j++) {
a(i,j) = cppcb(xcoor (i), ycoor(j));
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The Weave tool (3)

# Compile and link the extra code ext r a_code and the main code

(loop) code:

nx = size(self.xcoor); ny = size(self.ycoor)

a = zeros((nx,ny))

xcoor = self.xcoor; ycoor = self.ycoor

err = weave.inline(code, ["a, 'nx', 'ny', 'xcoor’', 'ycoor'],
type_converters=weave. converters.blitz,
support_code=extra_code, conpiler="gcc’)

return a

® Note that we pass the names of the Python objects we want to
access in the C++ code

® Weave is smart enough to avoid recompiling the code if it has not
changed since last compilation
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Exchanging pointers in Python code

o

When interfacing many libraries, data must be grabbed from one
code and fed into another

Example: NumPy array to/from some C++ data class
Idea: make filters, converting one data to another
Data objects are represented by pointers

LI 3 I )

SWIG can send pointers back and forth without needing to wrap the
whole underlying data object

#® Let's illustrate with an example!
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MyArray: some favorite C++ array class

® Say our favorite C++ array class is MyAr r ay

tenpl ate< typenane T >
class MyArray

{
public:

T+ A /1 the data

int ndim /1 no of dinmensions (axis)

int size[ MAXDI M ; Il sizellength of each dinension

int |ength; /Il total no of array entries
(T

® We can work with this class from Python without needing to SWIG

the class (1)

® We make a filter class converting a NumPy array (pointer) to/from a
M/Ar r ay object (pointer)

src/py/mixed/Grid2D/C++/convertptr
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Filter between NumPy array and C++ class

class Convert_MArray

{

public:
Convert _MWArray();
/'l borrow data:

PyQbj ect * my2py (M/Array<doubl e>& a);
M/Arr ay<doubl e>+ py2ny (PyChject* a);

/'l copy data:
PyOhj ect nmy2py_copy (M/Array<doubl e>& a);
My Ar ray<doubl e>+ py2ny_copy (PyCbject* a);

// print array:

voi d dunp( MyArr ay<doubl e>& a) ;

/'l convert Py function to C/ C++ function calling Py:
Fxy set _pyfunc (PyQbject* f);
protected:

static PyCbject* _pyfunc_ptr; // used in _pycall

static double _pycal |l (double x, double y);
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Typical conversion function

PyObj ect* Convert_M/Array:: ny2py(MArray<doubl e>& a)

PyArrayQbject* array = (PyArrayQbjectx) \
PyArray_FronDi nsAndDat a(a. ndim a.size, PyArray_DOUBLE,
(char*) a.A);
if (array == NULL) {
return NULL; /* PyArray_FronDi nsAndData rai sed exception */

}
return PyArray_Return(array);
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Version with data copying

PyObj ect* Convert_MArray:: ny2py_copy(MArray<doubl e>& a)

PyArrayQbject* array = (PyArrayQbjectx) \
PyArray_FronDi ns(a.ndim a.size, PyArray_DOUBLE);
if (array == NULL) {
return NULL; /* PyArray_FronDins rai sed exception */

doubl ex ad = (do_ubl ex) array->data;

for (int i =0; i <a.length; i++) {
ad[i] = a. Ali];
return PyArray_Return(array);
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Ideas

#® SWIG Convert _M/Array
Do not SWIG MyAr r ay

® Write numerical C++ code using MyAr r ay
(or use a library that already makes use of MyAr r ay)

e

#® Convert pointers (data) explicitly in the Python code
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gridloopl in C++

voi d gridl oopl( MArray<doubl e>& a,
const MyArray<doubl e>& xcoor,
const MyArray<doubl e>& ycoor,

Fxy funcl)
{
int nx = a.shape(1), ny = a.shape(2);
int i, j;
for (i =0; i <nx; i++) {
for (j =0; j < ny; j++)
a(i,j) = funcl(xcoor (i), ycoor(j));
}
}
}
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Calling C++ from Python (1)

® |Instead of just calling

ext _gridl oop.gridloopl(a, self.xcoor, self.ycoor, func)
return a

as before, we need some explicit conversions:

# ais a NunPy array
elf.c is the conversion nodule (class Convert_MArray)
self.c.py2ny(a)
sel f.c. py2ny(sel f.xcoor)
sel f.c. py2ny(sel f.ycoor)
sel f.c.set_pyfunc(func)
ridloop.gridloopl(a_p, x_p, y_p, f_p)
return a # a_p and a share data!

