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to this this manual.

Copyright (c) 1999, 2000, 2001. The Regents of the University of California. All rights reserved.

Permission to use, copy, modify, and distribute this software for any purpose without fee is hereby granted, provided
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Special license for package numarray.ma
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Disclaimer
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express or implied, or assumes any liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not infringe privately-owned
rights. Reference herein to any specific commercial products, process, or service by trade name, trademark, manu-
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Part |

Numerical Python







NumArray (“numarray”) adds a fast multidimensional array facility to Python. This part contains all you need to know
about “numarray” arrays and the functions that operate upon them.







CHAPTER
ONE

Introduction

This chapter introduces the numarray Python extension and outlines the rest of the document.

Numarray is a set of extensions to the Python programming language which allows Python programmers to efficiently
manipulate large sets of objects organized in grid-like fashion. These sets of objects are called arrays, and they
can have any number of dimensions. One-dimensional arrays are similar to standard Python sequences, and two-
dimensional arrays are similar to matrices from linear algebra. Note that one-dimensional arrays are also different from
any other Python sequence, and that two-dimensional matrices are also different from the matrices of linear algebra.
One significant difference is that numarray objects must contain elements of homogeneous type, while standard Python
sequences can contain elements of mixed type. Two-dimensional arrays differ from matrices primarily in the way
multiplication is performed; 2-D arrays are multiplied element-by-element.

This is a reimplementation of the earlier Numeric module (aka numpy). For the most part, the syntax of numarray is
identical to that of Numeric, although there are significant differences. The differences are primarily in new features.
For Python 2.2 and later, the syntax is completely backwards compatible. See the High-Level Overview (chapter 3)
for incompatibilities for earlier versions of Python. The reasons for rewriting Numeric and a comparison between
Numeric and numarray are also described in chapter 3. Portions of the present document are almost word-for-word
identical to the Numeric manual. It has been updated to reflect the syntax and behavior of numarray, and there is a
new section ( 3.4) on differences between Numeric and numarray.

Why are these extensions needed? The core reason is a very prosaic one: manipulating a set of a million numbers
in Python with the standard data structures such as lists, tuples or classes is much too slow and uses too much space.
A more subtle reason for these extensions, however, is that the kinds of operations that programmers typically want
to do on arrays, while sometimes very complex, can often be decomposed into a set of fairly standard operations.
This decomposition has been similarly developed in many array languages. In some ways, humarray is simply the
application of this experience to the Python language. Thus many of the operations described in numarray work the
way they do because experience has shown that way to be a good one, in a variety of contexts. The languages which
were used to guide the development of numarray include the infamous APL family of languages, Basis, MATLAB,
FORTRAN, S and S+, and others. This heritage will be obvious to users of numarray who already have experience
with these other languages. This manual, however, does not assume any such background, and all that is expected of
the reader is a reasonable working knowledge of the standard Python language.

This document is the “official” documentation for numarray. It is both a tutorial and the most authoritative source of
information about numarray with the exception of the source code. The tutorial material will walk you through a set
of manipulations of simple, small arrays of numbers. This choice was made because:

« A concrete data set makes explaining the behavior of some functions much easier to motivate than simply talking
about abstract operations on abstract data sets.

« Every reader will have at least an intuition as to the meaning of the data and organization of image files.

All users of numarray, whether interested in image processing or not, are encouraged to follow the tutorial with a
working numarray installed, testing the examples, and more importantly, transferring the understanding gained by




working on arrays to their specific domain. The best way to learn is by doing — the aim of this tutorial is to guide you
along this "doing.”

This manual contains:

Installing numarray Chapter 2 provides information on testing Python, numarray, and compiling and installing nu-
marray if necessary.

High-Level Overview Chapter 3 gives a high-level overview of the components of the numarray system as a whole.

Array Basics Chapter 4 provides a detailed step-by-step introduction to the most important aspect of numarray, the
multidimensional array objects.

Ufuncs Chapter 5 provides information on universal functions, the mathematical functions which operate on arrays
and other sequences elementwise.

Pseudo IndicesChapter 6 covers syntax for some special indexing operators.

Array Functions Chapter 7 is a catalog of each of the utility functions which allow easy algorithmic processing of
arrays.

Array Methods Chapter 8 discusses the methods of array objects.
Array Attributes Chapter 9 presents the attributes of array objects.

Character Array Chapter 10 describes timmarray.strings module that provides support for arrays of fixed
length strings.

Record Array Chapter 11 describes timeimarray.records module that supports arrays of fixed length records
of string or numerical data.

Object Array Chapter 12 describes timeimarray.objects module that supports arrays of Python objects.
C extension API Chapter 13 describes the C-APIs providedrfamarray based extension modules.

Convolution Chapter 14 describes tmimarray.convolve module for computing one-D and two-D convolu-
tions and correlations afumarray objects.

Fast-Fourier-Transform Chapter 15 describes themarray.fft module for computing Fast-Fourier-Transforms
(FFT) and Inverse FFTs ovaumarray objects in one- or two-dimensional manner. Ported from Numeric.

Linear Algebra Chapter 16 describes tmeimarray.linear _algebra module which provides a simple inter-
face to some commonly used linear algebra routih$ACK . Ported from Numeric.

Masked Arrays Chapter 17 describes tmumarray.ma module which supports Masked Arrays: arrays which
potentially have missing or invalid elements. Ported from Numeric.

Random Numbers Chapter 19 describes thimarray.random _array module which supports generation of
arrays of random numbers. Ported from Numeric.

Multidimentional image analysis functions Chapter 20 describes theimarray.ndimage  module which pro-
vides functions for multidimensional image analysis such as filtering, morphology or interpolation.

Glossary Appendix A gives a glossary of terms.
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1.1 Where to get information and code

Numarray and its documentation are available at SourceFagardeforge.net SourceForge addresses can

also be abbreviated asf.ne). The main web site is: http://numpy.sourceforge.net. ~ Downloads, bug re-

ports, a patch facility, and releases are at the main project page, reachable from the above site or directly
at: http://sourceforge.net/projects/numpy (see Numarray under "Latest File Releases”). The Python web site

is http://www.python.org. For up-to-date status on compatible modules available for numarray, please check
http://lwww.stsci.edu/resources/software_hardware/numarray/.

1.2 Acknowledgments

Numerical Python was the outgrowth of a long collaborative design process carried out by the Matrix SIG of the
Python Software Activity (PSA). Jim Hugunin, while a graduate student at MIT, wrote most of the code and initial
documentation. When Jim joined CNRI and began working on JPython, he didn’t have the time to maintain Numerical
Python so Paul Dubois at LLNL agreed to become the maintainer of Numerical Python. David Ascher, working as a
consultant to LLNL, wrote most of the Numerical Python version of this document, incorporating contributions from
Konrad Hinsen and Travis Oliphant, both of whom are major contributors to Numerical Python. The reimplementation
of Numeric as numarray was done primarily by Perry Greenfield, Todd Miller, and Rick White, with some assistance
from J.C. Hsu and Paul Barrett. Although numarray is almost a completely new implementation, it owes a great deal
to the ideas, interface and behavior expressed in the Numeric implementation. It is not an overstatement to say that
the existence of Numeric made the implementation of numarray far, far easier that it would otherwise have been.
Since the source for the original Numeric module was moved to SourceForge, the numarray user community has
become a significant part of the process. Numeric/numarray illustrates the power of the open source software concept.
Please send comments and corrections to this manpaktp@stsci.edor to Perry Greenfield, 3700 San Martin Dr,
Baltimore, MD 21218, U.S.A.
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CHAPTER
TWO

Installing numarray

This chapter explains how to install and test numarray, from either the source distribution or from the
binary distribution.

Before we start with the actual tutorial, we will describe the steps needed for you to be able to follow along the
examples step by step. These steps include installing and testing Python, the numarray extensions, and some tools and
sample files used in the examples of this tutorial.

2.1 Testing the Python installation

The first step is to install Python if you haven't already. Python is available from the Python project page at
http://sourceforge.net/projects/python. Click on the link corresponding to your platform, and follow the instructions
described there. Unlike earlier versions of numarray, version 0.7 and later require Python version 2.2.2 at a minimum.
When installed, starting Python by typing python at the shell or double-clicking on the Python interpreter should give
a prompt such as:

Python 2.3 (#2, Aug 22 2003, 13:47:10) [C] on sunos5
Type "help", "copyright", “credits" or "license" for more information.

If you have problems getting this part to work, consider contacting a local support person or emgitiog-
help@python.ordor help. If neither solution works, consider posting on tlenp.lang.pythomewsgroup (details on
the newsgroup/mailing list are availablehab://www.python.org/psa/MailingLists.html#clp).

2.2 Testing the Numarray Python Extension Installation

The standard Python distribution does not come, as of this writing, with the numarray Python extensions installed, but
your system administrator may have installed them already. To find out if your Python interpreter has numarray in-
stalled, typeimport numarray ’atthe Python prompt. You'll see one of two behaviors (throughout this document
user input and python interpreter output will be emphasized as shown in the block below):

>>> jmport numarray

Traceback (innermost last):

File "<stdin>", line 1, in ?

ImportError: No module named numarray

indicating that you don’t have numarray installed, or:




>>> import numarray
>>> numarray.__version__
0.6

indicating that you do. If you do, you can skip the next section and go ahead to section 2.4. If you don't, you have to
get and install the numarray extensions as described in section 2.3.

2.3 Installing numarray

The release facility at SourceForge is accessed through the projechpagepurceforge.net/projects/numpy. Click
on the "Numarray” release and you will be presented with a list of the available files. The files whose names end in
".tar.gz” are source code releases. The other files are binaries for a given platform (if any are available).

It is possible to get the latest sources directly from our CVS repository using the facilities described at SourceForge.
Note that while every effort is made to ensure that the repository is always “good”, direct use of the repository is
subject to more errors than using a standard release.

2.3.1 Installing on Unix, Linux, and Mac OSX
The source distribution should be uncompressed and unpacked as follows (for example):

gunzip numarray-0.6.tar.gz
tar xf numarray-0.6.tar

Follow the instructions in the top-level directory for compilation and installation. Note that there are options you must
consider before beginning. Installation is usually as simple as:

python setup.py install

or:
python setupall.py install

if you want to install all additional packages, which includeimarray.convolve , numarray.fft ,

numarray.linear _algebra , andnumarray.random _array .

See numarray-X.XX/Doc/INSTALL.txt for the latest details (X.XX is the version number).

Important Tip Just like all Python modules and packages, the numarray module can be invoked using either the
‘import numarray 'form, or the from numarray import ... ' form. Because most of the functions we'll

talk about are in the numarray module, in this document, all of the code samples will assume that they have been
preceded by a statement:

>>> from numarray import *

Note the lowercase nameimumarray as opposed tblumeric .

10 Chapter 2. Installing numarray



2.3.2 Installing on Windows
To install numarray, you need to be in an account with Administrator privileges. As a general rule, always remove (or
hide) any old version of numarray before installing the next version.

We have tested Numarrray on several Win-32 platforms including:

* Windows-XP-Pro-x86 ( MSVC-6.0)
¢ Windows-NT-x86 (MSVC-6.0)
* Windows-98-x86 (MSVC-6.0)

Installation from source

1. Unpack the distribution: (NOTE: You may have to download an "unzipping” utility)

C:\> unzip numarray.zip
C:\> cd numarray

2. Build it using the distutils defaults:

C:\numarray> python setup.py install

This installs numarray i€: \pythonXX where XX is the version number of your python installation, e.g. 20,
21, etc.

Installation from self-installing executable

1. Click on the executable’s icon to run the installer.

2. Click "next” several times. | have not experimented with customizing the installation directory and don't rec-
ommend changing any of the installation defaults. If you do and have problems, let us know.

3. Assuming everything else goes smoothly, click "finish”.

Testing your Installation

Once you have installed numarray, test it with:

C:\numarray> python

Python 2.2.2 (#18, Dec 30 2002, 02:26:03) [MSC 32 bit (Intel)] on win32
Type "copyright", "credits" or "license" for more information.

>>> import numarray.testall as testall

>>> testall.test()

numeric: (0, 1115)

records: (0, 48)

strings: (0, 166)

objects: (0, 72)

memmap: (0, 75)

Each line in the above output indicates that 0 of X tests failed. X grows steadily with each release, so the numbers
shown above may not be current.

2.3. Installing numarray 11



Installation on Cygwin

For an installation of numarray for python running on Cygwin, see section 2.3.1.

2.4 At the SourceForge...

The SourceForge project page for numarray istiat/sourceforge.net/projects/numpy. On this project page you will
find links to:

The Numpy Discussion List You can subscribe to a discussion list about numarray using the project page
at SourceForge. The list is a good place to ask questions and get help. Send mail to numpy-
discussion@lists.sourceforge.net. Note that there is no numarray-discussion group, we share the list created
by the numeric community.

The Web Site Click on "Thome page” to get to the Numarray Home Page, which has links to documentation and other
resources, including tools for connecting numarray to Fortran.

Bugs and PatchesBug tracking and patch-management facilities is provided on the SourceForge project page.

CVS Repository You can get the latest and greatest (albeit less tested and trustworthy) version of numarray directly
from our CVS repository.

FTP Site The FTP Site contains this documentation in several formats, plus maybe some other goodies we have lying
around.

12 Chapter 2. Installing numarray



CHAPTER
THREE

High-Level Overview

In this chapter, a high-level overview of the extensions is provided, giving the reader the definitions of the
key components of the system. This section defines the concepts used by the remaining sections.

Numarray makes available a set of universal functions (technically ufunc objects), used in the same way they were
used in Numeric. These are discussed in some detail in chapter 5.

3.1 Numarray Objects

The array objects are generally homogeneous collections of potentially large numbers of numbers. All numbers in
a numarray are the same kind (i.e. number representation, such as double-precision floating point). Array objects
must be full (no empty cells are allowed), and their size is immutable. The specific numbers within them can change
throughout the life of the array, however. There is a "mask array” package ("MA”) for Numeric, which has been ported
to numarray as “numarray.ma”.

Mathematical operations on arrays return new arrays containing the results of these operations performed element-wise
on the arguments of the operation.

The size of an array is the total number of elements therein (it can be 0 or more). It does not change throughout the
life of the array, unless the array is explicitly resized using the resize function.

The shape of an array is the number of dimensions of the array and its extent in each of these dimensions (it can be 0,
1 or more). It can change throughout the life of the array. In Python terms, the shape of an array is a tuple of integers,
one integer for each dimension that represents the extent in that dimension. The rank of an array is the number of
dimensions along which it is defined. It can change throughout the life of the array. Thus, the rank is the length of the
shape (except for rank ONote: This is not the same meaning of rank as in linear algebra.

Use more familiar mathematicial examples: A vector is a rank-1 array (it has only one dimension along which it can

be indexed). A matrix as used in linear algebra is a rank-2 array (it has two dimensions along which it can be indexed).
It is possible to create a rank-0 array which is just a scalar of one single value — it has no dimension along which it
can be indexed.

The type of an array is a description of the kind of element it contains. It determines the itemsize of the array. In
contrast to Numeric, an array type in numarray is an instance of a NumericType class, rather than a single character
code. However, it has been implemented in such a way that one may use aliases, sa¢H ds”, ‘i2 ', 'i4 ’, ‘4 ',

‘f8 ', etc., as well as the original character codes, to set array types. The itemsize of an array is the number of 8-bit
bytes used to store a single element in the array. The total memory used by an array tends to be its size times its
itemsize, when the size is large (there is a fixed overhead per array, as well as a fixed overhead per dimension).

Here is an example of Python code using the array objects:

13



>>> vectorl = array([1,2,3,4,5])

>>> print vectorl

[1 2345

>>> matrix1 = array([[0,1],[1,3]])

>>> print matrix1l

(o 1]

(1 3]

>>> print vectorl.shape, matrixl.shape

(5) 2.2

>>> print vectorl + vectorl

[2 4 6 8 10]

>>> print matrix1 * matrix1

[[0 1] # note that this is not the matrix
[1 9] # multiplication of linear algebra

If this example complains of an unknown name "array”, you forgot to begin your session with
>>> from numarray import *

See section 2.3.1.

3.2 Universal Functions
Universal functions (ufuncs) are functions which operate on arrays and other sequences. Most ufuncs perform mathe-
matical operations on their arguments, also elementwise.

Here is an example of Python code using the ufunc objects:

>>> print sin([pi/2., pi/4., pi/6.])

[ 1. 0.70710678 0.5 ]

>>> print greater([1,2,4,5], [5,4,3,2])

[0011]

>>> print add([1,2,4,5], [5,4,3,2])

667 7]

>>> print add.reduce([1,2,4,5])

12 #1+2+4+5

Ufuncs are covered in detail in "Ufuncs” on page 39.

3.3 Convenience Functions

The numarray module provides, in addition to the functions which are needed to create the objects above, a set of
powerful functions to manipulate arrays, select subsets of arrays based on the contents of other arrays, and other
array-processing operations.

14 Chapter 3. High-Level Overview



>>> data = arange(10) # homolog of builtin range()
>>> print data

0123456789

>>> print where(greater(data, 5), -1, data)

[0 1 2 3 4 5-1-1-1-1] # selection facility

>>> data = resize(array([0,1]), (9, 9)) # or just: data=resize([0,1], (9,9))
>>> print data

[O10101010

10101010 1]
010101010
[10101010 1]
010101010
[L0101010 1]
010101010
10101010 1]
01010101 0]

All of the functions which operate on numarray arrays are described in chapter 7. See page 56 for more information
aboutwhere and page 62 for information aresize

3.4 Differences between numarray and Numeric.

This new module numarray was developed for a number of reasons. To summarize, we regularly deal with large
datasets and numarray gives us the capabilities that we feel are necessary for working with such datasets. In particular:

1. Avoid promotion of array types in expressions involving Python scalars 2=*gFloat32 array> should
not result in &loat64 array).

2. Ability to use memory mapped files.
3. Ability to access fields in arrays of records as numeric arrays without copying the data to a new array.

4. Ability to reference byteswapped data or non-aligned data (as might be found in record arrays) without produc-
ing new temporary arrays.

5. Reuse temporary arrays in expressions when possible.
6. Provide more convenient use of index arrays (put and take).
we decided to implement a new module since many of the existing Numeric developers agree that the existing Numeric

implementation is not suitable for massive changes and enhancements.

This version has nearly the full functionality of the basic NumeNcimarray is not fully compatible with Numeric
(But it is very similar in most respects).

The incompatibilities are listed below.

1. Coercion rules are different. Expressions involving scalars may not produce the same type of arrays.

2. Types are represented by Type Obijects rather than character codes (though the old character codes may still be
used as arguments to the functions).

3. For versions of Python prior to 2.2, arrays have no public attributes. Accessor functions must be used instead
(e.g., to get shape for array x, one must use x.getshape() instead of x.shape). When using Python 2.2 or later,
however, the attributes of Numarray are in fact available.

3.4. Differences between numarray and Numeric. 15



A further comment on type is appropriate here. In numarray, types are represented by type objects and not character
codes. As with Numeric there is a module variable Float32, but now it represents an instance of a FloatingType class.
For example, if x is a Float32 array, x.type() will return a FloatingType instance associated with 32-bit floats (instead
of using x.typecode() as is done in Numeric). The following will still work in numarray, to be backward compatible:

>>> if x.typecode() == 'f:

or use:

>>> jif x.type() == Float32:

(All examples presumeffom numarray import * " has been used instead ofriport numarray ”, see
section 2.3.1.) The advantage of the new scheme is that other kinds of tests become simpler. The type classes are
hierarchical so one can easily test to see if the array is an integer array. For example:

>>> if isinstance(x.type(), IntegralType):

or:

>>> if isinstance(x.type(), UnsignedintegralType):
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CHAPTER
FOUR

Array Basics

This chapter introduces some of the basic functions which will be used throughout the text.

4.1 Basics

Before we explore the world of image manipulation as a case-study in array manipulation, we should first define a few
terms which we’ll use over and over again. Discussions of arrays and matrices and vectors can get confusing due to
differences in nomenclature. Here is a brief definition of the terms used in this tutorial, and more or less consistently
in the error messages of numarray.

The Python objects under discussion are formally called “NumArray” (or even more correctly “numarray”) objects
(N-dimensional arrays), but informally we’ll just call them “array objects” or just “arrays”. These are different from
the array objects defined in the standard Pytaoay module (which is an older module designed for processing
one-dimensional data such as sound files).

These array objects hold their data in a fixed length, homogeneous (but not necessarily contiguous) block of elements,
i.e. their elements all have the same C type (such as a 64-bit floating-point number). This is quite different from most
Python container objects, which are variable length heterogeneous collections.

Any given array object has a rank, which is the number of “dimensions” or “axes” it has. For example, a point in
3D spacdl, 2, 1] is an array of rank 1 — it has one dimension. That dimension has a length of 3. As another
example, the array

1.0 0.0 0.0
0.0 1.0 2.0

is an array of rank 2 (it is 2-dimensional). The first dimension has a length of 2, the second dimension has a length of
3. Because the word “dimension” has many different meanings to different folks, in general the word “axis” will be
used instead. Axes are numbered just like Python list indices: they start at 0, and can also be counted from the end, so
thataxis=-1 is the last axis of an arragxis=-2 is the penultimate axis, etc.

There are two important and potentially unintuitive behaviorsaharray arrays which take some getting used

to. The first is that by default, operations on arrays are performed element@isis. means that when adding two

arrays, the resulting array has as elements the pairwise sums of the two operand arrays. This is true for all operations,
including multiplication. Thus, array multiplication using the * operator will default to elementwise multiplication,

not matrix multiplication as used in linear algebra. Many people will want to use arrays as linear algebra-type matrices
(including their rank-1 versions, vectors). For those users, the matrixmultiply function will be useful.

The second behavior which will catch many users by surprise is that certain operations, such as slicing, return arrays
which are simply different views of the same data; that is, they will in fact share their data. This will be discussed

1This is common to IDL behavior but contrary to Matlab behavior.
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at length in examples later. Now that these definitions and warnings are laid out, let's see what we can do with these
arrays.

4.2 Creating arrays from scratch

4.2.1 array() and types

array ( sequence=None, typecode=None, copy=1, savespace=0, type=None, shapg=None
There are many ways to create arrays. The most basic one is the usenfthe function:

>>> a = array([1.2, 3.5, -1])

to make sure this worked, do:

>>> print a
[ 1.2 35 -1.]

Thearray function takes several arguments — the first one is the values, which can be a Python sequence
object (such as a list or a tuple). The optional arguntygme , if omitted, as in the example above, Python tries

to find the best data type which can represent all the elements. Another optional argument is the shape to use
for the array.

Since the elements we gave our example were two floats and one integer, iFtba€ed as the type of the
resulting array. One can specify unequivocally tyyge of the elements — this is especially useful when, for
example, one wants an array contains floats even though all of its input elements are integers:

>>> xy,z = 1,2,3

>>> a = array([x,y,z]) # integers are enough for 1, 2 and 3
>>> print a
[1 2 3]

>>> a = array([x,y,z], type=Float32) # not the default type
>>> print a
[1. 2. 3]

asarray ( seq, type=None, typecode=Ngne
This function converts scalars, lists and tuples tamearray , when possible. It passesimarray s through,
making copies only to convert types. In any other ca$g@eError s raised.

inputarray  ( seq, type=None, typecode=Ngne
This is an obosolete alias fasarray

Important Tip  Pop Quiz: What will be the type of the array below:
>>> mystery = array([1, 2.0, -3j])

Hint: -3j is an imaginary number.
Answer: Complex64

A very common mistake is to cadirray with a set of numbers as arguments, astiray(1, 2, 3, 4, 5)

This doesn’t produce the expected result if at least two numbers are used, because the first arqamagnt toust

be the entire data for the array — thus, in most cases, a sequence of numbers. The correct way to write the preceding
invocation is most likeharray([1, 2, 3, 4, 5])
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Possible values for the type argument to #ieay creator function (and indeed to any function which accepts a
so-called type for arrays) are:

1. Elements that can have values true or falkeol .
2. Unsigned numeric type&lint8 , UInt16 , UInt32 , andUInt64 .
3. Signed numeric types:

« Signed integer choicegnt8 , Intl6 ,Int32 | Int64

¢ Floating point choices-loat32 , Float64

4. Complex number type€omplex32 , Complex64 .

To specify a type, e.dJInt8 , etc, the easiest method is just to specify it as a string:

a = array([10], type = ’UInt8)

Another approach is to directly access the type object from the numeric types module:

import numerictypes
a = array([10], type = numerictypes.UInt8)

The various means for specifying types are defined in table 4.1, with each item in a row being equivalpreférred

methods are in the first 3 columns: numarray type object, type string, or type code. The last two columns were added
for backwards compatabililty with Numeric and are not recommended for new code. Numarray type object and string
names denote the size of the type in bits. The numarray type code names denote the size of the type in bytes. The
type objects must be imported from or referenced via the numerictypes module. All type strings and type codes are
specified using ordinary Python strings, and hence don’t require an import. Complex type names denote the size of
one component, real or imaginary, in bits/bytes, but the letter code is the total size of the whole number ('c8’ and
'c16’).

Table 4.1: Type specifiers

Numarray Type| Numarray String| Numarray Code| Numeric String| Numeric Code
Int8 'Int8’ il '‘Byte’ 1
Uint8 'UInt8’ ul’ 'UByte’

Int16 ‘Int16’ 'i2’ 'Short’ 's’
Uintl6 'Uint16’ u2’ 'UShort’

Int32 'Int32’ 4 Int’ i)
Uint32 'UInt32’ ug’ "'Ulnt’ u’
Int64 ‘Int64’ 'ig’

Ulint64t 'UInt64’ ug’

Float32 'Float32’ 4 'Float’ T’
Float64 'Float64’ '8’ 'Double’ d’
Complex32 'Complex32’ 'c8 '
Complex64 'Complex64’ 'cl16’ 'Complex’ 'D’
Bool 'Bool’

4.2.2 Multidimensional Arrays

The following example shows one way of creating multidimensional arrays:

1UInt64 is unsupported on Windows

4.2. Creating arrays from scratch 19



>>> ma = array([[1,2,3],[4,5,6]])
>>> print ma

[ 2 3]

[4 5 6]]

The first argument tarray in the code above is a sindist  containing two lists, each containing three elements.
If we wanted floats instead, we could specify, as discussed in the previous section, the optional type we wished:

>>> ma_floats = array([[1,2,3],[4,5,6]], type=Float32)
>>> print ma_floats

M1 2 3]

[ 4. 5 6]

This array allows us to introduce the notion of “shape”. The shape of an array is the set of numbers which define its
dimensions. The shape of the armpdefined above is 2 by 3. More precisely, all arrays have an attribute which is

a tuple of integers giving the shape. Tgetshape method returns this tuple. In general, one can directly use the
shape attribute (but only for Python 2.2 and later) to get or set its value. Since it isn't supported for earlier versions
of Python, subsequent examples will gggshape andsetshape only. So, in this case:

>>> print ma.shape # works only with Python 2.2 or later
>>> print ma.getshape() # works with all Python versions
(2, 3)

Using the earlier definitions, this is a shape of rank 2, where the first axis has length 2, and the second axis has length
3. The rank of an arrag is always equal téen(A.getshape()) . Note that shape is an attribute agetshape

is a method of array objects. They are the first of several that we will see throughout this tutorial. If you're not used to
object-oriented programming, you can think of attributes as “features” or “qualities” of individual arrays, and methods
are functions that operate on individual arrays. The relation between an array and its shape is similar to the relation
between a person and their hair color. In Python, it’s called an object/attribute relation.

reshape (a, shapg
What if one wants to change the dimensions of an array? For now, let us consider changing the shape of an array
without making it “grow”. Say, for example, we want to make the 2x3 array defined abma array of rank
1:

>>> flattened_ma = reshape(ma, (6,))
>>> print flattened_ma
[1 2345 6]

One can change the shape of arrays to any shape as long as the product of all the lengths of all the axes is kept
constant (in other words, as long as the number of elements in the array doesn’t change):
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>>> a = array([1,2,3,4,5,6,7,8])
>>> print a
1234567 8]

>>> b = reshape(a, (2,4)) # 2*4 == 8
>>> print b

1 23 4]

[5 6 7 8]

>>> ¢ = reshape(b, (4,2)) # 4*2 == 8
>>> print ¢

(1 2]

[3 4]

[5 6]

[7 8ll

The functionreshape expects an array/sequence as its first argument, and a shape as its second argument.
The shape has to be a sequence of integelist(a or atuple ). There is also aetshape method, which
changes the shape of an array in-place (see below).

One nice feature of shape tuples is that one entry in the shape tuple is allowed to be -1. The -1 will be auto-
matically replaced by whatever number is needed to build a shape which does not change the size of the array.
Thus:

>>> a = reshape(array(range(25)), (5,-1))
>>> print a, a.getshape()

[0 1 2 3 4

[5 6 7 8 9

[10 11 12 13 14]

[15 16 17 18 19]

[20 21 22 23 24]] (5, 5)

Theshape of an array is a modifiable attribute of the array, but it is an internal attribute. You can change the
shape of an array by calling tisetshape method (or by assigningtaple to the shape attribute, in Python
2.2 and later), which assigns a new shape to the array:
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>>> a = array([1,2,3,4,5,6,7,8,9,10])
>>> a.getshape()

(10,

>>> a.setshape((2,5))

>>> a.shape = (2,5) # for Python 2.2 and later
>>> print a

[1 2 3 4 5]
[6 7 8 9 10]]
>>> a.setshape((10,1)) # second axis has length 1
>>> print a

(1]

[ 2]

[ 3]

[ 4]

[ 5]

[ 6]

[ 7]

[ 8]

[ 9]

[10]]

>>> a.setshape((5,-1)) # note the -1 trick described above
>>> print a

1 2

[3 4]

[5 6]

[7 8

[ 9 10]]

As in the rest of Python, violating rules (such as the one about which shapes are allowed) results in exceptions:
>>> a.setshape((6,-1))
Traceback (innermost last):

File "<stdin>", line 1, in ?
ValueError: New shape is not consistent with the old shape

For Advanced Users: Printing arrays

Sections denoted “For Advanced Users” indicates function aspects which may not be needed for a first
introduction of numarray, but is mentioned for the sake of completeness.

The default printing routine provided by timeimarray module prints arrays as follows:

1. The last axis is always printed left to right.

2. The next-to-last axis is printed top to bottom.

The remaining axes are printed top to bottom with increasing numbers of separators.

This explains why rank-1 arrays are printed from left to right, rank-2 arrays have the first dimension going down the
screen and the second dimension going from left to right, etc.

If you want to change the shape of an array so that it has more elements than it started with (i.e. grow it), then you
have several options: One solution is to usedbrecatenate  function discussed later. An alternative is to use the
array creator function with existing arrays as arguments:
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>>> print a
[012345667]

>>> b = array([a,a))

>>> print b

0123456 7]

[0123456 7]
>>> print b.getshape()

@ 98

resize (array, shapg
A final possibility is theresize  function, which takes dasearray as its first argument and the desisedpe
as the second argument. Unlikeshape , the shape argument tesize can be a smaller or larger shape
than the input array. Smaller shapes will result in arrays with the data at the “beginning” of the input array, and
larger shapes result in arrays with data containing as many replications of the input array as are needed to fill
the shape. For example, starting with a simple array

>>> hase

array([0,1])

one can quickly build a large array with replicated data:

>>> big = resize(base, (9,9))

1]
0]
1]
0]
1]
0]
1]

>>> print big
010101010
101010
10101
101010
10101
101010
010101
[lo1010
10101

OPFrOPFRPOFrOLPR
POPFPOFRPOPRFRO

0]]

For Advanced Users Thenumarray constructor takes a data argument, an optional type, and an optional shape
argument. If the data argument is a sequence, then array creates a new objechoftgpgy , and fills the array

with the elements of the data object. The shape of the array is determined by the size and nesting arrangement of the
elements of data.

4.3 Creating arrays with values specified “on-the-fly”

zeros ( shape, type

ones ( shape, type

Often, one needs to manipulate arrays filled with numbers which aren’t available beforehamiinfdreay
module provides a few functions which create arrays from scratetus andones simply create arrays of a
givenshapdfilled with zeros and ones respectively:
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>>> z = zeros((3,3))
>>> print z

[0 00

[0 0 0]

[0 0 0]]

>>> 0 = ones([2,3])
>>> print o

[ 11]

[111]]

Note that the first argument is a shape — it needs to ple or alist  of integers. Also note that the
default type for the returned arrayslig , which you can override, e. g.:

>>> 0 = ones((2,3), Float32)

>>> print o
Mi 1. 1]
[1. 1. 1]

arrayrange (al, a2=None, stride=1, type=None, shape=Npne

arange (al, a2=None, stride=1, type=None, shape=Npne
Thearange function is similar to theange function in Python, except that it returns array as opposed
toalist .arange andarrayrange are equivalent.

>>> r = arange(10)
>>> print r
0123456789

Combining thearange with thereshape function, we can get:

>>> big = reshape(arange(100),(10,10))
>>> print big

[0 1 2 3 4 5 6 7 8 9
[10 11 12 13 14 15 16 17 18 19]
[20 21 22 23 24 25 26 27 28 29]
[30 31 32 33 34 35 36 37 38 39]
[40 41 42 43 44 45 46 47 48 49]
[50 51 52 53 54 55 56 57 58 59]
[60 61 62 63 64 65 66 67 68 69]
[70 71 72 73 74 75 76 77 78 79]
[80 81 82 83 84 85 86 87 88 89]
[90 91 92 93 94 95 96 97 98 99]]

One can setthal, a2, andstride  arguments, which allows for more varied ranges:
>>> print arange(10,-10,-2)
[0 8 6 4 2 0 -2 -4 -6 -8
An important feature of arange is that it can be used with non-integer starting points and strides:
>>> print arange(5.0)
[ 0. 1. 2. 3. 4]

>>> print arange(0, 1, .2)
[0. 02 04 0.6 0.8

If you want to create an array with just one value, repeated over and over, you can use the * operator applied to
lists
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>>> a = array([[3]*5]*5)
>>> print a
[[3 333 3]
[3

‘w
www

but that is relatively slow, since the duplication is done on Python lists. A quicker way would be to start with O’s
and add 3:

>>> a = zeros([5,5]) + 3
>>> print a
[[3 3333

The optionaltype argument forces the type of the resulting array, which is otherwise the “highest” af.the

a2, andstride  arguments. Thal argument defaults to O if not specified. Note that if the specffipd isis
“lower” than whatarange would normally use, the array is the result of a precision-losing cast (a round-down,
as that used in thastype method for arrays.)

4.3.1 Creating an array from a function

fromfunction  ( object, shapg
Finally, one may want to create an array whose elements are the result of a function evaluation. This is done
using thefromfunction function, which takes two arguments,shapeand a callableobject (usually a
function). For example:
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>>> def dist(x,y):
return (x-5)**2+(y-5)**2 # distance from (5,5) squared

>>> m = fromfunction(dist, (10,10))
>>> print m

[[50 41 34 29 26 25 26 29 34 41]
[41 32 25 20 17 16 17 20 25 32]
[34 25 18 13 10 9 10 13 18 25]

202013 8 5 4 5 8 13 20]
[26 1710 5 2 1 2 5 10 17]
2516 9 4 1 0 1 4 9 16]
[26 17 10 5 2 1 2 5 10 17]
292013 8 5 4 5 8 13 20]

[34 25 18 13 10 9 10 13 18 25]
[41 32 25 20 17 16 17 20 25 32]]
>>> m = fromfunction(lambda ij,k: 100*(i+1)+10*(+1)+(k+1), (4,2,3))
>>> print m
[[111 112 113]
[121 122 123]]
[[211 212 213]
[221 222 223]]
[[311 312 313]
[321 322 323]]
[[411 412 413]
[421 422 423]]]

These examples show thimbmfunction creates an array of the shape specified by its second argument,
and with the contents corresponding to the value of the function argument (the first argument) evaluated at the
indices of the array. Thus the valuemf3, 4] in the first example above is the value of dist wher3 and

y=4. Similarly for the lambda function in the second example, but with a rank-3 array. The implementation of
fromfunction consists of:

def fromfunction(function, dimensions):
return apply(function, tuple(indices(dimensions)))

which means that the functiorfunction is called with arguments given by the sequence
indices(dimensions) . As described in the definition of indices, this consists of arrays of indices which

will be of rank one less than that specified by dimensions. This means that the function argument must accept
the same number of arguments as there are dimensiatimignsionsand that each argument will be an array

of the same shape as that specified by dimensions. Furthermore, the array which is passed as the first argument
corresponds to the indices of each element in the resulting array along the first axis, that which is passed as the
second argument corresponds to the indices of each element in the resulting array along the second axis, etc.
A consequence of this is that the function which is used Witinfunction will work as expected only if

it performs a separable computation on its arguments, and expects its arguments to be indices along each axis.
Thus, no logical operation on the arguments can be performed, or any non-shape preserving operation. Thus,
the following will not work as expected:

>>> def buggy(test):
if test > 4: return 1
else: return 0

>>> print fromfunction(buggy,(10,))
1

Here is how to do it properly. We add a print statement to the function for clarity:

26

Chapter 4. Array Basics



>>> def notbuggy(test): # only works in Python 2.1 & later
print test
return where(test>4,1,0)

>>> fromfunction(notbuggy,(10,))
01234567809
array([0, 0, 0, 0, 0, 1, 1, 1, 1, 1))

We leave it as an excercise for the reader to figure out why the “buggy” example gave the result 1.

identity  ( size
The identity function takes a single integer argument and returns a square identity array (in the “matrix”
sense) of thasizeof integers:

>>> print identity(5)
[L 00O Q]
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4.4 Coercion and Casting

We've mentioned the types of arrays, and how to create arrays with the right type. But what happens when arrays with
different types interact? For some operations, the behavior of numarray is significantly different from Numeric.

4.4.1 Automatic Coercions and Binary Operations

In numarray (in contrast to Numeric), there is now a distinction between how coercion is treated in two basic cases:
array/scalar operations and array/array operations. In the array/array case, the coercion rules are nearly identical to
those of Numeric, the only difference being combining signed and unsigned integers of the same size. The array/array
result types are enumerated in table 4.2.

Table 4.2: Array/Array Result Types

Bool | Int8 | UInt8 | Int16 | UIntl6 | Int32 | UInt32 | Int64 | UInt64 | Float32 | Float64 | Complex32 | Complex64
Bool Int8 Int8 | UInt8 | Intl6 | UIntl6 | Int32 | UInt32 | Int64 | UInt64 | Float32 | Float64 | Complex32| Complex64
Int8 Int8 | Intl6 | Intl6 | Int32 Int32 | Int64 Int64 | Int64 Float32 | Float64 | Complex32| Complex64
Uint8 UInt8 | Int16 | UIntl6 | Int32 | UInt32 | Int64 | UInt64 | Float32 | Float64 | Complex32| Complex64
Int16 Int16 | Int32 Int32 | Int64 Int64 | Int64 Float32 | Float64 | Complex32| Complex64
Uint16 Uintl6 | Int32 | UInt32 | Int64 | UInt64 | Float32 | Float64 | Complex32 | Complex64
Int32 Int32 | Int64 Int64 | Int64 Float32 | Float64 | Complex32| Complex64
UInt32 UInt32 | Int64 | UInt64 | Float32 | Float64 | Complex32 | Complex64
Int64 Int64 | Int64 Float64 | Floaté4 | Complex64 | Complex64
Uint64 Uint64 | Float64 | Float64 | Complex64 | Complex64
Float32 Float32 | Float6é4 | Complex32| Complex64
Float64 Float64 | Complex64 | Complex64
Complex32 Complex32 | Complex64
Complex64 Complex64

Scalars, however, are treated differently. If the scalar is of the same “kind” as the array (for example, the array and
scalar are both integer types) then the output is the type of the array, even if it is of a normally “lower” type than the
scalar. Adding anint16 array with an integer scalar results in bitl6 array, not annt32 array as is the case

in Numeric. Likewise adding &loat32 array to a float scalar results infdoat32 array rather than Rloat64

array as is the case with Numeric. Addinglatlé array and a float scalar will result inFdoat64 array, however,

since the scalar is of a higher kind than the array. Finally, when scalars and arrays are operated on together, the scalar
is converted to a rank-0 array first. Thus, adding a “small” integer to a “large” floating point array is equivalent to first
casting the integer “up” to the type of the array.

>>> print (array ((1, 2, 3), type=Intl6) * 2).type()

numarray type: Intl6

>>> arange(0, 1.0, .1) + 12

array([ 12. , 12.1, 12.2, 12.3, 12.4, 125, 12.6, 12.7, 12.8, 12.9]

The results of array/scalar operations are enumerated in table 4.3. Entries marked with ” are identical to their neighbors
on the same row.

Table 4.3: Array/Scalar Result Types

Bool Int8 | UInt8 | Intl6 | UIntl6 | Int32 | UInt32 | Int64 | UInt64 | Float32 | Float64 | Complex32| Complex64
int Int32 Int8 | UInt8 | Int16 | UIntl6 | Int32 | UInt32 | Int64 | UInt64 | Float32 | Float64 | Complex32 | Complex64
long Int32 Int8 | UInt8 | Intl6 | UIntl6 | Int32 | UInt32 | Int64 | UInt64 | Float32 | Float64 | Complex32 | Complex64
float Float64 " B " B B " B Float64 | Float32 | Float64 | Complex32 | Complex64
complex | Complex64 " ? B " Complex64

10F|0at64
20Complex64

28 Chapter 4. Array Basics



4.4.2 The type value table

The type identifiersKloat32 , etc.) aradNumericType instances. The mapping between type and the equivalent C
variable is machine dependent. The correspondences between types and C variables for 32-bit architectures are shown
in Table 4.4.

Table 4.4: Type identifier table on a x86 computer.
# of bytes # of bits Identifier

1 8 Bool

1 8 Int8

1 8 Uint8

2 16 Int16

2 16 uint16

4 32 Int32

4 32 Uint32

8 64 Int64

8 64 Uint64

4 32 Float32

8 64 Float64

8 64 Complex32
16 128 Complex64

4.4.3 Long: the platform relative type

The type identifiet.ong is aliased to eithdnt32 oriInt64 , depending on the machine architecture where numarray
is installed. On 32-bit platform&,ong is defined agnt32 . On 64-bit (LP64) platformd,ong is defined agnt64 .
Long is used as the default integer type for arrays and for index values, such as those returoezdoyg .

4.4.4 Deliberate casts (potentially down)

astype (typg
You may also forcemumarray to cast any number array to another number array. For example, to take an array
of any numeric typelatX or FloatX or ComplexX or UIntX ) and convert it to a 64-bit float, one can do:

>>> floatarray = otherarray.astype(Float64)

Thetypecan be any of the number types, “larger” or “smaller”. If it is larger, this is a cast-up. If it is smaller,
the standard casting rules of the underlying language (C) are used, which means that truncation or integer wrap-
around can occur:

>>> print X

[ o 0.4 0.8 1.2 300.6]

>>> print x.astype(Int32)

[ 0O 0 o0 1300

>>> print x.astype(Int8) # wrap-around
[0 0 0 144

If the typeused withastype s the original array’s type, then a copy of the original array is returned.

4.5 Operating on Arrays
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4.5.1 Simple operations

If you have a keen eye, you have noticed that some of the previous examples did something new: they added a number
to an array. Indeed, most Python operations applicable to numbers are directly applicable to arrays:

>>> print a

[1 2 3]

>>> print a * 3
[3 6 9]

>>> print a + 3
[4 5 6]

Note that the mathematical operators behave differently depending on the types of their operands. When one of the
operands is an array and the other a number, the number is added to all the elements of the array, and the resulting
array is returned. This is calldifoadcasting This also occurs for unary mathematical operations such as sine and the
negative sign:

>>> print sin(a)

[ 0.84147096 0.90929741 0.14112 ]
>>> print -a

[[1 -2 -3]

When both elements are arrays of the same shape, then a new array is created, where each element is the operation
result of the corresponding elements in the original arrays:

>>> print a + a
[2 4 6]

If the operands of operations such as addition, are arrays having the same rank but different dimensions, then an
exception is generated:

>>> a = array([1,2,3])
>>> b = array([4,5,6,7]) # note this has four elements
>>> print a + b
Traceback (innermost last):
File "<stdin>", line 1, in ?
ValueError: Arrays have incompatible shapes

This is because there is no reasonable way for numarray to interpret additiof3,9f ashaped array and @,)
shaped array.

Note what happens when adding arrays with different rank:
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>>> print a
[1 2 3]

>>> print b
[ 4 8 12]
[ 5 9 13]
[ 6 10 14]
[ 7 11 15]]
>>> print a + b
[[ 5 10 15]
[ 6 11 16]
[ 7 12 17]
[ 8 13 18]]

This is another form of broadcasting. To understand this, one needs to look carefully at the slzapedimf

>>> a.getshape()

(3)
>>> b.getshape()
(4.3)

Note that the last axis o is the same length as that bf(i.e. compare the last elements in their shape tuples).
Becausa’s andb’s last dimensions both have length 3, those two dimensions were “matched”, and a new dimension
was created and automatically “assumed” for agay he data already ia were “replicated” as many times as needed

(4, in this case) to make the shapes of the two operand arrays conform. This replication (broadcasting) occurs when
arrays are operands to binary operations and their shapes differ, based on the following algorithm:

« starting from the last axis, the axis lengths (dimensions) of the operands are compared,
« if both arrays have axis lengths greater than 1, but the lengths differ, an exception is raised,

« if one array has an axis length greater than 1, then the other array’s axis is “stretched” to match the length of the
first axis; if the other array’s axis is not present (i.e., if the other array has smaller rank), then a new axis of the
same length is created.

Mathematically, if operanda, b have ranksnandn respectively andn <= n, then the following codition must be
true:

a.shape = b.shape[-m:]

So, operands with the following shapes will work:

(3, 2, 4 and (3, 2, 4)
(3, 2, 4) and (2, 4)
(3, 2, 4 and (4,

But not these:

3, 2, 4 and (2, 3, 4)
3, 2, 4) and (3, 4)
(4,) and (0,)

This algorithm is complex to describe, but intuitive in practice.
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4.5.2 In-place operations

Beginning with Python 2.0, Python supports the in-place operaters=, *=, and/= . Numarray supports these
operations, but you need to be careful. The right-hand side should be of the same type. Some violation of this is
possible, but in general contortions may be necessary for using the smaller “kinds” of types.

>>> x = array ([1, 2, 3], type=Intl6)
>>> x += 3.5

>>> print X

[4 5 6]

4.6 Getting and Setting array values

Just like other Python sequences, array contents are manipulated wjith tfeeation. For rank-1 arrays, there are no
differences between list and array notations:

>>> g = arange(10)

>>> print a[0] # get first element

0

>>> print a[l1:5] # get second through fifth elements
[1 23 4]

>>> print a[-1] # get last element

9

>>> print a[:-1] # get all but last element

012345678

If an array is multidimensional (of rank ¢, 1), then specifying a single integer index will return an array of dimension
one less than the original array.

>>> a = arange(9, shape=(3,3))

>>> print a

012

[3 4 5]

6 7 8]

>>> print a[0] # get first row, not first element!
[01 2]

>>> print a[1] # get second row

[3 4 5]

To get to individual elements in a rank-2 array, one specifies both indices separated by commas:

>>> print af0,0] # get element at first row, first column
2>> print a[0,1] # get element at first row, second column
i» print a[1,0] # get element at second row, first column
§>> print af2,-1] # get element at third row, last column

8

Of course, th¢] notation can be used to set values as well:
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>>> g[0,0] = 123
>>> print a

23 1 2]
[ 3 4 5
[ 6 7 8]

Note that when referring to rows, the right hand side of the equal sign needs to be a sequence which “fits” in the
referred array subset, as described by the broadcast rule (in the code sample below, a 3-element row):

>>> g[1] = [10,11,12] ; print a

[123 1 2]

[ 10 11 12]

[ 6 7 8]

>>> agf2] = 99 ; print a
[123 1 2]

[ 10 11 12

[ 99 99 99]]

Note also that when assigning floating point values to integer arrays that the values are silently truncated:

>>> g[1] = 93.999432
[123 1 2]
[ 93 93 93]
[ 99 99 99]]

4.7 Slicing Arrays
The standard rules of Python slicing apply to arrays, on a per-dimension basis. Assuming a 3x3 array:

>>> a = reshape(arange(9),(3,3))
>>> print a

[0 12]

[3 4 5]

[6 7 8]]

The plain[:;] operator slices from beginning to end:

>>> print a[:,:]
[[0O 1 2]
[3 4 5]
[6 7 8]

In other words|:]  with no arguments is the same gk for lists — it can be read “all indices along this axis”.
(Actually, there is an important distinction; see below.) So, to get the second row along the second dimension:
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>>> print a[:,1]
[1 4 7]

Note that what was a “column” vector is now a “row” vector any “integer slice” (as in the 1 in the example above)
results in a returned array with rank one less than the input array. There is one important distinction between slicing
arrays and slicing standard Python sequence objects. A slicéistf a is a new copy of that subset of thist ; a

slice of an array is just a view into the data of the first array. To force a copy, you can usephemethod. For
example:

>>> g
>>> b = a[3:8]

>>> ¢ = a[3:8].copy()
>>> a[5] = -99

>>> print b

[ 3 499 6 7]
>>> print ¢

[3456 7]

arange (20)

If one does not specify as many slices as there are dimensions in an array, then the remaining slices are assumed to be
“all”. If Ais arank-3 array, then

All] == A[l;] == A[l,,]

An additional slice notation for arrays which does not exist for Python lists (before Python 2.3), i. e. the optional third
argument, meaning the “step size”, also called stride or increment. Its default value is 1, meaning return every element
in the specified range. Alternate values allow one to skip some of the elements in the slice:

>>> a = arange(12)

>>> print a

[0 1 2 3 4 5 6 7 8 910 11]

>>> print a[::2] # return every *other* element
[0 2 4 6 8 10]

Negative strides are allowed as long as the starting index is greater than the stopping index:

>>> a = reshape(arange(9),(3,3))
>>> print a
012

[3 4 5]

6 7 8]

>>> print af:, 0]

[0 3 6]

>>> print a[0:3, 0]
[0 3 6]

>>> print a[2::-1, 0]
[6 3 0]

If a negative stride is specified and the starting or stopping indices are omitted, they default to “end of axis” and
“beginning of axis” respectively. Thus, the following two statements are equivalent for the array given:
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>>> print a[2::-1, 0]

[6 3 0]

>>> print a[::-1, 0]

[6 3 0]

>>> print af::-1] # this reverses only the first axis
(6 7 8]

[3 4 5]

01 2]

>>> print a[::-1,::-1] # this reverses both axes
[[8 7 6]

[5 4 3]

[2 1 0]

One final way of slicing arrays is with the keyword.* ’ This keyword is somewhat complicated. It stands for
“however many “’ | need depending on the rank of the object I'm indexing, so that the indiltesplecify are at the
end of the index list as opposed to the usual beginning”.

So, if one has a rank-3 array thenAJ...,0] is the same thing &Al[:,:,0] , but if B is rank-4, therB]I...,0]
is the same thing a$[:,:,:,0] . Only one ‘.. 'is expanded in an index expression, so if one has a rank-5 array
C, thenCJ...,0,...] is the same thing &S[:,:,:,0,:]

When assigment source and destination locations overlap, i.e. when an array is assigned onto itself at overlapping
indices, it may produce something "surprising”:

>>> n=numarray.arange(36)

>>> n[11:18]=n[7:14]

>>> n

array( 0, 1, 2, 3, 4, 5 6, 7, 8 9,610, 7, 8, 9 10, 7,
8, 9, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31,
32, 33, 34, 35))

If the slice on the right hand side (RHS) is AFTER that on the left hand side (LHS) for 1-D array, then it works fine:

>>> n=numarray.arange(36)

>>> n[1:8]=n[7:14]

>>> n

array(( 0, 7, 8, 9, 10, 11, 12, 13, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31,
32, 33, 34, 35)

Actually, this behavior can be undedrstood if we follow the pixel by pixel copying logic. Parts of the slice start to get
the "updated” values when the RHS is before the LHS.

An easy solution which is guaranteed to work is to use the copy() method on the righ hand side:

>>> n=numarray.arange(36)

>>> n[11:18]=n[7:14].copy()

>>> n

array( 0, 1, 2, 3, 4, 5 6, 7, 8 9 10, 7, 8, 9, 10, 11,
12, 13, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31,
32, 33, 34, 35])

4.8 Index Arrays
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Arrays used as subscripts have special meanings which implicitly invoke the funptibon@age 52)take (page

51), orcompress (page 56). If the array is oBool type, then the indexing will be treated as the equivalent
of the compress function. If the array is of an integer type, théaka or put operation is implied. We will
generalize the existing take and put as followsnéf1, ind2, ... indN are index arrays (arrays of integers whose values
indicate the index into another array), thdmd1, ind2] forms a new array with the same shaperatl, ind2
(they all must be broadcastable to the same shape) and values semihit[i;j,k] = x[ind1][i,j,k],

ind2[i,j,K]] " In this example,indl, ind2 are index arrays with 3 dimensions (but they could have an arbitrary
number of dimensions). To illustrate with some specific examples:

>>> # simple index array example
>>> x = 2*arange(10)

>>> ind = array([3,6,2,4,4])

>>> x[ind]

array([ 6, 12, 4, 8, 8]

>>> # index a 2-d array

>>> x = arange(12)

>>> x.setshape((3,4))

>>> X
array([[ 0, 1, 2, 3],
[4, 5 6, 7

[ 8 9, 10, 11]])
>>> indl = array([2,1])
>>> ind2 = array([0,2])
>>> x[indl, ind2]
array([8, 6])
>>> # multidimensional index arrays
>>> indl = array([[2,2],[1,0]])
>>> ind2 = array([[2,1],[0,1]])
>>> x[indl, ind2]
array([[10, 9],
[ 4 1]
>>> # Mindblowing combination of multidimensional index arrays with
>>> # partial indexing. Strap on your seatbelts.
>>> x[ind1]
array([[[ 8, 9, 10, 11],
[ 8 9, 10, 11]],
[ 4 5 6 7],
(0 1, 2 3]

Note that in this last example, each index in the single index amal)(is treated as thoughwere given only one
index. For each of these “single” indices, a 1-d array is returned, thus the combination of the 2 dimensions in the index
array combined with the leftover dimension in the array being indexed produces a 3 dimensional array.