S
p
p
P
P
t

Q=

#
a_
X_
y_|
f
ex
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Calling C++ from Python (2)

® In case we work with copied data, we must copy both ways:

a_p = self.c.py2nmy_copy(a)

x_p = self.c.py2ny_copy(sel f.xcoor)

y_p = self.c.py2ny_copy(sel f.ycoor)

f_p = self.c.set_pyfunc(func)

ext _gridloop.gridloopl(a_p, x_p, y_p, f_p)
a = sel f.c.ny2py_copy(a_p)

return a

® Note: final a is not the same a object as we started with
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SWIG'ing the filter class

® C++code: convert. h/.cpp+gridloop.h/.cpp

® SWIG interface file:

I+ file: ext_gridloop.i x/

%odul e ext _gridl oop

A

I+ include C++ header files needed to conpile the interface */
#include "convert.h"

#include "gridl oop. h"

%
% ncl ude “"convert.h"
% ncl ude "gridl oop. h"
#® Important: call NumPy’s i nport _array (herein
Convert _MyArray constructor)
#® Run SWIG:
swi g -python -c++ -1. ext_gridloop.i

#® Compile and link shared library module

Numerical mixed-language programming - p. 433

setup.py
inport os
fromdistutils.core inport setup, Extension
name = 'ext_gridl oop’
swig_cnd = "swig -python -c++ -1. %.i’ % nanme

0s. systen(sw g_cnd)

sources = ['gridloop.cpp’,’convert.cpp’,’ext_gridloop_wap.cxx']
set up( name=nane,

ext _nodul es=[ Extension(’ _' + nane, # SWGrequires _
sour ces=sour ces,

include_dirs=[os.curdir])])
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Manual alternative

swig -python -c++ -1. ext_gridloop.i

root="python -c 'inport sys; print sys.prefix'‘
ver='python -c 'inport sys; print sys.version[:3]"*
g++ -1. -8 -g -1$root/include/ python$ver \
-c convert.cpp gridl oop.cpp ext_gridl oop_wap.cxx
g++ -shared -o _ext_gridloop.so \
convert.o gridloop.o ext_gridl oop_wap.o
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Summary

We have implemented several versions of gr i dl oop1 and gri dl oop2:

# Fortran subroutines, working on Fortran arrays, automatically
wrapped by F2PY

# Hand-written C extension module, working directly on NumPy array
structs in C

® Hand-written C wrapper to a C function, working on standard C
arrays (incl. double pointer)

#® Hand-written C++ wrapper, working on a C++ class wrapper for
NumPy arrays

® As last point, but simplified wrapper utilizing SCXX

® C++ functions based on MyAr r ay, plus C++ filter for pointer
conversion, wrapped by SWIG
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Comparison

#® What is the most convenient approach in this case?
Fortran!

#® If we cannot use Fortran, which solution is attractive?
C++, with classes allowing higher-level programming

#® To interface a large existing library, the filter idea and exchanging
pointers is attractive (no need to SWIG the whole library)

#® When using the Python C API extensively, SCXX simplifies life
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Efficiency

# Which alternative is computationally most efficient?
Fortran, but C/C++ is quite close — no significant difference between
all the C/C++ versions

® Too bad: the (point-wise) callback to Python destroys the efficiency of
the extension module!

® Pure Python script w/NumPy is much more efficient...

® Nevertheless: this is a pedagogical case teaching you how to
migrate/interface numerical code
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Efficiency test: 1100x1100 grid

| anguage function funcl argunent CPU tine
gridloopl F77 function with fornula 1.0
C++ gridloopl C++ function with fornula 1.07
Pyt hon Gid2D.__call__ vectorized nunpy nyfunc 1.5
Pyt hon Gid2D. gridloop nyfunc w nath.sin 120
Pyt hon Gid2D. gridloop nyfunc w nunpy.sin 220
F77 gridloopl nyfunc w mat h. sin 40
F77 gridloopl nyfunc w nunpy. sin 180
F77 gridl oop2 nmyfunc w mat h. sin 40
F77 gridl oop_vec2 vectorized nyfunc 2.7
F77 gridl oop2_str F77 nyfunc 1.1
F77 gridloop_noalloc (no alloc. as in pure C++) 1.0
(o} gridloopl nyfunc w mat h. sin 38
C gridl oop2 nyfunc w mat h. sin 38

Ct++ (with class NunPyArray) had the same nunbers as C
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Conclusions about efficiency

mat h. si n is much faster than nunpy. si n for scalar expressions
Callbacks to Python are extremely expensive

Python+NumPy is 1.5 times slower than pure Fortran

C and C++ run equally fast

C++ w/MyAr r ay was only 7% slower than pure F77

L 2 2 BN I )

Minimize the no of callbacks to Python!
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More F2PY features