When using constants for some of the index positions, then the result uses that constant for all values. Slices and
strides (at least initially) will not be permitted in the same subscript as index arrays. So

>>> x[indl, 2]
array([[10, 10],
[ 6 2])

would be legal, but
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>>> x[indl, 1:3]
Traceback (most recent call last):

(]
raise IndexError("Cannot mix arrays and slices as indices")
IndexError: Cannot mix arrays and slices as indices

would not be. Similarly for assignment:
x[ind1, ind2, ind3] = values
will form a new array such that:

x[ind1[i,j,k], ind2[ij,k], ind3[ijk]] = values[i}k]

The index arrays and the value array must be broadcast consistently. (As an exadfpketshape((5,4))
ind2.setshape((5,)) , ind3.setshape((1,4)) , andvalues.setshape((1,)) J)

# Index put example, using broadcasting and illustrating that Python
# integer sequences work as indices also.

>>> x = zeros((10,10))

>>> X[[2,5,6],array([0,1,9,3])[:;,NewAXxis]] = 111

>>> X

array([[ O, 0, 0, 0, 0, 0, 0, 0, 0, 0],
[ 00 O ©O O O O O O o0 O,
[111, 112, O, 111, ©O, O, O, O, 0, 111],
[ 00 o0 O ©O O O O O O O,
[ 00 O O O O O O O O O,
[111, 112, O, 111, ©O, O, O, O, 0, 111],
[1112, 111, 0, 111, 0, 0, 0, 0, 0, 111],
[ 00 O O ©O O O O O o0 O,
[ o o0 O O O o0 O o0 o0 o0
[ o0 O O ©O O O O 0 0 O

If indices are repeated, the last value encountered will be stored. When index values are out of range they will be
clipped to the appropriate range. That is to say, an index that is too large will be taken to refer to the last element, and
a negative index will be interpreted as zero (future versions will interpret negative indices in the usual Python style,

counting backwards from the end). Use of the equivalaké andput functions will allow other interpretations

of the indices (raise exceptions for out of bounds indices, allow negative indices to work backwards as they do when
used individually, or for indices to wrap around). The same behavior applies for functions such as choose and where.

>>> x = 2*arange(10)
>>> x[[0, 5, 100, 5, -2]] = [1000, 1005, 1100, 2005, 3005]
>>> X

array(3005, 2, 4, 6, 8, 2005 12, 14, 16, 1100])

4.9 Exception Handling

We desired better control over exception handling than currently exists in Numeric. This has traditionally been a
problem area (see the numerous postsamp.lang.pythomegarding floating point exceptions, especially those by
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Tim Peters). Numeric raises an exception for integer computations that result in a divide by zero or multiplications
that result in overflows. The exception is raised after that operation has completed on all the array elements. No
exceptions are raised for floating point errors (divide by zero, overflow, underflow, and invalid results), the compiler
and processor are left to their default behavior (which is usually to return Infs and NaNs as values).

The approach for numarray is to provide customizable error handling behavior. It should be possible to specify three
different behaviors for each of the four error types independently. These are:

* Ignore the error.
 Print a warning.

» Raise a Python exception.

The current implementation does that and has been tested successfully on Windows, Solaris, Redhat and Tru64. The
implementation uses the floating point processor “sticky status flags” to detect errors. One can set the error mode by
calling the error object’s setMode method. For example:

>>> numarray.Error.setMode(all="warn") # the default mode
>>> numarray.Error.setMode(dividebyzero="raise", underflow="ignore", invalid="warn")

The Error object can also be used in a stacking manner, by usimygiéode andpopMode methods rather than
setMode . For example:

>>> numarray.Error.getMode()

_NumErrorMode(overflow="warn’, underflow="warn’, dividebyzero="warn’, invalid="warn’)
>>> numarray.Error.pushMode(all="raise”) # get really picky...

>>> numarray.Error.getMode()

_NumErrorMode(overflow="raise’, underflow="raise’, dividebyzero="raise’, invalid="raise’)
>>> numarray.Error.popMode() # pop and return the “new” mode
_NumErrorMode(overflow="raise’, underflow="raise’, dividebyzero="raise’, invalid="raise’)
>>> numarray.Error.getMode() # verify the original mode is back
_NumErrorMode(overflow="warn’, underflow="warn’, dividebyzero="warn’, invalid="warn’)

Integer exception modes work the same way. Although integer computations do not affect the floating point status flag
directly, our code checks the denominator of 0 in divisions (in much the same way Numeric does) and then performs
a floating point divide by zero to set the status flag (overflows are handled similarly). So even integer exceptions use
the floating point status flags indirectly.
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CHAPTER
FIVE

Ufuncs

5.1 What are Ufuncs?

The operations on arrays that were mentioned in the previous section (element-wise addition, multiplication, etc.) all

share some features — they all follow similar rules for broadcasting, coercion and “element-wise operation”. Just as

standard addition is available in Python through the add function in the operator module, array operations are available
through callable objects as well. Thus, the following objects are available in the numarray module:

Table 5.1: Universal Functions, or ufuncs. The operators which invoke them when applied to arrays are indicated in
parentheses. The entries in slanted typeface refer to unary ufuncs, while the others refer to binary ufuncs.

add ¢+) subtract ) multiply (*) divide (/)
remainder (%) power (**) arccos arccosh
arcsin arcsinh arctan arctanh

cos cosh tan tanh

log10 sin sinh sqrt
absolute (abs)  fabs floor ceil

fmod exp log conjugate
maximum minimum

greater &) greaterequal =) equal =)

less k) less equal k=) not_equal { =)

logical_or logical_xor logical_not logical.and
bitwise_or (|)  bitwise_xor (*) bitwise_not (")  bitwise_and (&)
rshift (>>) Ishift (<<)

All of these ufuncs can be used as functions. For example, tadde which is a binary ufunc (i.e. it takes two
arguments), one can do either of:

>>> a = arange(10)

>>> print add(a,a)

[0 2 4 6 8 10 12 14 16 18]
>>> print a + a

[0 2 4 6 8 10 12 14 16 18]

In other words, the- operator on arrays performs exactly the same thing aaddeufunc when operated on arrays.
For a unary ufunc such & , one can do, e.g.:

>>> a = arange(10)

>>> print sin(a)

[ O. 0.84147096 0.90929741 0.14112 -0.7568025
-0.95892429 -0.27941549 0.65698659 0.98935825 0.41211849]
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A unary ufunc returns an array with the same shape as its argument array, but with each element replaced by the
application of the function to that elemesirf(0)=0 , sin(1)=0.84147098 , etc.).

There are three additional features of ufuncs which make them different from standard Python functions. They can
operate on any Python sequence in addition to arrays; they can take an “output” argument; they have methods which
are themselves callable with arrays and sequences. Each of these will be described in turn.

Ufuncs can operate on any Python sequence. Ufuncs have so far been described as callable objects which take either
one or two arrays as arguments (depending on whether they are unary or binary). In fact, any Python sequence which
can be the input to tharray constructor can be used. The return value from ufuncs is always an array. Thus:

>>> add([1,2,3,4], (1,2,3,4))
array([2, 4, 6, 8)])

5.1.1 Ufuncs can take output arguments

In many computations with large sets of numbers, arrays are often used only once. For example, a computation on a
large set of numbers could involve the following step

dataset = dataset * 1.20
This can also be written as the following using the Ufunc form:
dataset = multiply(dataset, 1.20)

In both cases, a temporary array is created to store the results of the computation before it is finally copageseto
It is more efficient, both in terms of memory and computation time, to do an “in-place” operation. This can be done
by specifying an existing array as the place to store the result of the ufunc. In this example, one can write:

multiply(dataset, 1.20, dataset)

This is not a step to take lightly, however. For example, the “big and slow” versiataget = dataset *
1.20 ) and the “small and fast” version above will yield different results in at least one case:

« If the type of the target array is not that which would normally be computed, the operation will not coerce the
array to the expected data type. (The result is done in the expected data type, but coerced back to the original
array type.)

« Example:

>>> a = arange(5, type=Float64)

>>> print a[::-1] * 1.2

[ 48 36 24 12 0.]

>>> multiply(a[::-1], 1.2, a)

>>> a

array([ 48, 36, 24, 12, 0.])

for Python-2.2.2 or later: ‘dataset *= 1.20" also works
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The output array does not need to be the same variable as the input array. In numarray, in contrast to Numeric, the
output array may have any type (automatic conversion is performed on the output).

5.1.2 Ufuncs have special methods

reduce (a, dim=0
If you don’'t know about thereduce command in Python, review section 5.1.3 of the Python Tutorial
(http:/Amww.python.org/doc/current/tut/). Briefly, reduce is most often used with two arguments, a callable ob-
ject (such as a function), and a sequence. It calls the callable object with the first two elements of the sequence,
then with the result of that operation and the third element, and so on, returning at the end the successive “re-
duction” of the specified callable object over the sequence elements. Similangdinee method of ufuncs
is called with a sequence as an argument, and performs the reduction of that ufunc on the sequence. As an
example, adding all of the elements in a rank-1 array can be done with:

>>> a = array([1,2,3,4)])
>>> print add.reduce(a) # with Python’s reduce, same as reduce(add, a)
10

When applied to arrays which are of rank greater than one, the reduction proceeds by default along the first axis:

>>> b = array([[1,2,3,4],[6,7,8,9]])
>>> print b

12 3 4]

[6 7 8 9

>>> print add.reduce(b)

[ 7 9 11 13]

A different axis of reduction can be specified with a second integer argument:

>>> print b

[1 23 4]

[6 7 8 9]

>>> print add.reduce(b, dim=1)
[10 30]

accumulate (a)

Theaccumulate ufunc method is simular teeduce , except that it returns an array containing the interme-
diate results of the reduction:

>>> a = arange(10)

>>> print a

0123456789

>>> print add.accumulate(a)

[0 1 3 6 10 15 21 28 36 45] # 0, 0+1, 0+1+2, O+1+2+3, ... 0+...+9
>>> print add.reduce(a) # same as add.accumulate(a)[-1] w/o side effects on a
45

outer (a,b)
The third ufunc method isuter , which takes two arrays as arguments and returns the “outer ufunc” of the two

arguments. Thus theuter method of themultiply  ufunc, results in the outer product. Theter method
is only supported for binary methods.
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>>> print a

012 3 4]

>>> print b

[012 3]

>>> print add.outer(a,b)
[0 12 3]

1234

[2 3 4 5]

[3 45 6]

[4 56 7]

>>> print multiply.outer(b,a)
[0 0 0 0 O]

[0 1 2 3 4]

[0 2 4 6 8

[0 3 6 9 12]

>>> print power.outer(a,b)
[1 0 0 0]

[1 1 1 1]

[1 2 4 8]

[1 3 9 27]

[1 4 16 64]]

reduceat ()
The reduceat method of Numeric has not been implemented in numarray.

5.1.3 Ufuncs always return new arrays

Except when the output argument is used as described above, ufuncs always return new arrays which do not share any
data with the input arrays.

5.2 Which are the Ufuncs?

Table 5.1 lists all the ufuncs. We will first discuss the mathematical ufuncs, which perform operations very similar to
the functions in thenath andcmath modules, albeit elementwise, on arrays. These come in two forms, unary and
binary:

5.2.1 Unary Mathematical Ufuncs

Unary ufuncs take only one argument. The following ufuncs apply the predictable functions on their single array
arguments, one element at a timerccos , arccosh , arcsin , arcsinh , arctan , arctanh , cos, cosh,
exp,log ,logl0 ,sin ,sinh ,sqgrt ,tan ,tanh ,abs,fabs ,floor ,ceil ,conjugate . Asanexample:

>>> print X

[012 3 4]

>>> print cos(X)

[ 1. 0.54030231 -0.41614684 -0.9899925 -0.65364362]
>>> print arccos(cos(x))

[ o 1 2 3 2.28318531]

# not a bug, but wraparound: 2*pi%4 is 2.28318531
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5.2.2 Binary Mathematical Ufuncs

These ufuncs take two arrays as arguments, and perform the specified mathematical operation on them, one pair of
elements at a timeadd, subtract , multiply , divide ,remainder ,power ,fmod.

5.2.3 Logical and bitwise ufuncs

The “logical” ufuncs also perform their operations on arrays or numbers in elementwise fashion, just like the "math-
ematical” ones. Two are speciah@ximum andmiminum) in that they return arrays with entries taken from their
input arrays:

>>> print X

[012 3 4]

>>> print y

[2. 25 3. 35 4]
>>> print maximum(x, y)
[2. 25 3. 35 4.]
>>> print minimum(x, y)
[0 1. 2. 3. 4]

The others logical ufuncs return arrays of 0's or 1's and of type Bolmgical _and, logical _or,
logical _xor , logical _not, These are fairly self-explanatory, especially with the associated symbols from
the standard Python version of the same operations in Table 5.1 above. The bitwise bftwisg _and,
bitwise _or, bitwise _xor , bitwise _not , Ishift , rshift , on the other hand, only work with integer
arrays (of any word size), and will return integer arrays of the larger bit size of the two input arrays:

>>> X

array([7, 7, 0], type=Int8)

>>> y

array([4, 5, 6])

>>> X & Y # bitwise_and(x,y)
array([4, 5, 0])

>>> x |y # bitwise_or(x,y)
array([7, 7, 6])

>>> x "y # bitwise_xor(x,y)
array([3, 2, 6])

>>> 7 x # bitwise_not(x)

array([-8, -8, -1], type=Int8)

We discussed finding contents of arrays based on arrays’ indices by using slice. Often, especially when dealing with
the result of computations or data analysis, one needs to “pick out” parts of matrices based on the content of those
matrices. For example, it might be useful to find out which elements of an array are negative, and which are positive.
The comparison ufuncs are designed for such operation. Assume an array with various positive and negative numbers
in it (for the sake of the example we’'ll generate it from scratch):
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>>> print a

[0 1 2 3 4

[5 6 7 8 9

[10 11 12 13 14]

[15 16 17 18 19]

[20 21 22 23 24]]

>>> b = sin(a)

>>> print b

[ o. 0.84147098 0.90929743 0.14112001 -0.7568025 ]
[-0.95892427 -0.2794155  0.6569866  0.98935825 0.41211849]
[-0.54402111 -0.99999021 -0.53657292 0.42016704 0.99060736]
[ 0.65028784 -0.28790332 -0.96139749 -0.75098725 0.14987721]
[ 0.91294525 0.83665564 -0.00885131 -0.8462204 -0.90557836]]
>>> print greater(b, .3))

01100

[00111]

[0O0O011]

[1 00O 0]

[L100 0]

5.2.4 Comparisons

The comparison functionsqual , not _equal , greater , greater _equal ,less , andless _equal are in-
voked by the operators=, =, >, >=, <, and<= respectively, but they can also be called directly as functions.
Continuing with the preceding example,

>>> print less_equal(b, 0)
[1 000 1]
[T 1000
[11100]
[01110]
[0O0111]

This last example has 1's where the corresponding elements are less than or equal to 0, and 0's everywhere else.

The operators and the comparison functions are not exactly equivalent. To compare an array a with an object b, if b

can be converted to an array, the result of the comparison is returned. Otherwise, zero is returned. This means that
comparing a list and comparing an array can return quite different answers. Since the functional forms such as equal
will try to make arrays from their arguments, using equal can result in a different result tharrgsing

>>> a = array([1, 2, 3])
>>> b = [1, 2, 3]

>>> print a == 2

[0 1 0]

>>> print b ==

0 # (False since 2.3)
>>> print equal(a, 2)

[0 1 0]

>>> print equal(b, 2)

[0 1 0]

5.2.5 Ufunc shorthands
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Numarray defines a few functions which correspond to popular ufunc methods: for exaohghiesduce is syn-
onymous with thesum utility function:

>>> a = arange(5) #0123 4]
>>> print sum(a) #0+1+2+3+4
10

Similarly, cumsumis equivalent tadd.accumulate  (for “cumulative sum”)product tomultiply.reduce ,
and cumproduct to multiply.accumulate . Additional useful “utility” functions arealltrue and
sometrue , which are defined dsgical _and.reduce andlogical _or.reduce |, respectively:

>>> a = array([0,1,2,3,4])
>>> print greater(a,0)
01111]

>>> alltrue(greater(a,0))

0

>>> sometrue(greater(a,0))
1

5.3 Writing your own ufuncs!

This section includes code from Examples/ufunc/setup.py in the numarray source distribution to illustrate how to
create a package which defines your own universal functions. Examples/ufunc is a working demonstration of what
to do and can also serve as a template to be modified. Examples/ufunc in the distribution source defines a particular
directory structure which is assumed by the following setup.py:

ufunc

I
- Lib

--- Src

For a real extension, the top level directory should probably be named after the extension rather than as it is named
here, i.e. foo rather than ufunc.
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" This setup demonstrates how to use the numarray code generation
facilities to define additional ufuncs at the user level. Universal
functions apply operators or C-functions elementwise to all of the
elements of an array or pair of arrays. This setup generates code
defining three universal functions which are installed as the
numarray.foo package: Cos, bessel, and bar.

The ufuncs are used like this:

>>> jmport numarray as na

>>> import numarray.foo as foo

>>> a = na.array([1,2,3,4], type="Int32’)
>>> fo0.Cos(a)

array([ 0.54030228, -0.41614684, -0.9899925 , -0.65364361 ], type=Float32)

Note that since a is an Int32 array, Cos(a) first does blockwise
conversion of a to Float32 before calling the cosine library function.

import distutils, os

from distutils.core import setup

from numarray.numarrayext import NumarrayExtension

from numarray.codegenerator import UfuncModule, make_stub

Generate the C-code for the numarray.foo._foo extension:

HH KR

m = UfuncModule("_foo")

# Inline the code for a couple C functions to be turned into ufuncs.
# This method lets you define your function here in the setup.py. An
# alternate approach would be to link with a libarary or additional C
# module.

m.add_code(""

static double c¢_bessel(double x, double vy)

{
double x2=x*x, y2=y*y, diff=x2-y2;
return diff*diff/(x2+y2);

}

static UInt8 c¢_bar(UInt32 x )

{
return (x >> 24) & OxFF;

}

")
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m.

#
#
#

m.

HOH R R H

m

3 #

#
#
#
#
#

Method add_ufunc() defines the name of a ufunc, it's corresponding C
function which is applied element-wise to all elements of an array,
The arity of the ufunc (unary or binary only), and the I/O type
signatures which are directly supported by the ufunc. Binary Ufunc
"bessel" is implemented by the inline function "c_bessel" from the
add_code() call above.

add_ufunc("bessel", "c_bessel", 2, [(Float32’, 'Float32’),
('Float64', 'Float64")])

Unary Ufunc "bar" only supports one builtin type signature:
UInt32-->UInt8. Other types are blockwise converted by the ufunc
machinery to UInt32 before "c_bar" is called.

add_ufunc("bar", "c_bar", 1, [('UInt32’,’UInt8")])

Unary Ufunc "cos" is implemented by the C standard library function
"cos". Given a Float32 array, it returns a Float32 array. Given a
Float64 array, it returns a Float64 array. For other arrays,

transparent conversion to one of the supported input types is performed
by the ufunc machinery.

.add_ufunc("cos", "cos", 1, [(Float32’, 'Float32’),

('Float64’, 'Float64")])

The generate() method writes out the complete extension module to the
specified C file.

.generate("Src/_foo.c")

Create foo’'s __init__.py for defining UFuncs corresponding to CFuncs
in _foo. make_stub() emits boiler-plate which makes your extension
a package. The __init__ file imports all the public symbols from

C extension _foo making them visible as numarray.foo.

make_stub("Lib/__init__", " foo")

H* B HH

Standard distutils setup for the generated code.

setup(name = "foo",

version = "0.1",

maintainer = "Todd Miller",

maintainer_email = "jmiller@stsci.edu”,

description = "foo universal functions for numarray",

url = "http://www.stsci.edu/projects/foo/",

packages = ['numarray.foo"],

package_dir = { "numarray.foo":"Lib" },

ext_modules = [ NumarrayExtension( 'numarray.foo._foo’, ['Src/_foo.c],
# libraries = ['ttf],
# include_dirs = [include’],
# library_dirs = [lib’]
)

5.3. Writing your own ufuncs!
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CHAPTER
SIX

Pseudo Indices

This chapter discusses pseudo-indices, which allow arrays to have their shapes modified by adding axes,
sometimes only for the duration of the evaluation of a Python expression.

Consider multiplication of a rank-1 array by a scalar:

>>> a = array([1,2,3])
>>> print a * 2
[2 4 6]

This should be trivial by now; we've just multiplied a rank-1 array by a scalar . The scalar was converted to a rank-0
array which was then broadcast to the next rank. This works for adding some two rank-1 arrays as well:

>>> print a

[1 2 3]

>>> a + array([4])
[5 6 7]

but it won’t work if either of the two rank-1 arrays have non-matching dimensions which aren’'t 1. In other words,
broadcast only works for dimensions which are either missing (e.g. a lower-rank array) or for dimensions of 1.

With this in mind, consider a classic task, matrix multiplication. Suppose we want to multiply the row vector [10,20]
by the column vector [1,2,3].

>>> a = array([10,20])
>>> b = array([1,2,3])
>>> a * b

ValueError: Arrays have incompatible shapes

This makes sense: we're trying to multiply a rank-1 array of shape (2,) with a rank-1 array of shape (3,). This violates
the laws of broadcast. What we really want to do is make the second vector a vector of shape (3,1), so that the first
vector can be broadcast across the second axis of the second vector. One way to do this is to use the reshape function:
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>>> a.getshape()

(2)

>>> b.getshape()

(3)

>>> b2 = reshape(b, (3,1))
>>> print b2

[[1]

[2]

(311

>>> p2.getshape()

B 1)

>>> print a * b2 # Note: b2 * a gives the same result
[[10 20]

[20 40]

[30 60]]

This is such a common operation that a special feature was added (it turns out to be useful in many other places as
well) — the NewAxis "pseudo-index”, originally developed in the Yorick language. NewAxis is an index, just like
integers, so it is used inside of the slice brackets []. It can be thought of as meaning "add a new axis here,” in much
the same ways as adding a 1 to an array’s shape adds an axis. Again, examples help clarify the situation:

>>> print b

[1 2 3]

>>> b.getshape()

(3)

>>> ¢ = b[;, NewAxis]
>>> print ¢

[[1]

(2]

(31
>>> c.getshape()
(3.1

Why use such a pseudo-index over the reshape function or setshape assignments? Often one doesn't really want a new
array with a new axis, one just wants it for an intermediate computation. Witness the array multiplication mentioned
above, without and with pseudo-indices:

>>> without = a * reshape(b, (3,1))
>>> with = a * b[:,NewAXis]

The second is much more readable (once you understand how NewAxis works), and it's much closer to the intended
meaning. Also, it's independent of the dimensions of the array b. You might counter that using something like
reshape(b, (-1,1)) is also dimension-independent, but it's less readable and impossible with rank-3 or higher arrays?
The NewAxis-based idiom also works nicely with higher rank arrays, and with the ... "rubber index” mentioned earlier.
Adding an axis before the last axis in an array can be done simply with:

>>> g[...,NewAxis,:]

Note thatNewAXxis is anumarray object, so if you usedmport numarray  instead offrom numarray
import * , you'll neednumarray.NewAXxis
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CHAPTER
SEVEN

Array Functions

Most of the useful manipulations on arrays are done with functions. This might be surprising given Python’s object-
oriented framework, and that many of these functions could have been implemented using methods instead. Choosing
functions means that the same procedures can be applied to arbitrary python sequences, not just to arrays. For exam-
ple, whiletranspose([[1,2],[3,4]]) works just fine[[1,2],[3,4]].transpose() does not. This
approach also allows uniformity in interface between functions defined in the numarray Python system, whether im-
plemented in C or in Python, and functions defined in extension modules. We've already covered two functions which
operate on arrayseshape andresize

take (array, indices, axis=0, clipmode=CL)P
The functiontake is a generalized indexing/slicing of the array. Inits simplest form, it is equivalent to indexing:

>>> al = array([10,20,30,40])
>>> print al[[1,3]]

[20 40]

>>> print take(al,[1,3])

[20 40]

See the description of index arrays in the Array Basics section for an alternatisketo and put . take
selects the elements of the array (the first argument) based on the indices (the second argument). Unlike slicing,
however, the array returned lgke has the same rank as the input array. Some 2-D examples:

>>> print a2

[0 1 2 3 4

[5 6 7 8 9

[10 11 12 13 14]

[15 16 17 18 19]]

>>> print take(a2, (0,)) # first row

[0 123 4]

>>> print take(a2, (0,1)) # first and second row
[0 1234

[56 7 8 9]

>>> print take(a2, (0,-1)) # out-of-range index
[0 1234

[0 123 4]

The optional third argument specifies the axis along which the selection occurs, and the default value (as in
examples above) is 0, the first axis. If you want a different axis, then you need to specify it:
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>>> print take(a2, (0,), axis=1) # first column

([ 0]

[ 5]

(10]

[15]]

>>> print take(a2, (0,1), axis=1) # first and second column
[0 1]

[5 6]

[10 11]

[15 16]]

>>> print take(a2, (0,4), axis=1) # first and last column
[0 4]

[5 9]

[10 14]

[15 19]]

This is considered to besdructuraloperation, because its result does not depend on the content of the arrays or
the result of a computation on those contents but uniquely on the structure of the array. Like all such structural
operations, the default axis is 0 (the first rank). Later in this tutorial, we will see other functions with a default
axis of -1.

take is often used to create multidimensional arrays with the indices from a rank-1 array. As in the earlier
examples, the shape of the array returneddke is a combination of the shape of its first argument and the
shape of the array that elements are "taken” from — when that array is rank-1, the shape of the returned array
has the same shape as the index sequence. This, as with many other facets of numarray, is best understood by
experiment.

>>> x = arange(10) * 100

>>> print X

[ 0 100 200 300 400 500 600 700 800 900]
>>> print take(x, [[2,4],[1,2]])

[[200 400]

[100 200]]

A typical example of usingake is to replace the grey values in an image according to a "translation table.”
For example, suppose51lis a 2-D array of typ&JInt8 containing a greyscale image. We can create a table
mapping the integers 0-255 to integers 0—255 using a "compressive nonlinearity”:

>>> table = (255 - arange(256)**2 / 256).astype(UInt8)

Then we can perform the take() operation

>>> mb51lb = take(table, m51)

The numarray version géke can also take a sequence as its axis value:

>>> print take(a2, [0,1], [0,1])
1
>>> print take(a2, [0,1], [1,0])
5

In this case, it functions like indexing: a2[0,1] and a2[1,0] respectively.

put (array, indices, values, axis=0, clipmode=CLIP
put is the opposite ofake . The values of the arrag at the locations specified in indices are set to the
corresponding value of values. The areagnust be a contiguous array. The argument indices can be any integer
sequence object with values suitable for indexing into the flat forra.oThe argument values must be any
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sequence of values that can be converted to the type of

>>> x = arange(6)

>>> put(x, [2,4], [20,40])
>>> print X

[0 120 340 5]

Note that the target arragy is not required to be one-dimensional. Sircés contiguous and stored in row-
major order, the array indices can be treated as indexmglements in storage order. The routng is thus
equivalent to the following (although the loop is in C for speed):

ind = array(indices, copy=0)
v = array(values, copy=0).astype(a.type())
for i in len(ind): a.flat[i] = V[i]

putmask ( a, mask, valugs
putmask sets those elements affor which mask is true to the corresponding valuevalues . The array
a must be contiguous. The argumenask must be an integer sequence of the same size (but not necessarily
the same shape) as The argumentalues will be repeated as necessary; in particular it can be a scalar. The
array values must be convertible to the typeof

>>> x=arange(5)

>>> putmask(x, [1,0,1,0,1], [10,20,30,40,50])
>>> print X

[10 1 30 3 50]

>>> putmask(x, [1,0,1,0,1], [-1,-2])

>>> print X

[(1 1-1 3-1]

Note how in the last example, the third argument was treated as if itjdgre2, -1, -2, -1]

transpose ( array, axes=Nong
transpose takes an arraprray and returns a new array which corresponds twith the order of axes
specified by the second argumexes which is a sequence of dimension indices. The default is to reverse the
order of all axes, i.eaxes=arange(a.rank)[::-1]
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>>> a2=arange(6,shape=(2,3)); print a2

[0 1 2]

[3 4 5]]

>>> print transpose(a2) # same as transpose(a2, axes=(1,0))
[0 3]

[1 4]

[2 5]]

>>> a3=arange(24,shape=(2,3,4)); print a3

[[12 13 14 15]
[16 17 18 19]
[20 21 22 23]]]
>>> print transpose(a3) # same as transpose(a3, axes=(2,1,0))
([ 0 12]
[ 4 16]
[ 8 20]]

[113]
[ 5 17]
[ 9 21]

M2 14]
[ 6 18]
[10 22]]

[ 3 15]

[ 7 19]

[11 23]]]
>>> print transpose(a3, axes=(1,0,2))
Mo 1 2 3]

[12 13 14 15]]

[4 5 6 7]
[16 17 18 19]]

I8 9 10 11]
[20 21 22 23]]]

repeat (array, repeats, axis=p
repeat takes an arraarray and returns an array with each element in the input array repeated as often as
indicated by the corresponding elements in the second array. It operates along the specified axis. So, to stretch
an array evenly, one needs the repeats array to contain as many instances of the integer scaling factor as the size
of the specified axis:
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>>> print a

[0 12

3 4 3]

>>> print repeat(a, 2*ones(a.shape[0])) # i.e. repeat(a, (2,2)), broadcast

# rules apply, so this is also equivalent to repeat(a, 2)

[0 12

[012]

[3 4 5]

3 4 3]

>>> print repeat(a, 2*ones(a.shape[l]), 1) # i.e. repeat(a, (2,2,2), 1), or

# repeat(a, 2, 1)

[001122]
[33445 5]

>>> print repeat(a, (1,2))
[0 1 2]

[3 4 5]

[3 4 5]

choose ( selector, population, clipmode=CL)P
selector is an array of integers betwe@nandn. The resulting array will have the same shape awith

element selected fromopulation=(b0, ..., bn) as indicated by the value of the corresponding ele-
ment inselector . Assumeselector is an array that you want to "clip” so that no values are greater than
100.0 .

>>> choose(greater(a, 100.0), (a, 100.0))
Everywhere thagreater(a, 100.0) is false (i.e.0) this will “choose” the corresponding value &
Everywhere else it will “choosel00.0 . This works as well with arrays. Try to figure out what the following
does:

>>> ret = choose(greater(a,b), (c,d))

ravel (array)
Returns the argumeratrray as a 1-D array. It is equivalent teshape(a, (-1,)) . There is aravel
method which reshapes the array in-place. Unékeavel() , however, theavel function works with
non-contiguous arrays.

>>> a=arange(25)
>>> a.setshape(5,5)
>>> a.transpose()
>>> a.iscontiguous()
0
>>> a
array([ 0, 5, 10, 15, 20],
[ 1, 6, 11, 16, 21],
[ 2, 7,12, 17, 22],
[ 3, 8, 13, 18, 23],
[ 4, 9, 14, 19, 24])
>>> a.ravel()
Traceback (most recent call last):

TypeError: Can’t reshape non-contiguous arrays

>>> ravel(a)

array([ 0, 5, 10, 15, 20, 1, 6, 11, 16, 21, 2, 7, 12, 17, 22, 3,
8, 13, 18, 23, 4, 9, 14, 19, 24))

nonzero ( a)
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nonzero returns a tuple of arrays containing the indices of the elemerastiat are nonzero.

>>> a = array([-1, 0, 1, 2])

>>> nonzero(a)

(array([0, 2, 3]),)

>>> print a2

1 0 1 2]

[9 0 4 0]

>>> print nonzero(a2)

(array([0, O, O, 1, 1]), array([0, 2, 3, 0, 2]))

where ( condition, X, ¥
Thewhere function creates an array whose values are thoseatfthose indices whermondition s true,
and those ofy otherwise. The shape of the result is the shapeanfdition . The type of the result is

determined by the types &fandy. Eitherx ory (or both) can be a scalar, which is then used for all appropriate

elements of condition.

>>> where(arange(10) >= 5, 1, 2)
array([2, 2, 2, 2, 2,1, 1, 1, 1, 1)

Starting with numarray-0.@yhere supports a one parameter form that is equivalent tetimzerdfunction but
reads better:

>>> where(arange(10) % 2)
(array([1, 3, 5, 7, 9]),) # indices where expression is true

Note that in this case, the output is a tuple.
Like nonzero , the one parameter form wfhere can be used to do array indexing:

>>> a = arange(10,20)
>>> a[ where( a % 2 ) |
array([11, 13, 15, 17, 19)])

Note that for array indices which are boolean arrays, usihgre is not necessary but is still OK:

>>> af(a % 2) !'= 0]

array([11, 13, 15, 17, 19)])
>>> a[where((a%2) = 0)]
array([11, 13, 15, 17, 19])

compress ( condition, a, axis=0
Returns those elements of a corresponding to those elements of condition that are noovmditmn  must
be the same size as the given axiaofThe result is a 1-D array always.

>>> print X

[1 06 234

>>> print greater(x, 2)
[001011]

>>> print compress(greater(x, 2), X)
[6 3 4]

>>> print a2

-1 o 1 2]

[9 0 4 0]

>>> print compress(a2>1, a2)
[2 9 4]
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diagonal ( a, offset=0, axis1=0, axis291
Returns the entries along thth diagonal ofa (k is an offset from the main diagonal, ile.= offset ). The
offset is relative to thexis2 axis. This is designed for 2-D arrays. For arrays of higher ranks, it will return
the diagonal of each 2-D sub-array. The 2-D array does not have to be square.

Warning: in Numeric (and numarray 0.7 or before), there is a bug imliggonal  function which will give
erronous result for arrays of 3-D or higher.

>>> print X
[0 1 2 3 4

[6 6 7 8 9

[10 11 12 13 14]

[15 16 17 18 19]

[20 21 22 23 24]]
>>> print diagonal(x)
[0 6 12 18 24]
>>> print diagonal(x, 1)
[1 7 13 19]
>>> print diagonal(x, -1)
[ 5 11 17 23]

trace (a, offset=0, axis1=0, axis21
Returns the sum of the elements in a along the diagonal specified by offset.

Warning: in Numeric (and numarray 0.7 or before), there is a bug irtrt  function which will give
erronous result for arrays of 3-D or higher.

>>> print X

[0 1 2 3 4]
[5 6 7 8 9
[10 11 12 13 14]
[15 16 17 18 19]
[20 21 22 23 24]]

>>> print trace(x) #0+ 6 + 12 + 18 + 24
60

>>> print trace(x, -1) #5 + 11 + 17 + 23

56

>>> print trace(x, 1) #1+ 7+ 13 + 19

40

searchsorted  ( bin, value$
Called with a rank-1 array sorted in ascending ordegrchsorted  will return the indices of the positions

in bin where the correspondin@glues would fit.

>>> print bin_boundaries

[0 01 02 03 04 05 06 07 08 09 1]
>>> print data

[ 031 079 082 5 -2. -01]

>>> print searchsorted(bin_boundaries, data)

[4 89 11 0 O]

This can be used for example to write a simple histogramming function:
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>>> def histogram(a, bins):
# Note that the argument names below are reverse of the
# searchsorted argument names
n = searchsorted(sort(a), bins)
n = concatenate([n, [len(a)]])
return n[1:]-n[:-1]

>>> print histogram([0,0,0,0,0,0,0,.33,.33,.33], arange(0,1.0,.1))
[7003000000]

>>> print histogram(sin(arange(0,10,.2)), arange(-1.2, 1.2, .1))
004222021213131323234900]

sort (array, axis=-1
This function returns an array containing a copy of the datarray , with the same shape asray , but
with the order of the elements along the specii@s sorted. The shape of the returned array is the same as
array 's. Thus,sort(a, 3) will be an array of the same shapeaswhere the elements af have been
sorted along the fourth axis.

>>> print data

[5 019 8

[258 3 2]

[8 037 0]

[9 6 95 0]

[9009 7 7]

>>> print sort(data) # Axis -1 by default
01589

[2 235 8]

[0 37 8]
[0569 9]

[07 79 9]

>>> print sort(data, 0)
[20130]

[50 35 0]

[808 7 2]

[959 77

[9 6 99 8]

argsort ( array, axis=-1)
argsort  will return the indices of the elements of the array needed to prodadéarray) . In other
words, for a 1-D arraytake(a, argsort(a)) is the same asort(a) ... but slower.

>>> print data

50198

>>> print sort(data)

[015 89

>>> print argsort(data)

[1 2043

>>> print take(data, argsort(data))
[015809]

argmax ( array, axis=-1)

argmin (array, axis=-1)
Theargmax function returns an array (or scalar for a 1D array) with the index(es) of the maximum value(s) of
its inputarray along the giveraxis The returned array will have one less dimension taaay. argmin is
just like argmax , except that it returns the indices of the minima along the given axis.
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>>> print data

[[9 6130

0089 1]

[7 454 0]
52771]
99797

>>> print argmax(data)
[03031]

>>> print argmax(data, 0)
4 41 4 4

>>> print argmin(data)

[4 144 4

>>> print argmin(data, 0)
1100 2]

fromstring  ( datastring, type, shape=Nope
Will return the array formed by the binary data giverdimtastring , of the specifiedype . This is mainly
used for reading binary data to and from files, it can also be used to exchange binary data with other modules
that use python strings as storage (e.g. PIL). Note that this representation is dependent on the byte order. To find
out the byte ordering used, use tebyteswapped method described on page 65sHapeis not specified,
the created array will be one dimensional.

fromfile  (file, type, shape=None
If file is astring then it is interpreted as the name of a file which is opened and read. Othélsvisenust
be a Python file object which is read as a source of binary array flatafile ~ reads directly into the newly
created array buffer with no intermediate string, but otherwise is similar to fromstring, treating the contents of
the specified file as a binary data string.

dot (a, b
Thedot function returns the dot product ef andb. This is equivalent to matrix multiply for rank-2 arrays
(without the transpositionNote: Somebody who does more linear algebra really needs to do this function right
some day.

This function is identical to thenatrixmultiply function.

>>> print a

[1 2]

>>> print b

[10 11]

# kind of like vector inner product with implicit transposition
>>> print dot(a,b), dot(b,a)
32 32

>>> print a

(1 2]

(5 71

>>> print b

L o 1]

[ 10 100]]

>>> print dot(a,b)

[[ 20 201]

[ 70 705]]

>>> print dot(b,a)

L 5 7

[510 720]]

matrixmultiply (a, b
This function multiplies matrices or matrices and vectors as matrices rather than elementwise. Compare:
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>>> print a

012

[3 4 3]

>>> print b

[1 2 3]

>>> print a*b

[0 2 €

[ 3 8 15]]

>>> print matrixmultiply(a,b)
[ 8 26]

clip (m, m_min, m_max
The clip function creates an array with the same shape and typebas where every entry imthat is less than
m_min is replaced byn_min, and every entry greater tham max is replaced byn_max. Entries within the
rangefm_min, m _max] are left unchanged.

>>> a = arange(9, type=Float32)
>>> print clip(a, 1.5, 7.5)
[15 15 2. 3. 4. 5. 6. 7. 7.5

indices ( shape, type=Norje
The indices function returns an array corresponding teshiae given. The array returned is an array of a new
shape which is based on the specifibdpe , but has an added dimension of length the number of dimensions
in the specified shape. For examplestiape=(3,4) , then the shape of the array returned will(Be3,4)
since the length of3,4) is2 and ifshape=(5,6,7) , the returned array’s shape will §85,6,7) . The
contents of the returned arrays are such thaitthgubarray (along index 0, the first dimension) contains the
indices for that axis of the elements in the array. An example makes things clearer:

>>> | = indices((4,3))
>>> j.getshape()
2, 4, 3)

>>> print i[0]
[[0 0 0]
[111]

[2 2 2]

[3 3 3]

>>> print i[1]
[0 1 2]
[012]

[01 2]

[01 2]

S0,i[0] has an array of the specified shape, and each element in that array specifies the index of that position
in the subarray for axis 0. Similarly, each element in the subarrgg]in contains the index of that position in
the subarray for axis 1.

swapaxes ( array, axisl, axisp
Returns a new array whictharesthe data ofarray , but has the two axes specified ayisl andaxis2
swapped. lfarray is of rank O or 1, swapaxes simply returns a new refereneertty .
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>>> x = arange(10)
>>> x.setshape((5,2,1))
>>> print X
[[[0]

(111

(2]
(311

(4]
(511

(6]
(711

(8l
Bl
>>> y = swapaxes(x, 0, 2)
>>> y.getshape()
1, 2, 5)
>>> print y
[0 2 4 6 8]
[1 3579

concatenate ( arrs, axis=0
Returns a new array containing copies of the data contained in all arrayssef (a0, al, ... an)
The arraysai will be concatenated along the specifieds (default=0). All arraysai must have the same
shape along every axis except for the one specifiekis . To concatenate arrays along a newly created axis,
you can usarray((ao, ..., an)) , as long as all arrays have the same shape.
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>>> print X
[o 1 2 3]

[5 6 7 8]

[10 11 12 13]]
>>> print concatenate((x,X))
[o 1 2 3

[5 6 7 8]

[10 11 12 13]

[0 1 2 3]

[5 6 7 8]

[10 11 12 13]]
>>> print concatenate((x,x), 1)
[o 1 2 3 0 1 2 3
[5 6 7 8 5 6 7 8]
[10 11 12 13 10 11 12 13]]
>>> print array((x,x)) # Note: one extra dimension
o 1 2 3

[5 6 7 8]

[10 11 12 13]]

[o 1 2 3

[5 6 7 8]

[10 11 12 13]]]
>>> print a
(1 2]]
>>> print b
(3 4 5]
>>> print concatenate((a,b),1)
[ 234 5]
>>> print concatenate((a,b),0)
ValueError: _concat array shapes must match except 1st dimension

innerproduct  (a, b
innerproduct produces the inner product of arragsandb. It is equivalent tomatrixmultiply(a,
transpose(b))

outerproduct  (a,b)
outerproduct  produces the outer product of vectarandb, that isresult[i, j] = a[i] * blj]

array _repr (a, maxline_width=None, precision=None, supresamall=Nong
See sectior?? on Textual Representations of arrays.

array _str (a, maxline_width=None, precision=None, supressmall=Nong
See sectior?? Textual Representations of arrays.

>>> print a

[ 1.00000000e+00 1.10000000e+00 1.11600000e+00 1.11380000e+00
1.20000000e-02 1.34560000e-04]

>>> print array_str(a,precision=4,suppress_small=1)

[ 1. 11 1.116 1.1138 0.012  0.0001]
>>> print array_str(a,precision=3,suppress_small=1)
[ 1. 1.1 1.116 1114 0.012 0. ]

>>> print array_str(a,precision=3)
[ 1.000e+00 1.100e+00 1.116e+00 1.114e+00  1.200e-02
1.346e-04]

resize (array, shapg
Theresize function takes an array and a shape, and returns a new array with the spsudied, and filled
with the data in the inpurray . Unlike thereshape function, the new shape does not have to yield the same
size as the original array. If the new size of is less than that of the anpay , the returned array contains the
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appropriate data from the "beginning” of the old array. If the new size is greater than that of the input array, the
data in the inpuairray is repeated as many times as needed to fill the new array.

>>> x = arange(10)

>>> y = resize(x, (4,2)) # note that 4*2 < 10
>>> print X

0123456789

>>> print y

[[0 1]

2 3]

4 9]

6 7]]

>>> print resize(array((0,1)), (5,5)) # note that 5*5 > 2
[[O1010Q]

[ 010 1]

01010

[L 010 1]

[01010]

identity  ( n, type=Nong
The identity function returns am by n array where the diagonal elements are 1, and the off-diagonal elements
are 0.

>>> print identity(5)
[[L 00O Q]
[01000Q

sum( a, axis=0
The sum function is a synonym for theduce method of theadd ufunc. It returns the sum of all of the
elements in the sequence given along the specified axis (first axis by default).

>>> print X

[o 1 2 3]

[4 5 6 7]

[ 8 9 10 11]

[12 13 14 15]

[16 17 18 19]]

>>> print sum(x)

[40 45 50 55] # 0+4+8+12+16, 1+5+9+13+17,
2+6+10+14+18, ...

>>> print sum(x, 1)

[ 6 22 38 54 70] # 0+1+2+3, 4+5+6+7, 8+9+10+11, ...

cumsum( a, axis=0
The cumsum function is a synonym for taecumulate method of theadd ufunc.

product (a, axis=0
The product function is a synonym for theduce method of themultiply  ufunc.

cumproduct ( a, axis=0
The cumproduct function is a synonym for thecumulate method of themultiply  ufunc.

alltrue  (a, axis=0
The alltrue function is a synonym for tmeduce method of thdogical _and ufunc.
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sometrue ( a, axis=0
The sometrue function is a synonym for tteeluce method of thdogical _or ufunc.

allclose (a, b, rtol=1.e-5, atol=1.e-3
This function tests whether or not arraysandy of an integer or real type are equal subject to the given relative
and absolute tolerancesol, atol . The formula used is:

|z — y| < atol + rtol * |y| (7.1)

This means essentially that both elements are small compastditor their difference divided by’s value is
small compared tatol.

See Also:

Modulenumarray.convolve (section 14):
Theconvolve function is implemented in the optionalimarray.convolve package.

Modulenumarray.convolve (section 14):
Thecorrelation function is implemented in the optionalimarray.convolve package.
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CHAPTER
EIGHT

Array Methods

As we discussed at the beginning of the last chapter, there are very few array methods for good reasons, and these all
depend on the implementation details. They're worth knowing, though.

argmax ( axis=-1)
Theargmax method returns the index of the largest element in a 1D array. In the case of a multi-dimensional
array, it returns and array of indices.

>>> array([1,2,4,3]).argmax()

2

>>> arange(100, shape=(10,10)).argmax()
array([9, 9, 9, 9, 9, 9, 9, 9, 9, 9)

argmin (axis=-1
Theargmin method returns the index of the smallest element in a 1D array. In the case of a multi-dimensional
array, it returns and array of indices.

argsort (axis=-1)
Theargsort method returns the array of indices which if taken from the array usikg would return a
sorted copy of the array. For multi-dimensional arraygisort computes the indices for each 1D subarray
independently and aggregates them all into a single array resultarfisert  of a multi-dimensional array
does not produce a sorted copy of the array when applied directly to it tading; instead, each 1D subarray
must be passed take independently.

>>> array([1,2,4,3]).argsort()
array([0, 1, 3, 2))

>>> take([1,2,4,3], argsort([1,2,4,3]))
array([1, 2, 3, 4]

astype (typg
Theastype method returns a copy of the array converted to the specified type. As with any copy, the new
array is aligned, contiguous, and in native machine byte order. If the specified type is the same as current type,
a copy isstill made.

>>> arange(5).astype('Float64’)
array([ 0., 1., 2., 3., 4]

byteswap ()

Thebyteswap method performs a byte swapping operation on all the elements in the array, working inplace
(i.e. it returns None).
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>>> print a

[1 2 3]

>>> a.byteswap()

>>> print a

[16777216 33554432 50331648]

byteswapped ()
Thebyteswapped method returns a byteswapped copy of the array.

>>> array([1,2,3]).byteswapped()
array([16777216, 33554432, 50331648])

conjugate ()
Theconjugate  method returns the complex conjugate of an array.

>>> (arange(3) + 1j).conjugate()
array([ 0.-1j, 1.-1,j, 2.-1.j])

copy ()
Thecopy method returns a copy of an array. When making an assignment or taking a slice, a new array object
is created and has its own attributes, except that the data attribute just points to the data of the first array (a
"view”). The copy method is used when it is important to obtain an independent copy. Another application, as
mentioned above, is to obtain a contiguous array from a non-contiguous array.

>>> ¢ = a[3:8:2].copy()
>>> print c.iscontiguous()
1

diagonal ()
Thediagonal method returns the diagonal elements of the array, those elements where the row and column
indices are equal.

>>> arange(25,shape=(5,5)).diagonal()
array([ 0, 6, 12, 18, 24))

info ()
Calling an array’'snfo method prints out information about the array which is useful for debugging.

>>> arange(10).info()

class: <class 'numarray.numarraycore.NumArray’'>
shape: (10,)

strides: (4,)

byteoffset: 0

bytestride: 4

itemsize: 4

aligned: 1

contiguous: 1

data: <memory at 0x08931d18 with size:0x00000028 held by object 0x3ff91bd8 aliasing object 0x00000000>
byteorder: little

byteswap: 0
type: Int32
isaligned ()

isaligned returns 1 IFF the buffer address for an array modulo the array itemsize is 0. When the array
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itemsize exceeds 8 (sizeof(double)) aligment is done modulo 8.

isbyteswapped ()
isbyteswapped returns 1 IFF the array’s binary data is not in native machine byte order, possibly because it

originated on a machine with a different native order.

iscontiguous ()
iscontiguous returns 1 IFF an array is C-contiguous and O otherwise. An array is C-contiguous if its
smallest stride corresponds to the innermost dimension and its other strides strictly increase in size from the
innermost dimension to the outermost, with each stride being the product of the previous inner stride and shape.

A non-contiguous array can be converted to a contiguous array mpghe method.

>>> g=arange(25, shape=(5,5))

>>> a

array([ 0, 1, 2, 3, 4],
[5 6 7, 8 9]
[10, 11, 12, 13, 14],
[15, 16, 17, 18, 19],
[20, 21, 22, 23, 24])

>>> a.iscontiguous()

1

is _c_array ()
is _c_array returns 1 IFF an array is C-contiguous, aligned, and not byteswapped, and returns 0 otherwise.

>>> a=arange(25, shape=(5,5))
>>> a.is_c_array()

1

>>> a.is_f array()

0

is _fortran _contiguous ()
is _fortran _contiguous returns 1 IFF an array is Fortran-contiguous and O otherwise. An array is

Fortran-contiguous if its smallest stride corresponds to its outermost dimension and each succesive stride is
the product of the previous stride and shape element.

>>> g=arange(25, shape=(5,5))
>>> a.transpose()

>>> a

array([[ 0, 5, 10, 15, 20],
[ 1, 6, 11, 16, 21],
[ 2, 7,12, 17, 22],
[ 3, 8, 13, 18, 23],

[ 4, 9, 14, 19, 24])
>>> a.iscontiguous()
0
>>> a.is_fortran_contiguous()
1

is _f _array ()
is _f _array returns 1 IFF an array is Fortran-contiguous, aligned, and not byteswapped, and returns O other-

wise.
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>>> a=arange(25, shape=(5,5))
>>> a.transpose()

>>> a.is_f array()

1

>>> a.is_c_array()

0

itemsize ()
Theitemsize  method returns the number of bytes used by any one of its elements.

>>> a = arange(10)
>>> a.itemsize()

>>> a = array([1.0])
>>> a.itemsize()

>>> a = array([1], type=Complex64)
>>> a.itemsize()
16

max()
Themax method returns the largest element in an array.

>>> arange(100, shape=(10,10)).max()
99

mean()
Themean method returns the average of all elements in an array.

>>> arange(10).mean() 4.5

min ()
Themin method returns the smallest element in an array.

>>> arange(10).min()
0

nelements ()
nelements returns the total number of elements in this array. Synonymoussiviéh .

>>> arange(100).nelements()
100

new( type=Nong
new returns a new array of the specified type with the same shape as this array. The new array is uninitialized.

nonzero (axis=-1)
nonzero returns a tuple of arrays containing the indices of the elements that are nonzero.
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>>> arange(5).nonzero()
(array([1, 2, 3, 4]),)
>>> b = arange(9, shape=(3,3)) % 2; b
array([[0, 1, 0],
[1, O, 1],
[0, 1, Q)
>>>b.nonzero()
(array([0, 1, 1, 2]), array([1, 0, 2, 1])

repeat (r, axis=0)
Therepeat method returns a new array with each element selffi] (along the specified axis) repeated r[i] times.

>>> a=arange(25, shape=(5,5))

>>> a

array([ 0, 1, 2, 3, 4],
[5 6 7, 8 9,
[10, 11, 12, 13, 14],
[15, 16, 17, 18, 19],
[20, 21, 22, 23, 24])

>>> a.repeat(arange(5)%2*2)

array([ 5, 6, 7, 8, 9],
[5 6 7, 8 9,
[15, 16, 17, 18, 19],
[15, 16, 17, 18, 19]])

resize (shap¢
resize shrinks/grows the array to neshape possibly replacing the underlying buffer object.

>>> a = array([0, 1, 2, 3])
>>> a.resize(10)
array([o, 1, 2, 3, 0, 1, 2, 3, 0, 1)

size ()
size returns the total number of elements in this array. Synonymousngigiments

>>> arange(100).size()
100

type ()
Thetype method returns the type of the array it is applied to. While we've been talking about them as Float32,
Int16, etc., it is important to note that they are not character strings, they are instances of NumericType classes.

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

>>> a.type()

Int32

>>> a = array([1], type=Complex64)
>>> a.type()

Complex64

typecode ()

The typecode method returns the typecode character of the array it is appliedyfiecode exists for
backward compatibility with Numeric but thgpe method is preferred.
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>>> a = array([1,2,3])
>>> a.type()

>>> a = array([1], type=Complex64)
>>> a.typecode()
D

tofile  (file)
Thetofile  method writes the binary data of the array ifite . If file is a Python string, it is interpreted
as the name of a file to be created. Otherwiig®, must be Python file object to which the data will be written.

>>> a = arange(65,100)

>>> a.tofile('test.dat’) # writes a’s binary data to file 'test.dat’.
>>> f = open(test2.dat’, 'w’)

>>> a.tofile(f) # writes a’s binary data to file 'test2.dat’

Note that the binary representation of array data depends on the platform, with some platforms being little
endian (sys.byteorder == "little’) and others being big endian. The byte order of the array datadsorded
in the file, nor are the array’s shape and type.

tolist ()
Calling an array'solist ~ method returns a hierarchical python list version of the same array:

>>> print a

[[65 66 67 68 69 70 71]

[72 73 74 75 76 77 78]

[79 80 81 82 83 84 85]

[86 87 88 89 90 91 92]

[93 94 95 96 97 98 99]]

>>> print a.tolist()

[[65, 66, 67, 68, 69, 70, 71], [72, 73, 74, 75, 76, 77, 78], [79, 80,
81, 82, 83, 84, 85], [86, 87, 88, 89, 90, 91, 92], [93, 94, 95, 96, 97,
98, 99]]

tostring ()
Thetostring method returns a string representation of the array data.