Other tools

® Hide work arrays (i.e., allocate in wrapper): ® Pyfort for Python-Fortran integration
subroutine nyroutine(a, b, m n, wi, w2) (does not handle F90/F95, not as simple as F2PY)
integer m n . . H :
real+8 a(n), b(n), wi(3+n), wa(m # SIP: tool for wrapping C++ libraries
Cf2py intent(in, hide) wl # Boost.Python: tool for wrapping C++ libraries
Cf2py intent(in,hide) w2 i .
Cf2py intent(in, out) a ® CXX: C++ interface to Python (Boost is a replacement)
Python interface: ® Note: SWIG can generate interfaces to most scripting languages
a = nyroutine(a, b) (Perl, Ruby, Tcl, Java, Guile, Mzscheme, ...)
® Reuse work arrays in subsequent calls (cache):
subroutine nyroutine(a, b, m n, wi, w2)
integer m n
real 8 a(m, b(n), wi(3*n), w2(m
Cf2py intent(in,hide, cache) wlL
Cf2py intent(in,hide, cache) w2
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Python info
® doc. ht nl is the resource portal for the course; load it into a web
browser from
http://wwv.ifi.uio.no/~inf3330/scripting/doc. htm
and make a bookmark
H : ® doc. ht nl has links to the electronic Python documentation, F2PY,
QUICk Python review SWIG, Numeric/numarray, and lots of things used in the course
#® The course book “Python scripting for computational science” (the
PDF version is fine for searching)
#® Python in a Nutshell (by Martelli)
# Programming Python 2nd ed. (by Lutz)
® Python Essential Reference (Beazley)
#® Quick Python Book
QuickPyon eiew . 443 QuickPyon eiew . 444
Electronic Python documentation Python variables
# Python Tutorial ® \Variables are not declared
® Python Library Reference (start with the index!) #® Variables hold references to objects of any type
® Python Reference Manual (less used) a=3 # reference to an int object containing 3
. X a =30 #reference to a float object containing 3.0
#® Extending and Embedding the Python Interpreter a ='3" #reference to a string object containing '3.’
. a=["1, 2] #reference to a |ist object containing
#® Quick references from doc. ht m # astring '1 and an integer 2
» doc anynodul e, pydoc anynodul e. anyfunc
Py y Py y y ® Test for a variable’s type:
if isinstance(a, int): #int?
if isinstance(a, (list, tuple)): # list or tuple?
QuickPyon eiew . 445 Quick Pyon eiew . 445
Common types Numbers
#® Numbers: i nt, fl oat, conpl ex # Integer, floating-point number, complex number
® Sequences: str (string), | i st,tupl e, NumPy array a=3 # int
i i o a=30 . # float
#® Mappings: di ct (dictionary/hash) a =3+ 0.1 # conplex (3, 0.1)
® User-defined type in terms of a class
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List and tuple

List:

a=1[1 3, 5 [9.0, 0]] # list of 3ints and a |list

a[2] = 'sone string’

a[3][0] =0 # ais now[1,3,5/[0,0]]

b = a[0] # b refers first elenent in a
Tuple (“constant list”):

a=(1, 3, 5 [9.0, 0]) # tuple of 3 ints and a |ist

a[3] =5 # illegal! (tuples are const/final)
Traversing list/tuple:

for itemin a: # traverse list/tuple a
# item becones, 1, 3, 5, and [9.0,0]
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Dictionary

# Making a dictionary:

a = {"keyl: 'some value', ’'key2': 4.1}

a[ ' keyl'] "anot her string val ue’

a[ ' key2'] [0, 1] # change value fromfloat to string
a[’another key'] = 1.1E+7 # add a new (key, val ue) pair

# Important: no natural sequence of (key,value) pairs!
#® Traversing dictionaries:

for key in sone_dict:
# process key and correspondi ng val ue in sone_dict[key]
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Strings

Strings apply different types of quotes

s = 'single quotes’
s = "doubl e quotes"
s = """triple quotes are
used for nulti-line

raw strings start with r and backslash \ is preserved
# tab + newine
# a string with four characters: \t\n

Some useful operations:
if sys.platformstartswith(’win'): # Wndows nachine?

file =infile[:-3] + '.gif' # string slice of infile
answer = answer. | ower () # | ower case

answer = answer.replace(’ ', '_’
words = line.split()
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NumPy arrays

® Efficient arrays for numerical computing

# classical, widely used nodul e
# alternative version

from Nuneric inport =
fromnumarray inport =

array([[1, 4], [2, 1]], Float) # 2x2 array fromlist
zeros((n,n), Float) # nxn array with 0

® a
a

# Indexing and slicing:

for i in xrange(a.shape[0]):
for j !n.xrange(a.shape[l]):
afi,jl = ...
b = a[0,:] # reference to 1st row
b =a[:,1] # reference to 2nd col utmm