>>> a = arange(65,70)
>>> a.tostring()
’A\x00\x00\x00B\x00\x00\x00C\x00\x00\x00D\x00\x00\x0O0E\x00\x00\x00’

Note that the arangement of the printable characters and interspersed NULL characters is dependent on machine
architecture. The layout shown here is for little endian platform.

transpose (axis=-1)

transpose re-shapes the array by permuting it's dimensions as specified by 'axes’. If 'axes’ is none,
transpose reverses the array’s dimensiotisanspose  operates in-place and returns None.

>>> a = arange(9, shape=(3,3))
>>> a.transpose()

>>> a

array([[0, 3, 6],
[1, 4, 7],
[2, 5, 8])

stddev ()
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Thestddev method returns the standard deviation of all elements in an array.

>>> arange(10).stddev()
3.0276503540974917

sum()
Thesum method returns the sum of all elements in an array.

>>> arange(10).sum()
45

swapaxes ( axisl, axis?
The swapaxes method adjusts the strides of an array so that the two specified axes appear to be swapped.
swapaxes operates in place and returns None.

>>> a = arange(25, shape=(5,5))
>>> a.swapaxes(0,1)

>>> a
array([[ 0, 5, 10, 15, 20],
[ 1, 6, 11, 16, 21],
[ 2, 7, 12, 17, 22],
[ 3, 8, 13, 18, 23],
[ 4, 9, 14, 19, 24])
togglebyteorder 0
Thetogglebyteorder method adjusts the byte order state variable for an array, with “little” being replaced
by “big” and “big” being replaced by “little”.togglebyteorder just reinterprets the existing data, it does

not actually rearrange bytes.
>>> a = arange(10)

trace ()
Thetrace method returns the sum of the diagonal elements of an array.

>>> a = arange(25, shape=(5,5))
>>> a.trace()
60

view ()
Theview method returns a new state object for an array but does not actually copy the array’s data; views are
used to reinterpret an existing data buffer by changing the array’s properties.

>>> a = arange(4)
>>> b = a.view()
>>> p.shape = (2,2)
>>> a
array([0, 1, 2, 3))
>>> p
array([[0, 1],

(2. 31)
>>> ais b
False
>>> a. data is b._data
True
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When using Python 2.2 or later, there are four public attributes which correspond to those of Numeric type objects.
These areshape, flat |, real , andimag (orimaginary ). The following methods are used to implement and
provide an alternative to using these attributes.

getshape ()

setshape ()
Thegetshape method returns the tuple that gives the shape of the asetghape assigns its argument
(a tuple) to the internal attribute which defines the array shape. When using Python 2.2 or ladbapbe
attribute can be accessed or assigned to, which is equivalent to using these methods.

>>> a = arange(12)

>>> a.setshape((3,4))
>>> print a.getshape()
B, 4

>>> print a

[o 1 2 3

[4 5 6 7]

[ 8 9 10 11]]

getflat ()
Thegetflat  method is equivalent to using tifiat  attribute of Numeric. For compatibility with Numeric,
there is nesetflat ~ method, although the attribute can in fact be set usgtghape .

>>> print a

[o 1 2 3

[4 5 6 7]

[ 8 9 10 11]]

>>> print a.getflat()

[0 1 2 3 4 5 6 7 8 910 11]

getreal ()

setreal ()
Thegetreal andsetreal methods can be used to access or assign to the real part of an array containing
imaginary elements.

getimag ()
getimaginary ()
setimag ()

setimaginary ()
Thegetimag andsetimag methods can be used to access or assign to the imaginary part of an array con-
taining imaginary elementgetimaginary  is equivalent taetimag , andsetimaginary  is equivalent
to setimag .

— put(self, *indices, **keywords) — — ravel(self) — ravel(self) setshapes ’self’ into an equivalent 1D array. —

— repeat(self, repeats, axis=0) — repeat() returns a new array with each element 'a[i]’ repeated 'r[i]’ times. — —
resize(self, shape, *args) — resize() shrinks/grows 'self’ to new 'shape’, possibly — replacing the underlying buffer
object. — — setflat(self, flat) — — setshape(self, shape, *args) — Change array shape in place. Call as setshape(i,j,k)
or setshape((i,j,k)). — — take(self, *indices, **keywords) —
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CHAPTER
NINE

Array Attributes

There are four public array attributes; however, they are only available in Python 2.2 or later. There are array methods
that may be used instead. The attributesstrape, flat, real, andimaginary

shape

flat

real

imag

Accessing theshape attribute is equivalent to calling ttgeetshape method,; it returns the shape tuple. As-
signing a value to the shape attribute is equivalent to callingéighape method.

>>> print a

[0 1 2]

[3 4 5]

6 7 8]

>>> print a.shape
(3.3)

>>> a.shape = ((9,))
>>> print a.shape

9)

Accessing the flat attribute of an array returns the flattenedval ed version of that array, without having to

do a function call. This is equivalent to calling thetflat  method. The returned array has the same number

of elements as the input array, but it is of rank-1. One cannot set the flat attribute of an array, but one can use
the indexing and slicing notations to modify the contents of the array:

>> print a

[0 1 2]

[3 4 5]

6 7 8]

>> print a.flat
01234567 8]
>> aflat[4] = 100

>> print a

L o 1 2

[ 3100 5]

[ 6 7 8]

>> aflat = arange(9,18)
>> print a

[[ 9 10 11]

[12 13 14]

[15 16 17]]
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imaginary

These attributes exist only for complex arrays. They return respectively arrays filled with the real and imag-
inary parts of the elements. The equivalent methods for getting and setting these valgeireaé |,

setreal , getimag , andsetimag . getimaginary  andsetimaginary  are synonyms fogetimag
andsetimag respectively, andmag is a synonym forimaginary . The arrays returned are not contigu-

ous (except for arrays of length 1, which are always contiguous). The attrileates imag , andimaginary

are modifiable:

>>> print X

[ O +1 0.84147098+0.54030231j 0.90929743-0.41614684j]
>>> print x.real

[ o 0.84147098 0.90929743]

>>> print x.imag

[ 1. 0.54030231 -0.41614684]

>>> x.imag = arange(3)

>>> print X

[ O +0.j 0.84147098+1) 0.90929743+2.j]

>>> x = reshape(arange(10), (2,5)) + 0j # make complex array
>>> print X

[[ 0.+0j 1.+0) 2.+0j 3.+0.) 4.+0.]
[ 5+0,j 6.+0.j 7.+0,] 8.+0.j 9.+0.jl
>>> print x.real

[0 1. 2 3. 4]

[ 5. 6. 7. 8. 9]

>>> print x.type(), x.real.type()
Complex64 Float64

>>> print x.itemsize(), x.imag.itemsize()
16 8
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CHAPTER
TEN

Character Array

10.1 Introduction

numarray , like Numeric , has support for arrays of character data (provided byptinearray.strings module)

in addition to arrays of numbers. The support for character arrayainmeric is relatively limited, restricted to arrays

of single characters. In contrastumarray supports arrays of fixed length strings. As an additional enhancement,
the numarray design supports interleaving arrays of characters with arrays of numbers, with both occupying the
same memory buffer. This provides basic infrastructure for building the arrays of heterogenous records as provided by
numarray.records (see chapter 11). Currently, neiti¢aumeric nornumarray provides support for unicode.

Each character array is@harArray  object in thenumarray.strings module. The easiest way to construct a
character array is to use themarray.strings.array() function. For example:

>>> import numarray.strings as str

>>> s = straarray(['Smith’, 'Johnson’, 'Williams’, 'Miller’])
>>> print s

['Smith’, "Johnson’, 'Williams’, 'Miller’]

>>> s.jtemsize()

8

In this example, this string array has 4 elements. The maximum string length is automatically determined from the
data. In this case, the created array will support fixed length strings of 8 characters (since the longest name is 8
characters long).

The character array is just like an array in numarray, except that now each element is conceptually a Python string
rather than a number. We can do the usual indexing and slicing:

>>> print s[0]

Smith’

>>> print s[:2]

['Smith’, 'Johnson’]

>>> g[:2] = 'changed’

>>> print s

[changed’, 'changed’, 'Williams’, 'Miller’]

10.2 Character array stripping, padding, and truncation
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CharArrays are designed to store fixed length strings of visible ASCII text. You may have noticed that although
a CharArray stores fixed length strings, it displays variable length strings. This is a result of the stripping and
padding policies of the CharArray class.

When an element of &harArray s fetched trailing whitespace is stripped off. The sole exception to this rule is
that a single whitespace is never stripped down to the empty stringarray.strings defines whitespace as an
ASCII space, formfeed, newline, carriage return, tab, or vertical tab.

When a string is assigned taGharArray , the string is considered terminated by the first of any NULL characters

it contains and is padded with spaces to the full length ofGharArray itemsize. Thus, the memory image of a
CharArray element does not include anything at or after the first NULL in an assigned string; instead, there are
spaces, and no terminating NULL character at all.

When a string which is longer than titemsize() is assigned to &harArray , itis silently truncated.

The RawCharArray baseclass o€harArray implements transparestrip() andpad() methods, enabling

the storage and retrieval of arbitrary ASCII values within array elements. RearCharArray , all array ele-

ments are identical in percieved length. Alternate stripping and padding policies can be implemented by subclassing
CharArray or RawCharArray .

10.3 Character array functions

array ( buffer=None, itemsize=None, shape=None, byteoffset=0, bytestride=None, kind=ChgrArray
The functionarray s, for most practical purposes, all a user needs to know to construct a character array.

The first argumentyuffer , may be any one of the following:

(1) None (default). The constructor will allocate a writeable memory buffer which will be uninitialized. The
user must assign valid data before trying to read the contents or before writing the character array to a disk file.

(2) a Python string containing binary data. For example:

>>> print str.array('abcdefg’*10, itemsize=10)
[abcdefgabc’, 'defgabcdef’, 'gabcdefgab’, 'cdefgabcde’, 'fgabcdefga’,
'bedefgabed’, 'efgabcdefg’]

(3) a Python file object for an open file. The data will be copied from the file, starting at the current position of
the read pointer.

(4) a character array. This results in a deep copy of the input character array; any other arguareay$)to
will be silently ignored.

>>> print str.array(s)
[abcdefgabc’, 'defgabcdef’, 'gabcdefgab’, 'cdefgabcde’, 'fgabcdefga’,
'bedefgabed’, ’efgabcdefg’]

(5) a nested sequence of strings. The sequence nesting implies the shape of the string array unless shape is

specified.

>>> print str.array([[Smith’, 'Johnson’], ['Williams’, 'Miller’]])
[[Smith’, 'Johnson’],
[Williams’, 'Miller]

itemsize  can be used to increase or decrease the fixed size of an array element relative to the natural itemsize
implied by any literal data specified by theffer parameter.
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>>> print str.array([['Smith’, 'Johnson’], [Williams’, 'Miller]],

itemsize=2)

[[Sm’, "Jo],

[wir, "Mi))

>>> print str.array([[Smith’, 'Johnson’], ['Williams’, 'MillerT],
itemsize=20)

[[Smith’, "Johnson’],
[Williams’, 'Miller]

shape is the shape of the character array. It can be an integer, in which case it is equivalent to the number of
rowsin a table. It can also be a tuple implying the character array is an N-D array with fixed length strings as
its elementsshape should be consistent with the number of elements implied by the data buffer and itemsize.

byteoffset indicates an offset, specified in bytes, from the start of the array buffer to where the array data
actually begins.byteoffset enables the character array to be offset from the beginning of a table record.
This is mainly useful for implementing record arrays.

bytestride indicates the separation, specified in bytes, between successive elements in the last dimension
of the character arraybytestride is used in the implementation of record arrays to space character array
elements with the size of the total record rather than the size of a single string.

kind is used to specify the class of the created array, and shouRbBb&harArray , CharArray , or a
subclass of either.

num2char ( n, format, itemsize=32
num2char formats the numarray using the Python string form&rmat and stores the result in a character
array with the specifiedemsize

>>> num2char(num.arange(0.0,5), '%2.2f")
CharArray(['0.00°, '1.00", '2.00", '3.00’, '4.00)

10.4 Character array methods

CharArray object has these public methods:

tolist ()
tolist() returns a nested list of strings corresponding to all the elements in the array.

copy ()
copy() returns a deep copy of the character array.

raw ()
raw() returns the correspondirRgwCharArray view.

>>> c=str.array(["this","that","another"])
>>> c.raw()
RawCharArray(['this ', 'that ', 'another’])

resized (n)
resized(n) returns a copy of the array, resized so that each element is of largjtaracters. Caution: do
not confuse this method witftesize() =~ which changes the number of elements rather than the size of each
element.
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>>> ¢ = str.array(["this","that","another"])
>>> c.itemsize()

7
>>> d = c.resized(20)
>>> print d

['this’, 'that’, 'another’]
>>> d.itemsize()
20

concatenate ( other
concatenate(other) returns a new array which corresponds to the element by element concatenation of
other toself . The addition operator is also overloaded to perform concatenation.

>>> print map(str, range(3)) + array(["this","that","another one"])
[Othis’, '1that’, '2another one’]

>>> print "prefix with trailing whitespace " + array(["."])
['prefix with trailing whitespace N
sort ()
sort modifies theCharArray inplace so that its elements are in sorted ordaort only works for 1D
character arrays. Like thsort()  for the Python listCharArray.sort() returns nothing.
>>> a=str.array(["other","this","that","another"])
>>> a.sort()
>>> print a
[another’, 'other’, 'that’, 'this’]
argsort ()

argsort  returns a numarray corresponding to the permutation which will put the characteisatiayinto
sorted orderargsort  only works for 1D character arrays.

>>> a=str.array(["other","that","this","another"])
>>> a.argsort()

array([3, 0, 1, 2))

>>> print a[ a.argsort ]

[another’, 'other’, 'that’, 'this’]

amap( f)
amap applies the functiofi to every element ofelf and returns the nested list of the results. The fundtion
should operate on a single string and may return any Python value.

>>> ¢ = str.array(['this’,'that’,’another’])
>>> print c.amap(lambda x: x[-2:])
['iS’, vatx’ yeru]

match ( pattern, flags=0
match uses Python regular expression matching over all elements of a character array and returns a tuple of
numarrays corresponding to the indiceseff where the pattern matchefags are passed directly to the
Python pattern matcher defined in ttee module of the standard library.
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>>> a=str.array([["wo","what"],["wen","erewh"]])
>>> print a.match("wh[aebd]")

(array([0]), array([1]))
>>> print a[ a.match("wh[aebd]") ]

[what’]

search ( pattern,flags=0
search uses Python regular expression searching over all elements of a character array and returns a tuple
of numarrays corresponding to the indicesseff where the pattern was founflags are passed directly
to the Python pattersearch method defined in thee module of the standard librarflags should be an
or'ed combination (use thoperator) of the followinge variables:IGNORECASELOCALE MULTILINE,
DOTALL VERBOSESee thee module documentation for more details.

sub ( pattern,replacement,flags=0,count=0
sub performs Python regular expression pattern substitution to all elements of a characteflagsay. and

count work as they do fore.sub()

>>> a=str.array([["who","what"],["when","where"]])
>>> print a.sub("wh", "ph")

[[pho’, ‘phat],

['phen’, 'phere’])

grep ( pattern, flags=0
grep isintended to be used interactively to sear@harArray for the array of strings which match the given
pattern . pattern should be a Python regular expression (seeghenodule in the Python standard library,
which can be as simple as a string constant as shown below.

>>> a=str.array([["who","what"],["when","where"]])
>>> print a.grep("whe")
[when’, 'where’]

eval ()
eval executes the Python eval function on each element of a character array and returns the resulting numarray.
eval isintended for use converting character arrays to the corresponding numeric arrays. An exception is raised
if any string element fails to evaluate.

>>> print str.array([['1","2"],["3","4."]]).eval()
(L., 2],
[3., 411

maxLen()
maxLen returns the minimum element length required to store the stripped elements of theedfray

>>> print str.array(["this","there"], itemsize=20).maxLen()
5

truncated ()
truncated returns an array correspondingdelf resized so that it uses a minimum amount of storage.

>>> a = strarray(['this ","that"])
>>> print a.itemsize()

6

>>> print a.truncated().itemsize()
4
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count (9
count counts the occurences of stringn arrayself

>>> print array(["this","that","another","this"]).count("this")
2

info ()
This will display key attributes of the character array.
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CHAPTER
ELEVEN

Record Array

11.1 Introduction

One of the enhancementsmmfmarray overNumeric is its support for record arrays, i.e. arrays with heterogeneous
data types: for example, tabulated data where each fieldo{amn has the same data type but different fields may
not.

Each record array isRecArray object in thenumarray.records module. Most of the time, the easiest way to
construct a record array is to use @meay()  function in thenumarray.records module. For example:

>>> import numarray.records as rec
>>> r = rec.array([(Smith’, 1234)\
('Johnson’, 1001)\
(Williams’, 1357)\
('Miller’, 2468)], \
names='Last_name, phone_number’)

In this example, wenanuallyconstruct a record array by longhand input of the information. This record array has 4
records (or rows) and two fields (or columns). The names of the fields are specifiechianties argument. When

using this longhand input, the data types (formats) are automatically determined from the data. In this case the first
field is a string of 8 characters (since the longest name is 8 characters long) and the second field is an integer.

The record array is just like an array in numarray, except that now each elemeRetoed . We can do the usual
indexing and slicing:

>>> print r[0]
('Smith’, 1234)
>>> print r[:2]
RecArray[
('Smith’, 1234),
('Johnson’, 1001)
]

To access the record array’s fields, useftblel() method:

>>> print r.field(0)

['Smith’, "Johnson’, 'Williams’, 'Miller’]
>>> print r.field('Last_name’)
['Smith’, '"Johnson’, 'Williams’, 'Miller’]

these examples show that theld  method can accept either the numeric index or the field name.
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Since each field is simply a numarray of numbers or strings, all functionalities of numarray are available to them. The
record array is one single object which allows the user to have either field-wise or row-wise access. The following
example:

>>> rfield('phone_number’)[1]=9999
>>> print r[:2]

RecArray[

('Smith’, 1234),

("Johnson’, 9999)

]

shows that a change using the field view will cause the corresponding change in the row-wise view without additional
copying or computing.

11.2 Record array functions

array ( buffer=None, formats=None, shape=0, names=None, byteorder=sys.bytg¢order

The functionarray is, for most practical purposes, all a user needs to know to construct a record array.

formats is a string containing the format information of all fields. Each format can béetter code such
asf4 ori2 , or longer name liké&loat32 orIntl6 . For a list of letter codes or the longer names, see Table
4.1 or use théetterCode() function. A field of strings is specified by the leti@y followed by an integer
giving the maximum length; thuesb is the format for a field of strings of (maximum) length of 5.

The formats are separated by commas, and eeeh (element in a field) can be a numar-
ray itself, by attaching a number or a tuple in front of the format specification. So if
formats="i4,Float64,a5,3i2,(2,3)f4,Complex64,b1’ , the record array will have:

1st field: (4-byte) integers

2nd field: double precision floating point numbers

3rd field: strings of length 5

4th field: short (2-byte) integers, each element is an array of shape=(3,)

5th field: single precision floating point numbers, each element is an
array of shape=(2,3)

6th field: double precision complex numbers

7th field: (1-byte) Booleans

formats specification takes precedence over the data. For example, if a field is specified as integers in
buffer , but is specified as floats formats , it will be floats in the record array. If a field in tHauffer

is not convertible to the corresponding data type inforenats  specification, e.g. from strings to numbers
(integers, floats, Booleans) or vice versa, an exception will be raised.

shape is the shape of the record array. It can be an integer, in which case it is equivalent to the nurotsr of
in a table. It can also be a tuple where the record array is an N-D arrayR@itbrds as its elementsshape
must be consistent with the datalinffer  for buffer types (5) and (6), explained below.

names is a string containing the names of the fields, separated by commas. If there are more formats specified
than names, then default names will be used: If there are five fields specifmtniats but names=None
(default), then the field names will bel, c2, ¢3, c4, ¢5 . If names="a,b" , then the field names will

be:a, b, c3, c4, c5

If more names have been specified than there are formats, the extra names will be discarded. If duplicate names
are specified, &alueError  will be raised. Field names are case sensitive, e.g. coluB@will not be found
if it is referred to asabc or Abc (for example) when using tHeeld() method.

byteorder is a string of the valudig or little , referring to big endian or little endian. This is useful
when reading (binary) data from a string or a file. If not specified, it will usesyfsebyteorder value and
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the result will be platform dependent for string or file input.
The first argumentuffer , may be any one of the following:

(1) None (default). The data block in the record array will not be initialized. The user must assign valid data
before trying to read the contents or before writing the record array to a disk file.

(2) a Python string containing binary data. For example:

>>> r=rec.array('abcdefg’*100, formats='i2,a3,i4’, shape=3, byteorder='big’)
>>> print r

RecArray[

(24930, ’'cde’, 1718051170),

(25444, 'efg’, 1633837924),

(25958, 'gab’, 1667523942)

]

(3) a Python file object for an open file. The data will be copied from the file, starting at the current position of
the read pointer, with byte order as specifiethyweorder

(4) arecord array. This results in a deep copy of the input record array; any other argunamayfp  will
be silently ignored.

(5) a list of numarrays. There must be one such numarray for each fieldofrhats andshape arguments
toarray() are not required, but if they are specified, they need to be consistent with the input arrays. The
shapes of all the input numarrays also need to be consistent to one another.

# this will have 3 rows, each cell in the 2nd field is an array of 4 elements
# note that the formats sepcification needs to reflect the data shape

>>> arrl=numarray.arange(3)

>>> arr2=numarray.arange(12,shape=(3,4))

>>> r=rec.array([arrl, arr2],formats='i2,4f4’)

In this examplearr2 is cast up to float.

(6) a list of sequences. Each sequence contains the number(s)/string(s) of a record. The example in the intro-
duction uses such input, sometimes calletghandinput. The data types are automatically determined after
comparing all input data. Data of the same field will be cast to the highest type:

# the first field uses the highest data type: Float64
>>> r=rec.array([[1,’abc’],(3.5, 'xx)]); print r
RecArray[

(1.0, 'abc),

(3.5, 'xx))

]

unless overruled by thermats argument:

# overrule the first field to short integers, second field to shorter strings
>>> r=rec.array([[1,’abc’],(3.5, 'xx’)],formats="i2,al’); print r

RecArray[

1, "a),

(3, X)

]

Inconsistent data in the same field will causéaueError
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>>> r=rec.array([[1,’abc’],('a’, 'xx)])
ValueError: inconsistent data at row 1,field O

A record array with multi-dimensional nhumarray cells in a field can also be constructed by using nested se-
guences:

>>> r=rec.array([[(11,12,13),’abc’],[(2,3,4), 'xX’1]); print r
RecArray[

(array([11, 12, 13]), 'abc’),

(array([2, 3, 4]), 'xx)

]

letterCode ()
This function will list the letter codes acceptable by themats argument imarray()

11.3 Record array methods

RecArray object has these public methods:

field (fieldNam¢
fieldName can be either an integer (field index) or string (field name).

>>> r=rec.array([[11,’abc’,1.],[12, 'xx’, 2.]])
>>> print r.field('cl’)

[11 12]

>>> print r.field(0) # same as field('cl’)
[11 12]

To set values, simply use indexing or slicing, since each field is a numarray:

>>> r.field(2)[1]=1000; r.field(1)[1]="xyz’
>>> r.field(0)[:]=999

>>> print r

RecArray[

(999, 'abc’, 1.0),

(999, 'xyz', 1000.0)

]

info ()
This will display key attributes of the record array.

11.4 Record object

Each single record (aow) in the record array is eecords.Record  object. It has these methods:

field (fieldNameg

setfield  ( fieldname, value
Like the RecArray , a Record object has thdield method toget the field value. But since Record
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object is not an array, it does not take an index or slice, so one cannot assign a value to it. So a setparate

method setfield() , IS hecessary:
>>> r[1].field(0)
999

>>> r[1].setfield(0, -1)
>>> print r[1]
(-1, 'xy’, 1000.0)

Like thefield() method inRecArray , fieldName in Record ’s field() andsetfield() methods
can be either an integer (index) or a string (field name).

11.4. Record object 85



86



CHAPTER
TWELVE

Object Array

12.1 Introduction

numarray , like Numeric , has support for arrays of objects in addition to arrays of numbers. Arrays of objects are
supported by theumarray.objects module. TheDbjectArray  class is used to represent object arrays.

The easiest way to construct an object array is to usauh@array.objects.array() function. For example:

>>> jmport numarray.objects as obj
>>> 0 = objarray(['S’, 'J, 1, 'M))
>>> print o

[S 7 1 'M]

>>> print 0 + 0

[SS’ '3) 2 'MM]

In this example, the array contains 3 Python strings and an integer, but the array elements can be any Python object. For
each pair of elements, tteald operator is applied. For stringadd is defined as string concatenation. For integers,

add is defined as numerical addition. For a class object, thedd __ and__radd __ methods would define the

result.

ObjectArray  is defined as a subclass of numarray’s structural array di38yray . As a result, we can do the
usual indexing and slicing:

>>> print s[0]

g

>>> print s[:2]

[s' ]

>>> g[:2] = ’'changed’

>>> print s

[changed’ 'changed’ 1 'M’]

>>> a = obj.fromlist(humarray.arange(100), shape=(10,10))

>>> a[2:5, 2:5]
ObjectArray([[22, 23, 24],
[32, 33, 34],
[42, 43, 44])

12.2 Object array functions
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array ( sequence=None, shape=None, typecode¥' O’

The functionarray s, for most practical purposes, all a user needs to know to construct an object array.

The first argumentequence , can be an arbitrary sequence of Python objects, such as a list, tuple, or another
object array.

>>> class C:

pass

>>> ¢ = C()

>>> a = obj.fromlist([c, c, c])
>>> a

ObjectArray([c, c, c])

Like objects in Python lists, objects in object arrays are referred to, not copied, so changes to the objects are
reflected in the originals because they are one and the same.

>>> g[0].attirbute = 'this’
>>> c.attribute
‘this’

The second argumerghape , optionally specifies the shape of the array. Ifsi@pe is specified, the shape
is implied by the sequence.

>>> class C:

pass

>>> ¢ = C()

>>> a = obj.fromlist([c, c, c])
>>> a

ObjectArray([c, c, c])

The last argumentypecode |, is there for backward compatibility with Numeric; it must be specified as 'O’.

asarray (obj)

asarray converts sequences which are not object arrays into object arraysobjIfis already an
ObjectArray , itis returned unaltered.

>>> g = asarray([1,”this”, that™])
>>> a

ObjectArray([1 'this’ 'that’])

>>> b = asarray(a)

>>> b is a

True

choose ( selector, population, output=Nohe

choose selects elements fromopulationbased on the values Belector either returning the selected array
or storing it in the optionaDbjectArray  specified byoutput selectorshould be an integer sequence where
each element is within the range Olem population. populationshould be a sequence ObjectArray  s.
The shapes ddelectorand each element gopulationmust be mutually broadcastable.

>>> s num.arange(25, shape=(5,5)) % 3

>>> p = obj.fromlist([*foo", 1, {"this":"that"}])

>>> obj.choose(s, p)

ObjectArray([['foo’, 1, {'this: 'that’}, 'foo’, 1],
[{this: ’that’}, foo’, 1, {this ’that’}, 'foo’],
[1, {this": 'that}, foo’, 1, {this": 'that’}],
[foo’, 1, {this: 'that’}, 'foo’, 1],
[{'this’: ’that’}, foo’, 1, {this ’that’}, 'foo’]])
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sort (objects, axis=-1, output=None
sort sorts the elements frombjectsalong the specifiedxis If an output array is specified, the result is stored
there and the return value is None, otherwise the sort is returned.

>>> a = ObjectArray(shape=(5,5))
>>> a[:] = range(5,0,-1)
>>> sort(a)
ObjectArray([[1, 2, 3, 4, 5],
[1, 2, 3, 4, 5],
[1, 2, 3, 4, 5],
[1, 2, 3, 4, 5],
[1, 2, 3, 4, 5]]
>>> g[:] = range(5,0,-1)
>>> a.transpose()
>>> sort(a, axis=0)
ObjectArray([[1, 1, 1, 1, 1

—_

2, 2, 2, 2, 2],
3, 3, 3, 3, 3,
[4, 4, 4, 4, 4],
[5, 5, 5, 5, 5]

argsort ( objects, axis=-1, output=None
argsort  returns the sort order for the elements froivjectsalong the specifiedxis. If an output array is
specified, the result is stored there and the return value is None, otherwise the sort order is returned.

>>> a = ObjectArray(shape=(5,5))
>>> a[}] = [e')d, ¢’ b a]
>>> argsort(a)

array([[4, 3, 2, 1, 0],
[4, 3, 2, 1, Q],
[4, 3, 2, 1, 0],
[4, 3, 2, 1, Q],
[4, 3, 2, 1, Q]]

take (objects, indices, axis50
take returns elements afbjectsspecified by tuple of index arraysdicesalong the specifiedxis.

>>> o = fromlist(range(10))
>>> g = arange(5)*2

>>> take(o, a)
ObjectArray([0, 2, 4, 6, 8])

put ( objects, indices, values, axis9-1
put storesvaluesat the locations obbjectsspecified by tuple of index arraysdices

>>> o = fromlist(range(10))

>>> a = arange(5)*2

>>> put(o, a, 0); o

ObjectArray([0, 1, 0, 3, 0, 5, 0, 7, 0, 9]

add ( objectsl, objects2, out=Nope
numarray.objects defines universal functions which are named after and use the operators defined in the
standard library module operator.py. In addition, the operator hooks @lfectArray  class are defined to
call the operatorsadd applies theadd operator to corresponding elementsobfectslandobjects2 Like the
ufuncs in the numerical side of numarray, the object ufuncs support reduction and accumulation. In addition
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to add, there are ufuncs defined for every unary and binary operator function in the standard library module
operator.py. Some of these are given additional synonyms so that they use numarray haming conventions, e.g.
sub has an alias nameslibtract

>>> a = fromlist(["t","u","w"])
>>> a

ObjectArray(['t", 'u’, 'w’)
>>> ag+a

ObjectArray(['tt’, 'uu’, 'ww')
>>> add(a,a)
ObjectArray(['tt’, 'uu’, 'ww’)
>>> add.reduce(a)
ObjectArray('tuv’)

>>> add.accumulate(a)
ObjectArray(['t’, 'tu’, 'tuv’])

12.3 Object array methods

ObjectArray ~ maps each of its operator hooks (e.g._add __) onto the corresponding object ufunc (e.g.

numarray.objects.add ). In addition to its hook method§bjectArray  has these public methods:
tolist ()

tolist  returns a nested list of objects corresponding to all the elements in the array.
copy ()

copy returns a shallow copy of the object array.

astype (typg
astype returns either a copy of th@bjectArray  or converts it into a numerical array of the specifigpe

info ()
This will display key attributes of the object array.
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CHAPTER
THIRTEEN

C extension API

This chapter describes the different available C-APIsiianarray based extension modules.

While this chapter describes thmumarray -specifics for writing extension modules, a basic understanding of
Pythonextension modules is expected. See Pytharisnding and Embeddirtgtorial and thePython/C API

The numarray C-API has several different facets, and the first three facets each make different tradeoffs between
memory use, speed, and ease of use. An additional facet provides backwards compatability with legacy Numeric code.
The final facet consists of miscellaneous function calls used to implement and utilize numarray, that were not part of
Numeric.

In addition to most of the basic functionality provided by Numeric, these APIs provide access to misaligned,
byteswapped, and discontiguausmarray s. Byteswapped arrays arise in the context of portable binary data formats
where the byteorder specified by the data format is not the same as the host processor byte order. Misaligned arrays
arise in the context of tabular data: files of records where arrays are superimposed on the column formed by a single
field in the record. Discontiguous arrays arise from operations which permute the shape and strides of an array, such
as reshape.

Numeric compatability This API provides a reasonable (if not complete) simulation of the Numeric C-API. It is
written in terms of the numarray high level API (discussed below) so that misbehaved numarrays are copied prior
to processing with legacy Numeric code. This APl was actually written last because of the extra considerations
in numarray not found in Numeric. Nevertheless, it is perhaps the most important because it enables writing
extension modules which can be compiled for either numarray or Numeric. It is also very useful for porting
existing Numeric code. See section 13.3.

High-level This is the cleanest and eaisiest to use API. It creates temporary arrays to handle difficult cases (discon-
tiguous, byteswapped, misaligned) in C code. Code using this APl is written in terms of a pointer to a contiguous
1D array of C data. See section 13.4.

Element-wise This API handles misbehaved arrays without creating temporaries. Code using this API is written to
access single elements of an array via macros or functidoge: These macros are relatively slow compared
to raw access to C data, and the functions even slower. See section 13.5.

One-dimensional Code using this API get/sets consecutive elements of the inner dimension of an array, enabling
the API to factor out tests for aligment and byteswapping to one test per array rather than one test per element.
Fewer tests means better performance, but at a cost of some temporary data and more difficult usage. See section
13.6.

New numarray functions This last facet of the C-API consists of function calls which have been added to numarray
which are orthogonal to each of the 3 native access APIs and not part of the original Numeric. See section 13.7
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13.1 Numarray extension basics

There’s a couple things you need to do in order to access numarray’s C-API in your own C extension module:

13.1.1 Include libnumarray.h

Near the top of your extension module add the lines:

#include "Python.h"
#include "libnumarray.h"

This gives your C-code access to the numarray typedefs, macros, and function prototypes as well as the Python C-API.

13.1.2 Alternate include method

There’s an alternate form of including libnumarray.h or arrayobject.h some people may prefer provided that they're
willing to ignore the case where the numarray includes are not installed in the standard location. The advantage of the
following approach is that it automatically works with the default path to the Python include files which the distutils
always provide.

#include "Python.h"
#include "numarray/libnumarray.h”

13.1.3 Import libnumarray

In your extension module’s initialization function, add the line:

import_libnumarray();

import_libnumarray() is actually a macro which sets up a pointer to the numarray C-API function pointer table. If you
forget to call importlibnumarray(), your extension module will crash as soon as you call a numarray API function,
because your application will attempt to dereference a NULL pointer.

Note that for the Numeric compatible API you should substitute arrayobject.h for libnumarray.h and_ianporf)

for import_libnumarray() respectively. Unlike other versions of numarray prior to 1.0, arrayobject.h now includes
only the Numeric simulation API. To use the rest of the numarray APl,mastinclude libnumarray.h. To use both,

you must include both arrayobject.h and libnumarray.h, and you must both inap@y() and importlibnumarray()

in your module initialization function.

13.1.4 Writing a simple setup.py file for a numarray extension

One important practice for writing an extension module is the creation of a distutils setup.py file which automates both
extension installation from source and the creation of binary distributions. Here is a simple setup.py which builds a
single extension module from a single C source file:
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from distutils.core import setup, Extension
from numarray.numarrayext import NumarrayExtension
import sys

if not hasattr(sys, ’'version_info’) or sys.version_info < (2,2,0,’alpha’,0): raise SystemExit, "Python 2.2 or I

setup(name = "buildHistogram",

version = "0.1",

description = "™,

packages=["1,

package_dir={"":""},

ext_modules=[NumarrayExtension("buildHistogram",['buildHistogram.c’],\
include_dirs=["./"],
library_dirs=["./"],
libraries='m)])

NumarrayExtension is recommended rather than it's distutils baseclaBstension because
NumarrayExtension knows where to find the numarray headers regardless of where the numarray installer or
setup.py command line options put them. A disadvantage of using NumarrayExtension is that it is numarray specific,
so it does not work for compiling Numeric versions of the extension.

See the Python manuals “Installing Python Modules” and “Distributing Python Modules” for more information on
how to use distutils.

13.2 Fundamental data structures

13.2.1 Numarray Numerical Data Types

Numarray hides the C implementation of its basic array elements behind a set of C typedefs which specify the absolute
size of the type in bits. This approach enables a programmer to specify data items of arrays and extension functions in
an explicit yet portable manner. In contrast, basic C types are platform relative, and so less useful for describing real
physical data. Here are the names of the concrete Numarray element types:

* Bool

Int8, UInt8

Intl16, UIntl6

Int32, UInt32

Int64, UInt64

Float32, Float64

Complex32, Complex64

13.2.2 NumarrayType

The type of a numarray is communicated in C via one of the following enumeration constants. Type codes which
are backwards compatible with Numeric are defined in terms of these constants, but use these if you're not already
using the Numeric codes. These constants communicate type requirements between one function and another, since
in C, you cannot pass a typedef as a value. tAny is used to specify both “no type requirement” and “no known type”
depending on context.
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typedef enum

{
tAny,
tBool,
tint8, tuint8,
tint16, tuInt16,
tint32, tUInt32,
tint64, tuint64,
tFloat32, tFloat64,
tComplex32, tComplex64,
tDefault = tFloat64,
#if LP64
tLong = tInt64
#else
tLong = tInt32
#endif

} NumarrayType;

13.2.3 PyArray_Descr

PyArray _Descr is used to hold a few parameters related to the type of an array and exists mostly for backwards
compatability with Numerictype_numis a NumarrayType valuelsizeindicates the number of bytes in one element
of an array of that typetypeis a Numeric compatible character code.

Numarray’sPyArray _Descr is currently missing the type-castingnes, andzeroes functions. Extensions
which use these missing Numeric features will not yet compile. Arrays of type Object are not yet supported.

typedef struct {

int type_num; /* PyArray TYPES */

int elsize; /* bytes for 1 element */

char type; /* One of "cblsilfdFD " Object arrays not supported. */
} PyArray_Descr;

13.2.4 PyArrayObject

The fundamental data structure of numarray is the PyArrayObject, which is named and layed out to provide source
compatibility with Numeric. It is compatible with most but not all Numeric code. The constant MAXDIM, the
maximum number of dimensions in an array, is defined as 40. It should be noted that unlike earlier versions of
numarray, the present PyArrayObject structure is a first class python object, with full support for the number protocols
in C. Well-behaved arrays have mutable fields which will reflect modifications back into Python“for free”.
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typedef int maybelong; /* towards 64-bit without breaking extensions. */

typedef struct {
/* Numeric compatible stuff */

PyObject_ HEAD

char *data; /* points to the actual C data for the array */
int nd; /* number of array shape elements */
maybelong *dimensions;  /* values of shape elements */

maybelong *strides; /* values of stride elements */

PyObject *base; /* unused, but don't touch! */

PyArray_Descr *descr; /* pointer to descriptor for this array's type */
int flags; /* bitmask defining various array properties */

[* numarray extras */

maybelong _dimensions[MAXDIM]; /* values of shape elements */

maybelong _strides[MAXDIM]; /* values of stride elements */
PyObject *_data; /* object must meet buffer APl */

PyObject *_shadows; [* ill-behaved original array. */

int nstrides; [* elements in strides array */

long byteoffset; /* offset into buffer where array data begins */
long bytestride;  /* basic seperation of elements in bytes */

long itemsize; /* length of 1 element in bytes */

char byteorder;  /* NUM_BIG_ENDIAN, NUM_LITTLE_ENDIAN *
char _aligned; /* test override flag */

char _contiguous; /* test override flag */

/* Don’t expect the following vars to stay around. Never use them.
They're an implementation detail of the get/set macros. */

Complex64 temp; [* temporary for get/set macros */

char * wptr; /* working pointer for get/set macros */
} PyArrayObiject;

13.2.5 Flag Bits

The following are the definitions for the bit values in th&gsfield of each numarray. Low order bits are Numeric
compatible, higher order bits were added by numarray.
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/* Array flags */

#define CONTIGUOUS 1 /* compatible, depends */

#define OWN_DIMENSIONS 2 [* always false */

#define OWN_STRIDES 4 [* always false */

#define OWN_DATA 8 [* always false */

#define SAVESPACE 0x10 /* not used */

#define ALIGNED 0x100 [* roughly: data % itemsize == 0 */
#define NOTSWAPPED 0x200 /* byteorder == sys.byteorder */
#define WRITABLE 0x400 [* data buffer is writable */

#define 1S_CARRAY (CONTIGUOUS | ALIGNED | NOTSWAPPED)

13.3 Numeric simulation API

These notes describe the Numeric compatability functions which enable numarray to utilize a subset of the extensions
written for Numeric (NumPYy). Not all Numeric C-API features and therefore not all Numeric extensions are currently
supported. Users should be able to utilize suitable extensions written for Numeric within the numarray environment

by:
1. Writing a numarray setup.py file.

2. Scanning the extension C-code for all instances of array creation and return and making corrections as needed
and specified below.

3. Re-compiling the Numeric C-extension for numarray.

Numarray’s compatability with Numeric consists of 3 things:

1. Areplacement header file, "arrayobject.h” which supplies simulation functions and macros for numarray just as
the original arrayobject.h supplies the C-API for Numeric.

2. Layout and naming of the fundamental numarray C-t{ydArrayObject , in a Numeric source compatible
way.

3. A set of "simulation” functions. These functions have the same names and parameters as the original Numeric
functions, but operate on numarrays. The simulation functions are also incomplete; features not currently sup-
ported should result in compile time warnings.

13.3.1 Simulation Functions
The basic use of numarrays by Numeric extensions is achieved in the extension function’s wrapper code by:

1. Ensuring creation of array objects by calls to simulation functions.

2. DECREFing each array or calling PyArtaigeturn.

Unlike prior versions of numarray, this version *does* support access to array objects straight out of
PyArg_ParseTuple. This is a consequence of a change to the underlying object model, where a class instance has
been replaced by PyArrayObject. Nevertheless, the “right” way to access arrays is either via the high level interface
or via emulated Numeric factory functions. That way, access to other python sequences is supported as well. Using
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the “right” way for numarray is also more important than for Numeric because numarray arrays may be byteswapped
or misaligned and hence unusable from simple C-code. It should be noted that the nhumarray and Numeric are not
completely compatible, and therefore this API does not provide support for string arrays or object arrays.

The creation of array objects is illustrated by the following of wrapper code for a 2D convolution function:

#include "python.h"
#include "arrayobject.h"

static PyObject *

Py_Convolve2d(PyObject *obj, PyObject *args)

{
PyObject  *okernel, *odata, *oconvolved=Py_None;
PyArrayObject *kernel, *data, *convolved,

if (IPyArg_ParseTuple(args, "OO|O", &okernel, &odata, &oconvolved)) {
return PyErr_Format(_Error,
"Convove2d: Invalid parameters.");
goto _fail;

The first step was simply to get object pointers to the numarray parameters to the convolution function: okernel, odata,
and oconvolved. Oconvolved is an optional output parameter, specified with a default valueNdrfeéywhich is

used when only 2 parameters are supplied at the python level. Each of the “0” parameters should be thought of as an
arbitrary sequence object, not necessarily an array.

The next step is to call simulation functions which convert sequence objects into PyArrayObjects. In a Numeric exten-
sion, these calls map tuples and lists onto Numeric arrays and assert their dimensionality as 2D. The Numeric simula-
tion functions first map tuples, lists, and misbehaved numarrays onto well-behaved numarrays. Calls to these functions
transparently use the numarray high level interface and provide visibility only to aligned and non-byteswapped array
objects.

kernel = (PyArrayObject *) PyArray_ContiguousFromObject(
okernel, tFloat64, 2, 2);

data = (PyArrayObject *) PyArray_ContiguousFromObject(
odata, tFloat64, 2, 2);

if ('kernel || !data) goto _falil;

Extra processing is required to handle the output acayolved cloning it fromdataif it was not specified. Code
should be supplied, but is not, to verify that convolved and data have the same shape.

if (convolved == Py_None)
convolved = (PyArrayObject *) PyArray_FromDims(
data->nd, data->dimensions, tFloat64);
else
convolved = (PyArrayObject *) PyArray_ContiguousFromObject(
oconvolved, tFloaté4, 2, 2);
if (convolved) goto _fail;

After converting all of the input paramters inRyArrayObject s, the actual convolution is performed by a seperate
function. This could just as well be done inline:
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Convolve2d(kernel, data, convolved);

After processing the arrays, they should be DECREF'ed or returned BgiAgay _Return . It is generally not
possible to directly return a numarray object usihg BuildValue  because the shadowing of mis-behaved arrays
needs to be undone. CalliyArray _Return destroys any temporary and passes the numarray back to Python.

Py_DECREF(kernel);

Py _DECREF(data);

if (convolved !'= Py_None) {
Py_DECREF(convolved);
Py_INCREF(Py_None);
return Py_None;

} else
return PyArray_Return(convolved);

_fail:

Py_XDECREF(kernel);

Py XDECREF(data);

Py XDECREF(convolved);

return NULL;

Byteswapped or misaligned arrays are handled by a process of shadowing which works like this:

1. When a "misbehaved” numarray is accessed via the Numeric simulation functions, first a well-behaved tempo-
rary copy (shadow) is created by NfoArray.

2. Operations performed by the extension function modifiy the data buffer belonging to the shadow.

3. On extension function exit, the shadow array is copied back onto the original and the shadow is freed.

All of this is transparent to the user; if the original array is well-behaved, it works much like it always did; if not,
what would have failed altogether works at the cost of extra temporary storage. Users which cannot afford the cost of
shadowing need to use numarray’s native elementwise or 1D APIs.

13.3.2 Numeric Compatible Functions

The following functions are currently implemented:
PyObject*  PyArray _FromDims (int nd, int *dims, int typg
This function will allocate a new numarray.

An array created with PyArrayrromDims can be used as a temporary or returned using PyARetyrn.
Used as a temporary, calling PRECREF deallocates it.

PyObject*  PyArray _FromDimsAndData (intnd, int *dims, int type, char *data
This function will allocate a numarray of the specified shape and type which will refer to the data buffer specified
by data The contents oflatawill not be copied nor willdatabe deallocated upon the deletion of the array.

PyObject*  PyArray _ContiguousFromObject ( PyObject *op, int type, int mindim, int max.dim)
object for a contiguous numarray of 'type’ created from the sequence object 'op’. If 'op’ is a contiguous, aligned,
non-byteswapped numarray, then the simulation object refers to it directly. Otherwise a well-behaved numarray
will be created from 'op’ and the simulation object will refer to it. mitim and maxdim bound the expected
rank as in Numericmin _dim==max _dim specifies an exact rankiin _dim==max _dim==0 specifiesany
rank.
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PyObject*  PyArray _CopyFromObject ( PyObject *op, int type, int mindim, int max.dim)
array, similar to PyArrayFromContiguousObiject, but always returning an simulation object referring to a new
numarray copied from the original sequence.

PyObject*  PyArray _FromObject ( PyObject *op, int type, int mindim, int max.dim)
Returns and simulation object based on 'op’, possibly discontiguous. The strides array must be used to access
elements of the simulation object.

If 'op’ is a byteswapped or misaligned numarray, FromObject creates a temporary copy and the simulation
object refers to it.

If 'op’ is a nonswapped, aligned numarray, the simulation object refers to it.
If 'op’ is some other sequence, it is converted to a numarray and the simulation object refers to that.

PyObject*  PyArray _Return ( PyArrayObject *apj
Returns simulation object 'apr’ to python. The simulation object itself is destructed. The numarray it refers to
(base) is returned as the result of the function.

An additional check is (or eventually will be) performed to guarantee that rank-0 arrays are converted to appro-
priate python scalars.

PyArray_Return has no net effect on the reference count of the underlying numarray.

int  PyArray _As1D( PyObject **op, char **ptr, int *d1, int typecode
Copied from Numeric verbatim.

int  PyArray _As2D( PyObject **op, char ***ptr, int *d1, int *d2, int typecode
Copied from Numeric verbatim.

int PyArray _Free ( PyObject *op, char *pt)
Copied from Numeric verbatimNote: This means including bugs and all!

int  PyArray _Check ( PyObject *op
This function returns 1 if op is a PyArrayObject.

int PyArray _Size ( PyObject *op
This function returns the total element count of the array.

int  PyArray _NBYTES$ PyArrayObject *op
This function returns the total size in bytes of the array, and assumes that bytestride == itemsize, so that the size
is product(shape)*itemsize.

PyObject*  PyArray _Copy( PyArrayObiject *op
This function returns a copy of the array 'op’. The copy returned is guaranteed to be well behaved, i.e. neither
byteswapped nor misaligned.

int PyArray _CanCastSafely ( PyArrayObject *op, int type
This function returns 1 IFF the array 'op’ can be safely cast to 'type’, otherwise it returns 0.

PyArrayObject* PyArray _Cast ( PyArrayObiject *op, int type
This function casts the array 'op’ into an equivalent array of type 'type’.

PyArray _Descr* PyArray _DescrFromType (inttype
This function returns a pointer to the array descriptor for 'type’. The numarray version of PyAYesyr is
incomplete and does not support casting, getitem, setitem, one, or zero.

int  PyArray _isArray(PyObject *0) (T
his macro is designed to fail safe and return 0 when numarray is not installed at all. When numarray is installed,

it returns 1 iff object '0’ is a numarray, and 0 otherwise. This macro facilitates the optional use of numarray
within an extension.

13.3.3 Unsupported Numeric Features
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* PyArrayError

* PyArray_ObjectType()

* PyArray_Reshape()

« PyArray_SetStringFunction()
» PyArray_SetNumericOps()
* PyArray_Take()

* UFunc API

13.4 High-level API

The high-level native API accepts an object (which may or may not be an array) and transforms the object into an array
which satisfies a set of “behaved-ness requirements”. The idea behind the high-level API is to transparently convert
misbehaved numarrays, ordinary sequences, and python scalars into C-arrays. A “misbehaved array” is one which is
byteswapped, misaligned, or discontiguous. This API is the simplest and fastest, provided that your arrays are small.
If you find your program is exhausting all available memory, it may be time to look at one of the other APIs.

13.4.1 High-level functions

The high-level support functions for interchangimgmarray s between Python and C are as follows:

PyArrayObject* NA_InputArray  ( PyObject *seq, NumarrayType t, int requiyes
The purpose of NAInputArray is to transfer array data from Pythonto C.

PyArrayObject* NA_OutputArray ( PyObject *seq, NumarrayType t, int requijes
The purpose of NAOutputArray is to transfer data from C to Python. The output array must be a PyArrayOb-
ject, i.e. it cannot be an arbitrary Python sequence.

PyArrayObject* NA_loArray ( PyObject *seq, NumarrayType t, int requiyes
NA_loArray has fully bidirectional data transfer, creating the illusion of call-by-reference.

For a well-behaved writable array, there is no difference between the three, as no temporary is created and the returned
object is identical to the original object (with an additional reference). For a mis-behaved input array, a well-behaved
temporary will be created and the data copied from the original to the temporary. Since it is an input, modifications to
its contents are not guaranteed to be reflected back to Python, and in the case where a temporary was created, won't
be. For a mis-behaved output array, any data side-effects generated by the C code will be safely communicated back
to Python, but the initial array contents are undefined. For an 1/O array, any required temporary will be initialized to
the same contents as the original array, and any side-effects caused by C-code will be copied back to the original array.
The array factory routines of the Numeric compatability API are written in terms ofINArray.

The return value of each functioNfA_InputArray , NA_OutputArray , or NA_IoArray ) is either a reference

to the original array object, or a reference to a temporary array. Following execution of the C-code in the extension
function body this pointer shouldwaysbe DECREFed. When a temporary is DECREFed, it is deallocated, possibly
after copying itself onto the original array. The one exception to this rule is that you should not DECREF an array
returned via the NAReturnOutput function.

The seqparameter specifies the original numeric sequence to be interfaced. Nested lists and tuples of numbers can
be converted byNA_InputArray  andNA_loArray into a temporary array. The temporary is lost on function

exit. Strictly speaking, allowing NAloArray to accept a list or tuple is a wart, since it will lose any side effects. In
principle, communication back to lists and tuples can be supported but is not currently.

Thet parameter is an enumeration value which defines the type the array data should be converted to. Arrays of the
same type are passed through unaltered, while mis-matched arrays are cast into temporaries of the specified type. The
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valuetAny may be specified to indicate that the extension function can handle any type correctly so no temporary
should is required.

The requiresinteger indicates under what conditions, other than type mismatch, a temporary should be made. The
simple way to specify it is to ussUM C_ARRAY This will cause the API function to make a well-behaved temporary
if the original is byteswapped, misaligned, or discontiguous.

There is one other pair of high level function which serves to return output arrays as the function value:
NA_OptionalOutputArray and NAReturnOutput.

PyArrayObject* NA_OptionalOutputArray (PyObject *seq, NumarrayType t, int requires, PyObiject

*master)
NA_OptionalOutputArray is essentiallyNA_OutputArray , but with one twist: if the original array

seghas the valu&JULL or Py_None, a copy ofmasteris returned. This facilitates writing functions where the
output array may or may-not be specified by the Python user.

PyObject*  NA_ReturnOutput ( PyObject *seq, PyObject *shadyw
NA_ReturnOutput accepts as parameters both the origirdq and the value returned from
NA_OptionalOutputArray , Shadow If seqis Py_None or NULL, thenshadowis returned. Otherwise,
an output array was specified by the user, Byd None is returned. This facilitates writing functions in the
numarray style where the specification of an output array renders the function “mute”, with all side-effects in
the output array and None as the return value.

13.4.2 Behaved-ness Requirements

Calls to the high level API specify a set of requirements that incoming arrays must satisfy. The requirements set is
specified by a bit mask which is or'ed together from bits representing individual array requirements. An ordinary
C array satisfies all 3 requirements: it is contiguous, aligned, and not byteswapped. It is possible to request arrays
satisfying any or none of the behavedness requirements. Arrays which do not satisfy the specified requirements are
transparently “shadowed” by temporary arrays which do satisfy them. By specKjingUNCONVERTER caller

is certifying that his extension function can correctly and directly handle the special cases possiNerioAaay ,

excluding type differences.

typedef enum

{
NUM_CONTIGUOUS=1,

NUM_NOTSWAPPED=2,
NUM_ALIGNED=4,
NUM_WRITABLE=8,
NUM_COPY=16,

NUM_C_ARRAY = (NUM_CONTIGUOUS | NUM_ALIGNED | NUM_NOTSWAPPED),
NUM_UNCONVERTED = 0

NA_InputArray  will return a guaranteed writable resulNUMWRITABLEis specified. A writable temporary will
be made for arrays which have readonly buffers. Any changes made to a writable inpuhaytag lost at extension
exit time depending on whether or not a temporary was requikgil.inputArray  will also return a guaranteed
writable result by specifyinglUM COPY with NUM COPY a temporary islwaysmade and changes to it aalwvays
lost at extension exit time.

Omitting NUMWRITABLEandNUM COPYfrom therequiresof NA_InputArray  asserts that you will not modify
the array buffer in your C code. Readonly arrays (e.g. from a readonly memory map) which you attempt to modify
can result in a segfault NUMWRITABLEor NUM COPYwas not specified.