® Avoid loops and indexing, use operations that compute with whole
arrays at once (in efficient C code)
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Mutable and immutable types

Mutable types allow in-place modifications
>>>a =[1, 9, 3.2, 0]
=0

[1, 9, 0, 0]
Types: list, dictionary, NumPy arrays, class instances
Immutable types do not allow in-place modifications

>>> s = 'sone string containing x’'

>>> s[-1] ="'y # try to change |ast character - illegal!
TypeError: object doesn't support item assignment

>>> g =

>>>hb =a #bis areference to a (integer 5)

>>> a =9 # a becones a new reference

>>> b # b still refers to the integer 5

5

Types: numbers, strings
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Operating system interface

® Run arbitrary operating system command:

cnd = "nyprog -f -g 1.0 < input’
failure, output = conmands. get st at usout put (cnd)

# Use conmmands. get st at sout put for running applications

® Use Python (cross platform) functions for listing files, creating
directories, traversing file trees, etc.

psfiles = glob.glob("*.ps") + glob.glob(’'*.eps")
allfiles = os.listdir(os.curdir)
os.mkdir('tnpl’); os.chdir(’tnpl’)

print os.getcwd() # current working dir.

def size(arg, dir, files):
for filein files:
fullpath = os.path.join(dir,file)
s = os. pat h. getsi ze(full path)
arg. append((full path, s)) # save name and size
nanme_and_si ze = []
os. path.wal k(os. curdir, size, nane_and_size)
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Files

Open and read:

f = open(filenane, 'r’)
filestr = f.read() # reads the whole file into a string
lines = f.readlines() # reads the whole file into a list of lines

for linein f:
<process |ine>

while True: # old style, nore flexible reading
line = f.readline()
if not line: break
<process |ine>

# read line by line

f.close()

Open and write:

f = open(filenane, 'W)
f.wite(sonestring)
f.witelines(list_of_lines)
print >> f, sonestring

Quick Python review - p. 455

Functions

® Two types of arguments: positional and keyword
def nyfync(posl, pos2, pos3, kwl=vl, kw2=v2):

3 positional arguments, 2 keyword arguments
(keyword=default-value)

# |Input data are arguments, output variables are returned as a tuple

def somefunc(il, i2, i3, iol):
"""i1,i2,i3: input, iol: input and output"""

bi:...;oZ: ;03 =...; 1001 =...

return ol, 02, 03, iol
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Example: a grep script (1)

® Find a string in a series of files:
grep.py 'Python' =.txt =.tnp
#® Python code:
def grep_file(string, filenane):
res = {} # result: dict wth key=line no. and val ue=line

f = open(filenane, "r")

line_no = 1
for lineinf:
#if line.find(string) !'=-1:
if re.search(string, line):
res[line_no] = line

line_no += 1
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Example: a grep script (2)

® Letus put the previous function in a file gr ep. py
#® This file defines a module gr ep that we can import
#® Main program:

inport sys, re, glob, grep

grep_res = {}
string = sys.argv[1]
for filespec in sys.argv[2:]:
for filenanme in glob.glob(filespec):
grep_res[filenane] = grep.grep(string, filenanme)

# report:
for filename in grep_res:
for line_no in grep_res[filenane]:
print '%20s.%d: %' % (filename, |ine_no,
grep_res[filenane][line_no])
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Interactive Python

# Just write pyt hon in a terminal window to get an interactive Python
shell:
>>> 1269+ 1. 24
1573. 5599999999999
>>> jnport os; os.getcwd()
"' horre/ hpl / wor k/ scri pting/trunk/lectures’
>>> | en(os.|istdir(’nodules’))
60

#® We recommend to use IPython as interactive shell

Uni x/ DOS> i pyt hon
In[1]: 1+1
t[1]: 2
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IPython and the Python debugger

# Scripts can be run from IPython:
In[1]:run scriptfile argl arg2 ...

eg.,
In [1]:run datatrans2.py .datatrans_infile tnpl

® |Python is integrated with Python’s pdb debugger

# pdb can be automatically invoked when an exception occurs:

In [29]:%db on # invoke pdb autonatically
In [30]:run datatrans2.py infile tnmp2
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More on debugging

® This happens when the infile name is wrong:
/'hone/ wor k/ scri pting/src/pylintro/datatrans2. py

print "Usage:",sys.argv[0], "infile outfile"; sys.exi

8
---->9 ifile = open(infilename, 'r’) # open file for reading

10 lines ifile.readlines() # read file into list of
11 ifile.close()
I CError: [Errno 2] No such file or directory: "infile

> [ home/ wor k/ scri pting/src/pyl/intro/datatrans2. py(9)?()
->ifile = open(infilename, 'r’) # open file for reading
(Pdb) print infilename

infile
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