Arrays passed tblA_loArray andNA_OutputArray  must be writable or they will raise an exception; specifing
NUMWRITABLEor NUM.COPYo these functions has no effect.
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13.4.3 Example

A C wrapper function using the high-level APl would typically look like the following.

#include "Python.h"
#include "libnumarray.h”

static PyObject *

Py_Convolveld(PyObject *obj, PyObject *args)

{
PyObject  *okernel, *odata, *oconvolved=Py_None;
PyArrayObject *kernel, *data, *convolved;

if (IPyArg_ParseTuple(args, "OO|O", &okernel, &odata, &oconvolved)) {
PyErr_Format(_convolveError,
"Convolveld: Invalid parameters.");
goto _fail;

First, define local variables and parse parameteys.Convolveld expects two or three array parametersaigs

the convolution kernel, the data, and optionally the return array. We define two variables for each array parameter, one
which represents an arbitrary sequence object, and one which represents a PyArrayObject which contains a conversion
of the sequence. If the sequence object was already a well-behaved numarray, it is returned without making a copy.

I* Align, Byteswap, Contiguous, Typeconvert */

kernel = NA_InputArray(okernel, tFloat64, NUM_C_ARRAY);

data = NA_InputArray(odata, tFloat64, NUM_C_ARRAY);

convolved = NA_OptionalOutputArray(oconvolved, tFloat64, NUM_C_ARRAY, data);

if ('kernel || 'data || !convolved) {
PyErr_Format( _convolveError,
"Convolveld: error converting array inputs.");
goto _fail;

These calls to NAlnputArray and OptionalOutputArray require that the arrays be aligned, contiguous, and not
byteswapped, and of type Float64, or a temporary will be created. If the user hasn't provided a output array we
askNA_OptionalOutputArray to create a copy of the inpatata We also check that the array screening and
conversion process succeeded by verifying that none of the array pointers is NULL.

1This function is taken from the convolve example in the source distribution.
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if ((kernel->nd != 1) || (data->nd != 1)) {
PyErr_Format(_convolveError,
"Convolveld: arrays must have 1 dimension.");
goto _fail;

}

if (INA_ShapeEqual(data, convolved)) {
PyErr_Format(_convolveError,
"Convolveld: data and output arrays need identitcal shapes.");
goto _fail;

Make sure we were passed one-dimensional arrays, and data and output have the same size.

Convolveld(kernel->dimensions[0], NA_OFFSETDATA(kernel),
data->dimensions|[0], NA_OFFSETDATA(data),
NA_OFFSETDATA(convolved));

Call the C function actually performing the work. N®OFFSETDATA returns the pointer to the first element of the
array, adjusting for any byteoffset.

Py_XDECREF(kernel);
Py _XDECREF(data);

Decrease the reference counters of the input arrays. These were incredsadimgutArray . Py _XDECREF
tolerates NULL. DECREF'ing the PyArrayObject is how temporaries are released and in the case of IO and Output
arrays, copied back onto the original.

[* Align, Byteswap, Contiguous, Typeconvert */

return NA_ReturnOutput(oconvolved, convolved);
fail:

Py XDECREF(kernel);

Py_XDECREF(data);

Py _XDECREF(convolved);

return NULL;

Now return the results, which are either stored in the user-supplied @coaywolvedandPy_None is returned, or if
the user didn’t supply an output array the tempo@gvolveds returned.

If your C function creates the output array you can use the following sequence to pass this array back to Python:
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double *result;
int m, n;

result = func(...);
if(NULL == result)
return NULL;
return NA_NewArray((void *)result, tFloat64, 2, m, n);

The C functionfunc returns a newly allocated (m, n) array tiesult After we check that everything is ok, we
create a new numarray usiddA_NewArray and pass it back to PythorNA_NewArray creates aaumarray

with NUM.C_ARRAYproperties. If you wish to create an array that is byte-swapped, or misaligned, you can use
NA_NewAll .

The C-code of the core convolution function is uninteresting. The main point of the example is that when using the
high-level API, numarray specific code is confined to the wrapper function. The interface for the core function can be
written in terms of primitive numarray/C data items, not objects. This is possible because the high level API can be
used to deliver C arrays.

static void Convolveld(long ksizex, Float64 *kernel,
long dsizex, Float64*data, Float64 *convolved)

{

long xc; long halfk = ksizex/2;

for(xc=0; xc<halfk; xc++)
convolved[xc] = data[xc];

for(xc=halfk; xc<dsizex-halfk; xc++) {
long xk;
double temp = O;
for (xk=0; xk<ksizex; xk++)
temp += kernel[xk]*data[xc-halfk+xK];
convolved[xc] = temp;

}

for(xc=dsizex-halfk; xc<dsizex; xc++)
convolved[xc] = data[xc];

13.5 Element-wise API

The element-wise in-place APl is a family of macros and functions designed to get and set elements of arrays which
might be byteswapped, misaligned, discontiguous, or of a different type. You can &yt&imayObject s for

these misbehaved arrays from the high-level API by specifying fewer requirements (perhaps just 0, rather than
NUM_C_ARRAY). In this way, you can avoid the creation of temporaries at a cost of accessing your array with
these macros and functions and a significant performance penalty. Make no mistake, if you have the memory, the high
level API is the fastest. The whole point of this API is to support cases where the creation of temporaries exhausts
either the physical or virtual address space. Exhausting physical memory will result in thrashing, while exhausting
the virtual address space will result in program exception and failure. This API supports avoiding the creation of the
temporaries, and thus avoids exhausting physical and virual memory, possibly improving net performance or even
enabling program success where simpler methods would just fail.
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13.5.1 Element-wise functions

The single element macros each access one element of an array at a time, and specify the array type in two places:
as part of the PyArrayObject type descriptor, and as “type”. The former defines what the array is, and the latter is
required to produce correct code from the macro. They shoaldh When you pass “type” into one of these macros,

you are defining the kind of array the code can operate on. It is an error to pass a non-matching array to one of these
macros. One last piece of advice: call these macros carefully, because the resulting expansions and error messages are
a *obscene*. Note: the type parameter for a macro is one of the Numarray Numeric Data Types, not a NumarrayType
enumeration value.

Pointer based single element macros
NA_GETP4 PyArrayObject*, type, chan*
aligning

NA_GETPH PyArrayObiject*, type, char*
byteswapping

NA_GETPf( PyArrayObject*, type, chan*
fast (well-behaved)

NA_GETR PyArrayObject*, type, chafy
testing: any of above

NA_SETPa PyArrayObject*, type, char*, v
NA_SETPH( PyArrayObject*, type, char*, v
NA_SETPf( PyArrayObject*, type, char*, v
NA_SETH PyArrayObject*, type, char*, v

One index single element macros

NA_GET1a PyArrayObject*, type,)i
NA_GET1h( PyArrayObject*, type,)i
NA_GET1f( PyArrayObject*, type,)i
NA_GETI PyArrayObject*, type))i
NA_SET1a( PyArrayObject*, type, i, ¥
NA_SET1b( PyArrayObject*, type, i, ¥
NA_SET1f ( PyArrayObject*, type, i, ¥
NA_SET1( PyArrayObject*, type, i, ¥

Two index single element macros

NA_GET2a PyArrayObject*, type, i,)]
NA_GET2h( PyArrayObject*, type, i,)]
NA_GET2f( PyArrayObject*, type, i,)]
NA_GETZ PyArrayObject*, type, i,)
NA_SET?2a( PyArrayObiject*, type, i, j, ¥
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NA_SET2b( PyArrayObject*, type, i, j, ¥
NA_SET2f ( PyArrayObject*, type, i, j, ¥
NA_SET2( PyArrayObject*, type, i, j, ¥

One and Two Index, Offset, Float64/Complex64/Int64 functions

Thelnt6é4 /Float64 /Complex64 functions require a function call to access a single element of an array, making
them slower than the single element macros. They have two advantages:

1. They're function calls, so they're a little more robust.

2. They can handlanyinput array type and behavior properties.
While these functions have no error return status, they *can* alter the Python error state, so well written extensions

should callPyErr _Occurred() to determine if an error occurred and report it. It's reasonable to do this check
once at the end of an extension function, rather than on a per-element basis.

void NA _get _offset (PyArrayObject*,intN, .).
NA_get _offset computes the offset into an array object given a variable number of indices. It is not espe-
cially robust, and it is considered an error to pass it more indices than the array has, or indices which are negative
or out of range.

Float64 NA_get _Float64 ( PyArrayObject*, long offset

void NA_set _Float64 ( PyArrayObject *, long offset, Float64)v
Floaté4 NA_getl _Floaté4 ( PyArrayObject?*,int)

void NA_setl _Float64 ( PyArrayObject*, inti, Float64 y

Float64 NA_get2 _Float64 ( PyArrayObject*,inti, int)

void NA_set2 _Float64 ( PyArrayObject*, inti,intj, Float64 ¥

Inté4 NA_get _Int64 ( PyArrayObject *, long offsét

void NA_set _Int64 ( PyArrayObject *, long offset, Int64)v

Int64 NA_getl _Int64 ( PyArrayObject *, int)

void NA_setl _Int64 ( PyArrayObject*, inti, Int64 ¥y

Inté4 NA_get2 _Int64 ( PyArrayObject*,inti, int)

void NA_set2 _Int64 ( PyArrayObject*, inti,intj, Int64 ¥y
Complex64 NA_get _Complex64 ( PyArrayObject *, long offsét

void NA_set _Complex64 ( PyArrayObject *, long offset, Complex6} v
Complex64 NA_getl _Complex64 ( PyArrayObject *, int)

void NA_setl _Complex64 ( PyArrayObject *, int i, Complex64)v
Complex64 NA_get2 _Complex64 ( PyArrayObject *, inti, int})

void NA_set2 _Complex64 ( PyArrayObject *, inti, int j, Complex64)v

13.5.2 Example

TheconvolvelD wrapper function corresponding to section 13.4.3 using the element-wise API could lodk like:

2This function is also available as an example in the source distribution.
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static PyObject *

Py_Convolveld(PyObject *obj, PyObject *args)

{
PyObject  *okernel, *odata, *oconvolved=Py_None;
PyArrayObject *kernel, *data, *convolved;

if (!PyArg_ParseTuple(args, "OO|O", &okernel, &odata, &oconvolved)) {
PyErr_Format(_Error, "Convolveld: Invalid parameters.");
goto _fail;

}

kernel = NA_InputArray(okernel, tAny, 0);
data = NA_InputArray(odata, tAny, 0);

For the kernel and data arraysymarray s of any type are accepted without conversion. Thus there is no copy of
the data made except for lists or tuples. All types, byteswapping, misalignment, and discontiguity must be handled
by Convolveld. This can be done easily using the get/set functions. Macros, while faster than the functions, can only
handle a single type.

convolved = NA_OptionalOutputArray(oconvolved, tFloat64, 0, data);

Also for the output array we accept any variety of type tFloat without conversion. No copy is made except for non-
tFloat. Non-numarray sequences are not permitted as output arrays. Byteswaping, misaligment, and discontiguity
must be handled by Convolveld. If the Pythoncaller did not specify the oconvolved array, it initially retains the value
Py_None. In that casesonvolveds cloned from the arraglatausing the specified type. It is important to clone from
dataand notodatg since the latter may be an ordinary Pythonsequence which was converted into nuhagaray

13.5. Element-wise API 107



if ('kernel || !data || !convolved)
goto _fail;

if ((kernel->nd != 1) || (data->nd != 1)) {
PyErr_Format(_Error,
"Convolveld: arrays must have exactly 1 dimension.");
goto _fail;

}

if (INA_ShapeEqual(data, convolved)) {
PyErr_Format(_Error,
"Convolveld: data and output arrays must have identical length.");
goto _fail;
}
if (INA_ShapeLessThan(kernel, data)) {
PyErr_Format(_Error,
"Convolveld: kernel must be smaller than data in both dimensions");

goto _fail;
}
if (Convolveld(kernel, data, convolved) < 0) /* Error? */
goto _falil;
else {

Py_XDECREF(kernel);
Py_XDECREF(data);
return NA_ReturnOutput(oconvolved, convolved);

}

Py_XDECREF(kernel);
Py_XDECREF(data);

Py XDECREF(convolved);
return NULL;

_fail:

This function is very similar to the high-level API wrapper, the notable difference is that we ask for the unconverted
arrayskernelanddataandconvolved This requires some attention in their usage. The function that does the actual
convolution in the example has to usSé _get* to read andNA_set* to set an element of these arrays, instead of
using straight array notation. These functions perform any necessary type conversion, byteswapping, and alignment.
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static int
Convolveld(PyArrayObject *kernel, PyArrayObject *data, PyArrayObject *convolved)

{
int xc, xk;
int ksizex = kernel->dimensions[0];
int halfk = ksizex / 2;
int dsizex = data->dimensions[0];
for(xc=0; xc<halfk; xc++)
NA_setl Float64(convolved, xc, NA_getl_Float64(data, xc));
for(xc=dsizex-halfk; xc<dsizex; xc++)
NA_setl Float64(convolved, xc, NA_getl_Float64(data, xc));
for(xc=halfk; xc<dsizex-halfk; xc++) {
Float64 temp = O;
for (xk=0; xk<ksizex; xk++) {
int i = xc - halfk + xKk;
temp += NA_getl_Float64(kernel, xk) *
NA_getl Float64(data, i);
}
NA_setl Float64(convolved, xc, temp);
}
if (PyErr_Occurred())
return -1;
else
return O;
}

13.6 One-dimensional API

The 1D in-place API is a set of functions for getting/setting elements from the innermost dimension of an array. These
functions improve speed by moving type switches, “behavior tests”, and function calls out of the per-element loop. The
functions get/set a series of consequtive array elements to/from arraé4f , Float64 , or Complex64 . These
functions are (even) more intrusive than the single element functions, but have better performance in many cases. They
can operate on arrays of any type, with the exception of the Complex64 functions, which only handle Complex64. The
functions return 0 on success and -1 on failure, with the Python error state already set. To be used profitably, the 1D
API requires either a large single dimension which can be processeed in blocks or a multi-dimensional array such as an
image. In the latter case, the 1D API is suitable for processing one (or more) scanlines at a time rather than the entire
image at once. See the source distribution Examples/convolvedonensionalmodule.c for an example of usage.

long NA_get _offset (PyArrayObject*,intN, .).
This function applies a (variable length) sethfndices to an array and returns a byte offset into the array.

int  NA_getlD _Int64 ( PyArrayObject *, long offset, int cnt, Int64 *Qut

int  NA_setlD _Int64 (PyArrayObject*, long offset, int cnt, Int64 *n

int NA_getlD _Float64 ( PyArrayObject*, long offset, int cnt, Float64 *qut

int  NA_setlD _Floaté4 ( PyArrayObject*, long offset, int cnt, Float64 *in

int NA_getlD _Complex64 ( PyArrayObiject *, long offset, int cnt, Complex64 *put
int  NA_setlD _Complex64 ( PyArrayObject *, long offset, int cnt, Complex64 ¥in
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13.7 New numarray functions

The following array creation functions share similar behavior. All but one create anaewvarray using the data
specified bydata If datais NULL, the routine allocates a buffer internally based on the array shape and type; internally
allocated buffers have undefined contents. The data type of the created array is spetyfped by

There are several functions to createmarray s at the C level:

static PyArrayObject* NA_NewArray ( void *data, NumarrayType type, int ndim)...
ndimspecifies the rank of the array (number of dimensions), and the length of each dimension must be given as
the remaining (variable length) list @it parameters. The following example allocates a 100x100 uninitialized

array of Int32.

if (I(array = NA_NewArray(NULL, tint32, 2, 100, 100)))
return NULL;

static PyObject* NA_vNewArray ( void *data, NumarrayType type, int ndim, maybelong *shape
ForNA_vNewArray the length of each dimension must be given in an arrayafbelongointed to byshape
The following code allocates a 2x2 array initialized to a copy of the specifital

Int32 data4] = { 1, 2, 3, 4 };

maybelong shape[2] = { 2, 2 };

if (!(array = NA_vNewArray(data, tint32, 2, shape)))
return NULL,;

static PyArrayObject* NA_NewAll (int ndim, maybelong *shape, NumarrayType type, void *data, may-
belong byteoffset, maybelong bytestride, int byteorder, int aligned, int

writable)
NA_NewAll is similar toNA_vNewArray except it provides for the specification of additional parameters.

byteoffsetspecifies the byte offset from the base of the data array at whicretlielata begins.bytestride
specifies the miminum stride to use, the seperation in bytes between adjacent elements in thyteoeier
takes one of the valuesUMBIG _ENDIAN or NUMLITTLE _ENDIAN writable defines whether the buffer
object associated with the resulting array is readonly or writable.

static PyArrayObject* NA_NewAllStrides  (int ndim, maybelong *shape, maybelong *strides, Numar-
rayType type, void *data, maybelong byteoffset, maybelong

byteorder, int aligned, int writable
NA_NewAlIStrides is a variant oNA_vNewAll which also permits the specification of the array strides.

The strides are not checked for correctness.

static PyArrayObject* NA_NewAllFromBuffer  (int ndim, maybelong *shape, NumarrayType type,

PyObject *buffer, maybelong byteoffset, maybelong
bytestride, int byteorder, int aligned, int writal)le

NA_NewAllFromBuffer  is similar toNA_NewAll exceptitaccepts a buffer object rather than a pointer to C

data. Thebufferobject must support the buffer protocol bidifferis non-NULL, the returned array object stores

a reference tbufferand locates its data there.dfifferis specified as NULL, a buffer object and associated data

space are allocated internally and the returned array object refers to that. It is possible to create a Python buffer

object from an array of C data and then construntimarray using this function which refers to the C data

without making a copy.

int  NA_ShapeEqual ( PyArrayObject*a,PyArrayObject*p
This function compares the shapes of two arrays, and returns 1 if they are the same, 0 otherwise.

int  NA_ShapelLessThan ( PyArrayObject*a,PyArrayObject®h
This function compares the shapes of two arrays, and returns 1 if each dimension of 'a’ is less than the corre-

sponding dimension of 'b’, 0 otherwise.
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int  NA_ByteOrder ()
This function returns the system byte order, either NUNTTLE _ENDIAN or NUM_BIG_ENDIAN.

Bool NA_leeeSpecial32 ( Float32 *f, Int32 *mask
This function returns 1 IFF Float32 value ™*f' matches any of the IEEE special value criteria specified by
*mask’. See ieeespecial.h for the mask bit values which can be or'ed together to specify mask.

Bool NA_leeeSpecial64 ( Float64*,Int32%)
This function returns 1 IFF Float64 value ™*f' matches any of the IEEE special value criteria specified by
*mask’. See ieeespecial.h for the mask bit values which can be or'ed together to specify mask.

PyArrayObject * NA_updateDataPtr  ( PyArrayObject 3
This function updates the values derived from thd&ta” buffer, namely the data pointer and buffer WRITABLE
flag bit. This needs to be called upon entering or re-entering C-code from Python, since it is possible for buffer
objects to move their data buffers as a result of executing arbitrary Python and hence arbitrary C-code. The high
level interface routines, e.§A_InputArray , call this routine automatically.

char* NA_typeNoToName ( int)
NA_typeNoToName translates a NumarrayType into a character string which can be used to display it: e.g.
tInt32 converts to the string “Int32”

PyObject* NA_typeNoToTypeObject (int)
This function converts a NumarrayType C type code into the NumericType object which implements and repre-
sents it more fully. tInt32 converts to the type object numarray.Int32.

int  NA_typeObjectToTypeNo ( PyObject)
This function converts a numarray type object (e.g. numarray.Int32) into the corresponding NumarrayType (e.g.
tInt32) C type code.

PyObject*  NA_intTupleFromMaybeLongs  ( int,maybelong¥
This function creates a tuple of Python ints from an array of C maybelong integers.

long NA_maybelLongsFromintTuple (int,maybelong*,PyObjec)*
This function fills an array of C long integers with the converted values from a tuple of Python ints. It returns
the number of conversions, or -1 for error.

long NAL_isIntegerSequence ( PyObject)
This function returns 1 iff the single parameter is a sequence of Python integers, and 0 otherwise.

PyObject*  NA_setArrayFromSequence ( PyArrayObject*,PyObjecty
This function copies the elementwise from a sequence object to a numarray.

int  NA_maxType( PyObject)
This function returns an integer code corresponding to the highest kind of Python numeric object in a sequence.
INT(0) LONG(1) FLOAT(2) COMPLEX(3). On error -1 is returned.

PyObject* NA_getPythonScalar  ( PyArrayObject *a, long offsét
This function returns the Python object corresponding to the single element of the array 'a’ at the given byte
offset.

int NA_setFromPythonScalar ( PyArrayObject *a, long offset, PyObject*value
This function sets the single element of the array 'a’ at the given byte offset to 'value’.

int  NA_NDArrayCheck ( PyObject*q
This function returns 1 iff the '0’ is an instance of NDArray or an instance of a subclass of NDArray, and O
otherwise.

int  NA_NumArrayCheck ( PyObject)
This function returns 1 iff the '0’ is an instance of NumArray or an instance of a subclass of NumArray, and 0
otherwise.

int  NA_ComplexArrayCheck ( PyObject}

13.7. New numarray functions 111



This function returns 1 iff the '0’ is an instance of ComplexArray or an instance of a subclass of ComplexArray,
and 0 otherwise.

unsigned long NA_elements ( PyArrayObject)
This function returns the total count of elements in an array, essentially the product of the elements of the array’s
shape.

PyArrayObject * NA_copy ( PyArrayObject)
This function returns a copy of the given array. The array copy is guaranteed to be well-behaved, i.e. neither
byteswapped, misaligned, nor discontiguous.

int  NA_copyArray ( PyArrayObject*to, const PyArrayObject *from
This function returns a copies one array onto another; used in f2py.

PyArrayObject * NA_swapAxes ( PyArrayObject*a, int dim1, int dim2
This function mutates the specified arestp exchange the shape and strides values for the two dimendionts,
anddim2 Negative dimensions count backwards from the innermost, with -1 being the innermost dimension.
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CHAPTER
FOURTEEN

Convolution

This package (numarray.convolve) provides functions for one- and two-dimensional convolutions and
correlations ohumarray s. Each of the following examples assumes that the following code has been
executed:

import numarray.convolve as conv

14.1 Convolution functions

boxcar ( data, boxshape, output=None, mode="nearest’, cval30.0
boxcar computes a 1-D or 2-D boxcar filter on every 1-D or 2-D subarraglath . boxshape is a tuple
of integers specifying the dimensions of the filter, €8,3) . If output is specified, it should be the same
shape asglata and the result will be stored in it. In that cadene will be returned.

mode can be any of the following values:

nearest Elements beyond boundary come from nearest edge pixel.
wrap: Elements beyond boundary come from the opposite array edge.
reflect Elements beyond boundary come from reflection on same array edge.

constant Elements beyond boundary are set to what is specifiedah , an optional numerical parameter; the
default value i9.0 .

>>> print a

[L 54729 3 6]

>>> print conv.boxcar(a,(3,))

[ 2.33333333 3.33333333 5.33333333 4.33333333 6. 4.66666667
6. 5. ]

# for even number box size, it will take the extra point from the lower end

>>> print conv.boxcar(a,(2,))

[ 1. 3. 45 55 45 55 6. 4.5]

convolve (data, kernel, mode=FULL
Returns the discrete, linear convolution of 1-D sequexde¢s andkernel ; mode can beVALID, SAME or
FULL to specify the size of the resulting sequence. See section 14.2.

convolve2d ( data, kernel, output=None, fft=0, mode="nearest’, cval=p.0
Return the 2-dimensional convolution data andkernel . If output is notNone, the result is stored in
output andNone is returnedfft is used to switch between FFT-based convolution and the naive algorithm,
defaulting to naive. Usinfit mode becomes more beneficial as the size of the kernel grows; for small kernels,
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the naive algorithm is more efficieninode has the same choices as thosdoxcar . A number of storage
considerations come into play with large arrays: (1) boundary modes are implemented by making an oversized
temporary copy of thelata array which has a shape equal to the sum ofdéa andkernel shapes. (2)
likewise, thekernel is copied into an array with the same shape as the overdiead array. (3) In FFT mode,

the fourier transforms of th@ata andkernel arrays are stored in double precision complex temporaries. The
aggregate effect is that storage roughly equal to a factor of eight (x2 from 2 and x4 from 3) times the size of the
data is required to compute the convolution of a FloatZ2a array.

correlate  ( data, kernel, mode=FULL
Return the cross-correlation data andkernel ; mode can beVALID, SAME or FULL to specify the size
of the resulting sequenceorrelate is very closely related toonvolve in implementation. See section
14.2.

correlate2d  ( data, kernel, output=None, fft=0, mode="nearest’, cval=0p.0
Return the 2-dimensional convolution data andkernel . If output is notNone, the result is stored in
output andNone is returnedfft is used to switch between FFT-based convolution and the naive algorithm,
defaulting to naive. Usinfft mode becomes more beneficial as the size of the kernel grows; for small kernels,
the naive algorithm is more efficienmode has the same choices as thoséafcar . See als@onvolve2d
for notes regarding storage consumption.

Note: cross _correlate  is deprecated and should not be used.

14.2 Global constants

These constants specify what part of the resulttivevolve  andcorrelate  functions of this module return. Each
of the following examples assumes that the following code has been executed:

arr = numarray.arange(8)

FULL
Return the full convolution or correlation of two arrays.

>>> conv.correlate(arr, [1, 2, 3], mode=conv.FULL)
array([ 0, 3, 8, 14, 20, 26, 32, 38, 20, 7])

PASS
Correlate the arrays without padding the data.

>>> conv.correlate(arr, [1, 2, 3], mode=conv.PASS)
array([ 0, 8, 14, 20, 26, 32, 38, 7))

SAME
Return the part of the convolution or correlation of two arrays that corresponds to an array of the same shape as
the input data.

>>> conv.correlate(arr, [1, 2, 3], mode=conv.SAME)
array([ 3, 8, 14, 20, 26, 32, 38, 20])

VALID
Return the valid part of the convolution or correlation of two arrays.
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>>> conv.correlate(arr, [1, 2, 3], mode=conv.VALID)
array([ 8, 14, 20, 26, 32, 38)])
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CHAPTER
FIFTEEN

Fast-Fourier-Transform

This package provides functions for one- and two-dimensional Fast-Fourier-Transforms (FFT) and inverse
FFTs.

The numarray.fft module provides a simple interface to the FFTPACK Fortran library, which is a powerful
standard library for doing fast Fourier transforms of real and complex data sets, or the C fftpack library, which is
algorithmically based on FFTPACK and provides a compatible interface.

15.1 Installation

The default installation uses the providedmarray.fft.fftpack C implementation of these routines and this
works without any further interaction.

15.1.1 Installation using FFTPACK

On some platforms, precompiled optimized versions of the FFTPACK libraries are preinstalled on the operating sys-
tem, and the setup procedure needs to be modified to foraeutharray.fft module to be linked against those
rather than the builtin replacement functions.

15.2 FFT Python Interface

The Python user imports teimarray. fft module, which provides a set of utility functions of the most commonly
used FFT routines, and allows the specification of which axes (dimensions) of the input arrays are to be used for the
FFT’s. These routines are:

fft (a, n=None, axis=-1
Performs an-point discrete Fourier transform of the arrayn defaults to the size of. It is most efficient for
n a power of two. Ifn is larger tharlen(a) , thena will be zero-padded to make up the differencenlis
smaller tharlen(a) , thena will be aliased to reduce its size. This also stores a cache of working memory for
different sizes offt s, so you could theoretically run into memory problems if you call this too many times
with too many different’s.

The FFT is performed along the axis indicated byalkes argument, which defaults to be the last dimension
of a.

The format of the returned array is a complex array of the same shapev@iere the first element in the result
array contains the DC (steady-state) value of the FFT.

Some examples are:
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>>> a = array([1., 0., 1., 0., 1,
>>> b = array([0., 1., 0., 1., O,
>>> ¢ array([0., 1., 0., 0., 0.,
>>> print numarray.fft.fft(a).real
[84. 0. 0. 0 4.

>>> print numarray.fft.fft(b).real
[84. 0. 0 0. -4 0.
>>> print numarray.fft.fft(c).real
[82. 0. 0 0 -2. O

J) + 10
J + 10
J) + 10

0.,
1.,
1.

1.,
0.,
0.

)

= 0
= 1
= 0

0. 0. 0]

0. 0]

0. 0]

inverse _fft (a, n=None, axis=-}
Will return then point inverse discrete Fourier transformagfn defaults to the length dd. It is most efficient
for n a power of two. Ifn is larger thara, thena will be zero-padded to make up the differencen is smaller
thana, thena will be aliased to reduce its size. This also stores a cache of working memory for different sizes
of FFT’s, so you could theoretically run into memory problems if you call this too many times with too many

differentn’s.
real _fft (.a, n=None, axis=-)
Will return then point discrete Fourier transform of the real valued aaay defaults to the length . Itis
most efficient fom a power of two. The returned array will be one half of the symmetric complex transform of
the real array.
>>> x = cos(arange(30.0)/30.0*2*pi)
>>> print numarray.fft.real_fft(x)
[ -5.82867088e-16 +0.00000000e+00j 1.50000000e+01 -3.08862614e-15j
7.13643755e-16 -1.04457106e-15j 1.13047653e-15 -3.23843935e-15j
-1.52158521e-15 +1.14787259e-15j 3.60822483e-16 +3.60555504e-16j
1.34237661e-15 +2.05127011e-15j 1.98981960e-16 -1.02472357e-15j
1.55899290e-15 -9.94619821e-16] -1.05417678e-15 -2.33364171e-17]
-2.08166817e-16 +1.00955541e-15] -1.34094426e-15 +8.88633386e-16j
5.67513742e-16 -2.24823896e-15j 2.13735778e-15 -5.68448962e-16j
-9.55398954e-16 +7.76890265e-16j -1.05471187e-15 +0.00000000e+00j]
inverse _real _fft (.a, n=None, axis=-1

Will return the inverse FFT of the real valued ariay

fftad (a, s=None, axes=(-2,-])
Will return the 2-dimensional FFT of the array

_fftazd (a, s=None, axes=(-2,-})
Will return the 2-D FFT of the real valued array

real

15.3 fftpack Python Interface

The interface to the FFTPACK library is performed via fitipack  module, which is responsible for making sure
that the arrays sent to the FFTPACK routines are in the right format (contiguous memory locations, right numerical
storage format, etc). It provides interfaces to the following FFTPACK routines, which are also the names of the Python

functions:

cffti (i)

cfftf  (data, savearen

cfftb ( data, savearen

rffti (i)

rfftf  ( data, savearen
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rfftb  ( data, savearean

The routines which start with expect arrays of complex numbers, the routines which startwétkpect real numbers
only. The routines which end with are the initalization functions, those which end witperform the forward FFTs
and those which end with perform the backwards FFTs.

The initialization functions require a single integer argument corresponding to the size of the dataset, and returns a
work array. The forward and backwards FFTs require two array arguments — the first is the data array, the second is the
work array returned by the initialization function. They return arrays corresponding to the coefficients of the FFT, with
the first element in the returned array corresponding to the DC component, the second one to the first fundamental,
etc.The length of the returned array is 1 + half the length of the input array in the case of real FFTs, and the same size
as the input array in the case of complex data.

>>> import numarray.fft.fitpack as fftpack

>>> x = cos(arange(30.0)/30.0*2*pi)

>>> w = fftpack.rffti(30)

>>> f = fftpack.rfftf(x, w)

>>> print f{0:5]

[ -5.68989300e-16 +0.00000000e+00j  1.50000000e+01 -3.08862614e-15]
6.86516117e-16 -1.00588467e-15]  1.12688689e-15 -3.19983494e-15j
-1.52158521e-15 +1.14787259e-15j]
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CHAPTER
SIXTEEN

Linear Algebra

The numarray.linearalgebra module provides a simple interface to some commonly used linear algebra

routines.
The numarray.linear _algebra module provides a simple high-level interface to some com-
mon linear algebra problems. It uses either the LAPACK Fortran library or the compatible
numarray.linear _algebra.lapack _lite  C library shipped witmumarray .

16.1 Installation

The default installation uses the providedmarray.linear _algebra.lapack _lite  implementation of
these routines and this works without any further interaction.

Nevertheless if LAPACK is installed already or you are concerned about the performance of these routines you should
consider installinghumarray.linear _algebra to take advantage of the real LAPACK library. See the next
section for instructions.

16.1.1 Installation using LAPACK

On some platforms, precompiled optimized versions of the LAPACK and BLAS libraries are preinstalled on the
operating system, and the setup procedure needs to be modified to folepabk _lite  module to be linked
against those rather than the builtin replacement functions.

Edit Packages/LinearAlgebra2/setup.py and edit the variablesourcelist , lapack _dirs , and
lapack _libs
In sourcelist you should remove all sourcefiles besidpack _litemodule.c . Inlapack _libs you have

to specified all libraries needed on your system to successfully link against LAPACK. Often this includes 'lapack’
and 'blas’. If you need to specify any non-standard directories to find these libraries, you can specify them in
lapack _dirs

Note: A frequent request is that somehow the maintainers of Numerical Python invent a procedure which will au-
tomatically find and use thbestavailable versions of these libraries. We welcome any patches that provide the
functionality in a simple, platform independent, and reliable way. 3dipy project has done some work to provide
such functionality, but is probably not mature enough for usaloyparray vyet.

16.2 Python Interface

All examples in this section assume that you performed a
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from numarray import *
import numarray.linear_algebra as la

cholesky _decomposition ()
This function returns a lower triangular matrix L which, when multiplied by its transpose yields the original
matrix a; a must be square, Hermitian, and positive definite. L is often referred to as the Cholesky lower-

triangular square-root &.

determinant (&)
This function returns the determinant of the square matrix

>>> print a

1 2

[ 3 15]]

>>> print la.determinant(a)

9.0

eigenvalues (a)
This function returns the eigenvalues of the square matrix

>>> print a
1. 0. 0. 0. ]
2. 0. 0.01]

[ O
[ O. 0. 5. 0. ]
[ O 0.01 O. 25
>>> print la.eigenvalues(a)

[ 2.50019992 1.99980008 1.

eigenvectors (a)
This function returns both the eigenvalues and the eigenvectors, the latter as a two-dimensional array (i.e. a

sequence of vectors).

>>> print a

I 1. 0. 0. 0. ]
[ O 2. 0. 0.01]
[ O. 0. 5. 0. ]

[ O. 0.01 oO. 25 1]
>>> eval, evec = la.eigenvectors(a)
>>> print eval # same as eigenvalues()

[ 2.50019992 1.99980008 1. 5. ]

>>> print transpose(evec)

[[ o. 0. 1. 0. |
[ 0.01998801 0.99980022 O. 0. ]
[ O. 0. 0. 1. ]

0. 1l

[ 0.99980022 -0.01998801 O.

generalized _inverse (a,rcond=1e-10
This function returns the generalized inverse (also known as pseudo-inverse or Moore-Penrose-inverse) of the

matrixa. It has numerous applications related to linear equations and least-squares problems.

>>> ainv = la.generalized_inverse(a)
>>> print array_str(innerproduct(a,ainv),suppress_small=1,precision=8)

M1 0 0. 0]
[0. 1. 0.-0]
[0. 0. 1. 0]
[0 -0. 0. 1]
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Heigenvalues (@)
returns the (real positive) eigenvalues of the square, Hermitian positive definite matrix a.

Heigenvectors (a)
returns both the (real positive) eigenvalues and the eigenvectors of a square, Hermitian positive definite matrix

a. The eigenvectors are returned in an (orthornormal) two-dimensional matrix.

inverse (a)
This function returns the inverse of the specified matrix a which must be square and non-singular. To
within floating point precision, it should always be true thaatrixmultiply(a, inverse(a)) ==

identity(len(a)) . To test this claim, one can do e.g.:
>>> a = reshape(arange(25.0), (5,5)) + identity(5)
>>> print a

I 1 1. 2. 3. 4]
[ 6 7. 7. 8 9]
[ 10. 11. 13. 13. 14]
[ 15. 16. 17. 19. 19]
[ 20. 21. 22. 23. 25]]

>>> inv_a = la.inverse(a)

>>> print inv_a

[[ 0.20634921 -0.52380952 -0.25396825 0.01587302 0.28571429]
[-0.5026455  0.63492063 -0.22751323 -0.08994709 0.04761905]
[-0.21164021 -0.20634921 0.7989418 -0.1957672 -0.19047619]
[ 0.07936508 -0.04761905 -0.17460317 0.6984127 -0.42857143]
[ 0.37037037 0.11111111 -0.14814815 -0.40740741 0.33333333]]

Verify the inverse by printing the largest absolute elemenrt@f! — identity(5):

>>> print "Inversion error:", maximum.reduce(fabs(ravel(dot(a, inv_a)-identity(5))))
Inversion error: 8.18789480661e-16

linear _least _squares (a, b, rcond=1e-1)
This function returns the least-squares solution of an overdetermined system of linear equations. An optional

third argument indicates the cutoff for the range of singular values (defaultst). There are four return
values: the least-squares solution itself, the sum of the squared residuals (i.e. the quantity minimized by the

solution), the rank of the matrix a, and the singular values of a in descending order.

solve _linear _equations (a,b)
This function solves a system of linear equations with a square non-singular matrix a and a right-hand-side

vector b. Several right-hand-side vectors can be treated simultaneously by making b a two-dimensional array
(i.e. a sequence of vectors). The function inverse(a) calculates the inverse of the square non-singular matrix a

by calling solve linear_equations(a, b) with a suitable b.

singular _value _decomposition ( a, full_matrices=0Q
This function returns three arrays V, S, and WT whose matrix product is the original matrix a. V and WT are

unitary matrices (rank-2 arrays), whereas S is the vector (rank-1 array) of diagonal elements of the singular-value
matrix. This function is mainly used to check whether (and in what way) a matrix is ill-conditioned.
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CHAPTER
SEVENTEEN

Masked Arrays

Masked arrays are arrays that may have missing or invalid entries. Modolarray.ma provides a
nearly work-alike replacement for Numeric that supports data arrays with masks.

17.1 What is a masked array?

Masked arrays are arrays that may have missing or invalid entries. Modolarray.ma provides a work-alike
replacement fonumarray that supports data arrays with masks. A mask is either None or an array of ones and
zeros, that determines for each element of the masked array whether or not it contains an invalid entry. The package
assures that invalid entries are not used in computations. A particular element is said to be masked (invalid) if the
mask is not None and the corresponding element of the mask is 1; otherwise it is unmasked (valid).

This package was written by Paul F. Dubois at Lawrence Livermore National Laboratory. Please see the legal notice
in the software and section “License and disclaimer for packages numarray.ma”.

17.2 Using numarray.ma
Use numarray.ma as a replacement for Numeric:

from numarray.ma import *
>>> x = array([1, 2, 3])

To create an array with the second element invalid, we would do:
>>> y = array([1, 2, 3], mask = [0, 1, Q]
To create a masked array where all values “near” 1.e20 are invalid, we can do:
>>> z = masked_values([1.0, 1.e20, 3.0, 4.0], 1.e20)
For a complete discussion of creation methods for masked arrays please see section 17.3.3 “Constructing masked

arrays”.

The numarray module is an attribute imumarray.ma , so to execute a methddo from Numeric, you can
reference it asumarray.foo

Usually people use both numarray.ma and Numeric this way, but of course you can always fully-qualify the names:

127



>>> import numarray.ma
>>> x = numarray.ma.array([1, 2, 3])

The principal feature of moduleumarray.ma is classMaskedArray , the class whose instances are returned
by the array constructors and most functions in modwmarray.ma . We will discuss this class first, and later
cover the attributes and functions in modulemarray.ma . For now suffice it to say that among the attributes of
the module are the constants from modualenarray including those for declaring typecodddewAxis , and the
mathematical constants suchmsande. An additional typecodeylaskType, is the typecode used for masks.

17.3 Class MaskedArray

In Module numarray.ma , an array is an instance of claddaskedArray , which is defined in the module
numarray.ma . Aninstance of classlaskedArray can be thought of as containing the following parts:

« An array of data, of any shape;

« A mask of ones and zeros of the same shape as the data where a one value (true) indicates that the element is
masked and the corresponding data is invalid.

< A “fill value” — this is a value that may be used to replace the invalid entries in order to return a plain
numarray array. The chief method that does this is the metlileetl  discussed below.

We will use the terms “invalid value” and “invalid entry” to refer to the data value at a place corresponding to a mask
value of 1. It should be emphasized that the invalid valuesiaverused in any computation, and that the fill value

is not used forany computational purpose. When an instamcef classMaskedArray is converted to its string
representation, it is the result returnedfigd(x) that is converted to a string.

17.3.1 Attributes of masked arrays

flat
(deprecated) Returns the masked array as a one-dimensional one. This is provided for compatibility with
numarray .ravel is preferredflat can be assigned tox.flat = value " will change the values af.
real
Returns the real part of the array if complex. It can be assignedi@al = value " will change the real
parts ofx.
imaginary
Returns the imaginary part of the array if complex. It can be assigned.imadginary = value " will
change the imaginary parts of x.
shape

The shape of a masked array can be accessed or changed by using the special siipeiteas with
numarray arrays. It can be assigned toc.shape = newshape ' will change the shape af. The new
shape has to describe the same total number of elements.

shared _data
This read-only flag if true indicates that the masked array shared a reference with the original data used to
construct it at the time of construction. Changes to the original array will affect the masked array. (This is not
the default behavior; see “Copying or not”.) This flag is informational only.

shared _mask
This read-only flag if true indicates that the masked actayentlyshares a reference to the mask used to create
it. Unlike shared _data , this flag may change as the result of modifying the array contents, as the mask uses
copy on write semantics if it is shared.
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17.3.2 Methods on masked arrays

__array __(A
special method allows conversion toramarray array if no element is actually masked. If there is
a masked element, amumarray.maError exception is thrown. Manywumarray functions, such as
numarray.sqrt , will attempt this conversion on their arguments. See also module funfiiech  in
section 17.3.2.

yn = numarray.array(x)

astype (typg
Returnself as array of givertype

y = x.astype(Float32)
byte _swapped ()

Returns the raw dataumarray byte-swapped; included for consistency witlhmarray but probably mean-
ingless.

y = x.byte_swapped()

compressed ()
Return an array of the valid elements. Result is one-dimensional.

y = x.compressed()

count (axis=Nong
If axisis None return the count of non-masked elements in the whole array. Otherwise return an array of such
counts along the axis given.

n
y

x.count()
x.count(0)

fill  _value ()
Get the current fill value.

v = x.fill_value()
filled  (fill _value=Non¢

Returns aumarray array with the masked values replaced by the fill value. See also the description of module
function filled in section 17.3.2.

yn = x.filled()

ids ()
Return the ids of the data and mask areas.

id1, id2 = x.ids()

iscontiguous ()
Is the data area contiguous? Semnarray.scontiguous in section 8.
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if x.iscontiguous():

itemsize ()
Size of individual data items in bytes1 ‘= x.itemsize()

mask()
Return the data mask, dlone.

m = x.mask()
put (values

Set the value at each non-masked entry to the corresponding enerdugs The mask is unchanged. See also
module functiorput .

X.put(values)

putmask ( value3
Eliminate any masked values by setting the value at each masked entry to the corresponding/ehtegiSet
the mask tdNone.

X.putmask(values)
assert getmask(x) is None

raw _data ()
A reference to the non-filled data; portions may be meaningless. Expert use only.

d = xoraw_data ()

savespace (V)
Set the spacesaver attributevto

x.savespace (1)

set _fill _value (V)
Set the fill value tor. Omit v to restore defaultx'.set _fill _value(l1.e21)

set _shape (args..)
Set the shape.

x.set_shape (3, 12)

size (axi9
Number of elements in array, or along a particazis.

totalsize = x.size ()
col_len = x.size (1)

spacesaver ()
Query the spacesave flag.

flag = x.spacesaver()

tolist  (fill _value=Noné
Return the Pytholist self.filled(fill _value).tolist() ; note that masked values are filled.
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alist=x.tolist()

tostring  (fill _value=Nong
Return the stringelf.filled(fill _value).tostring()s = x.tostring()

typecode ()
Return the type of the data. See modRfecision , section??.

z = X.typecode()

unmask()
Replaces the mask Hyone if possible. Subsequent operations may be faster if the array previously had an
all-zero mask.

x.unmask()

unshare _mask()
If shared_mask is currently true, replaces the reference to it with a copy.

x.unshare_mask()

17.3.3 Constructing masked arrays

array (data, type=None, copy=1, savespace=0, mask=Noneyhllue=Non¢
Creates a masked array with the givdataandmask The namerray is simply an alias for the class name,
MaskedArray . The fill value is set tdill _valug and thesavespac#ag is applied. Iatais aMaskedArray
its mask, typecode , spacesaver flag, andfil _value will be used unless specifically overridden by
one of the remaining arguments. In particulad it a masked arragrray(d, copy=0) isd.

masked _array ( data, mask=None, fillvalue=Non¢
This is an easier-to-use versionafay , for the common case a@§pecode = None ,copy = 0. When
datais newly-created this function can be used to make it a masked array without copying thedsteisf
already enumarray array.

masked _values ( data, value, rtol=1.e-5, atol=1.e-8, type=None, copy=1, savespace=0)
Constructs a masked array whose mask is set at those places where

abs(data— value) < atol + rtol « abs(data) (17.1)

That is a careful way of saying that those elements ofitita that have a value ofalue(to within a tolerance)
are to be treated as invalid. If data is not of a floating point type, oadisked _object instead.

masked _object ( data, value, copy=1, savespace~0
Creates a masked array with those entries marked invalid that are eyadli¢o Again, copyand/savespace
are passed on to thmimarray array constructor.

asarray (data, type=Nong
This is the same aarray(data, typecode, copy=0) . It is a short way of ensuring that something is
an instance ofMaskedArray of a giventypebefore proceeding, as idata = asarray(data) "

If dataalready is a masked array atygheis None then the return value data nothing is copied in that case.
masked _where ( condition, data, copy=1)

Creates a masked array whose shape is thapmdition whose values are those aéita, and which is masked
where elements afonditionare true.
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masked
This is a module constant that represents a scalar masked value. For exampk aifnasked array and
a particular location such ag1] is masked, the quantity[1] will be this special constant. This special
element is discussed more fully in section 17.6.1 “The consteasked".

The following additional constructors are provided for convenience.
masked _equal ( data, value, copy=L

masked _greater ( data, value, copy=L

masked _greater _equal ( data, value, copy=1L

masked _less ( data, value, copy=1

masked _less _equal (data, value, copy=1L

masked _not _equal (data, value, copy=1L
masked _greater is equivalent tomasked_where(greater(data, value), data)) . Sim-
ilarly, ~masked_greater _equal , masked_equal , masked_not _equal , masked_less ,
masked _less _equal are called in the same way with the obvious meanings. Note that for floating
point datamasked _values is preferable tanasked _equal in most cases.

masked _inside ( data, v1, v2, copy=1L
Creates an array with values in the closed intejvd) v2] maskedvlandv2may be in either order.

masked _outside ( data, v1, v2, copy=1L
Creates an array with values outside the closed int¢vtal v2] maskedyvlandv2may be in either order.

On entry to any of these constructodatamust be any object which theumarray package can accept to create an
array (with the desiretlype if specified). Themask if given, must beNone or any object that can be turned into a
numarray array of integer type (it will be converted to typaskType, if necessary), have the same shapdais,
and contain only values of 0 or 1.

If the maskis notNone but its shape does not match thatdata, an exception will be thrown, unless one of the two
is of length 1, in which case the scalar will be resized (usingnarray.resize ) to match the other.

See section 17.3.7 “Copying or not” for a discussion of whether or not the resulting array shares its data or its mask
with the arguments given to these constructors.

Important Tip filled is very important. It converts its argument to a plaumarray array.

filled (X, value=Nong
Returnsx with any invalid locations replaced by a fillalue filled is guaranteed to return a plain
numarray array. The argument does not have to be a masked array or even an array, just something that
numarray /numarray.ma can turn into one.

«If X is not a masked array, and nohamarray array,numarray.array(x) is returned.

«If X is a contiguousiumarray array thenx is returned. (Anumarray array is contiguous if its data
storage region is layed out in column-major ordarmarray allows non-contiguous arrays to exist but
they are not allowed in certain operations).

«If xis a masked array, but the maskNsne, andx’s data array is contiguous, then it is returned. If the
data array is not contiguous, a (contiguous) copy of it is returned.

«If xis a masked array with an actual mask, then an array formed by replacing the invalid entriesludth
orfill  _value(x) if valueis None, is returned. If the fill value used is of a different type or precision
thanx, the result may be of a different type or precision tlxan

Note that a new array is created only if necessary to create a correctly filled, contigumesray array.

The functionfilled plays a central role in our design. It is the “exit” backriamarray , and is used
whenever the invalid values must be replaced before an operation. For example, adding two masked arrays
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andb is roughly:

masked_array(filled(a, 0) + filled(b, 0), mask_or(getmask(a), getmask(b))

That is, fill the invalid entries of andb with zeros, add them up, and declare any entry of the result invalid if
eithera or b was invalid at that spot. The functiogetmask andmask_or are discussed later.

filled also can be used to simply be certain that some expression is a contiguoasray array at little
cost. If its argument is aumarray array already, it is returned without copying.

If you are certain that a masked arraycontains a mask that is None or is all zeros, you can convert it to
a Numeric array with theumarray.array(x) constructor. If you turn out to be wrong, amAError
exception is raised.

fill _value (X)
fill  _value ()
fil _value(x) and the method.fill _value() on masked arrays, return a value suitable for filting

based on its type. i is a masked array, theafill_value()results. The returned value for a given type can be
changed by assigning to the following names in moduwmarray.ma . They should be set to scalars or one
element arrays.

default_real_fill_value = numarray.array([1.0e20], Float32)
default_complex_fill_value = numarray.array([1.0e20 + 0.0j], Complex32)
default_character_fill_value = masked

default_integer_fill_value = numarray.array([0]).astype(UnsignedInt8)
default_object_fill_value = masked

The variablemaskedis a module variable ohumarray.ma and is discussed in section 17.6.1. Calling
filled with afill _value of masked sometimes produces a useful printed representation of a masked array.
The functionfill  _value works on any kind of object.

set _fill  _value(a, fill _value) isthesameas.set _fill _value (fill _value) if ais a masked

array; otherwise it does nothing. Please note that the fill value is mostly cosmetic; it is used when it is needed to
convert the masked array to a plaiomarray array but not involved in most operations. In particular, setting the

fill  _value to 1.e20 will not, repeat not, cause elements of the array whose values are currently 1.e20 to be
masked. For that sort of behavior use thasked _value constructor.

17.3.4 What are masks?

Masks are eitheNone or 1-bytenumarray arrays of 1's and 0’s. To avoid excessive performance penalties, mask
arrays are never checked to be sure that the values are 1's and 0’s, and supphdagaagument to a constructor
with an illegal mask will have undefined consequences later.

Masks have the savespace attribute Jdtis attribute, discussed in part I, may have surprising consequences if you
attempt to do any operations on them other than those supplied by this package. In particular, do not add or multiply
a quantity involving a mask. For examplenifis a mask consisting of 1080 1 valussm(m) is 56, not 1080. Oops.

17.3.5 Working with masks

is _mask( m)
Returns true iimis of a type and precision that would be allowed as the mask field of a masked array (that is,
it is an array of integers withumarray 's typecodeMaskType, oritis None). To be a legal maskn should
contain only zeros or ones, but this is not checked.

make_mask( m, copy=0, flag=0
Returns an object whose entries are equahtand for whichis _mask would return true. Ifmis already a
mask orNone, it returnsm or a copy of it. Otherwise it will attempt to make a mask, so it will accept any
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sequence of integers fam. If flagis true,make_mask returnsNone if its return value otherwise would contain
no true elements. To make a legal masishould contain only zeros or ones, but this is not checked.

make_mask_none ( s)
Returns a mask of all zeros of shap@eprecated name: creataask).

getmask ( x)
Returnsx.mask() , the mask ok, if x is a masked array, arldone otherwise.Note: getmask may return
None if xis a masked array but has a mask\aine. (Please see caution above about operating on the result).

getmaskarray (X)
Returnsx.mask() if xis a masked array and has a mask that isNmte; otherwise it returns a zero mask
array of the same shape &s Unlike getmask , getmaskarray always returns amumarray array of
typecodeMaskType . (Please see caution above about operating on the result).

mask_or (m1, m2
Returns an object which when used as a mask behaves like the element-wise “logicahdrédimdm2, where
m1land/m2 are either masks ddone (e.g., they are the results of calliggtmask ). A None is treated as
everywhere false. If botmlandm2areNone, it returnsNone. If just one of them isNone, it returns the other.
If mlandm2refer to the same object, a reference to that object is returned.

17.3.6 Operations

Masked arrays support the operaters=, /, —, **, and unary plus and minus. The other operand can be another
masked array, a scalarnamarray array, or somethingumarray.array  can convertto aumarray array. The
results are masked arrays.

In addition masked arrays support the in-place operators, — =, * =, and/ =. Implementation of in-place
operators differs froormumarray semantics in being more generous about converting the right-hand side to the
required type: any kind or lesser type accepted viastype conversion. In-place operators truly operate in-place
when the target is not masked.

17.3.7 Copying or not?

Depending on the arguments results of constructors may or may not contain a separate copy of the data or mask
arguments. The easiest way to think about this is as follows: the given field, be it data or a mask, is required to be
anumarray array, possibly with a given typecode, and a mask’s shape must match that of the data. If the copy
argument is zero, and the candidate array otherwise qualifies, a reference will be made instead of a copy. If for any
reason the data is unsuitable as is, an attempt will be made to make a copy that is suitable. Should that fail, an exception
will be thrown. Thus, @opy=0 argument is more of a hope than a command.

If the basic array constructor is given a masked array as the first argument, its mask, typecode, spacesaver flag, and
fill value will be used unless specifically specified by one of the remaining arguments. In particdler aifnasked
array,array(d, copy=0) isd.

Since the default behavior for masks is to use a reference if possible, rather than a copy, which produces a sizeable
time and space savings, it is especially important not to modify something you used as a mask argument to a masked
array creation routine, if it wasrumarray array of typecodélaskType .

17.3.8 Behaviors

float (a)
int (&)
repr (a)
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str (a)
A masked array defines the conversion operagtrs, repr , float , andint by applying the corresponding
operator to theumarray arrayfilled(a)

17.3.9 Indexing and Slicing

Indexing and slicing differ from Numeric: while generally the same, they return a copy, not a reference, when used in
an expression that produces a non-scalar result. Consider this example:

from Numeric import *
x = array([1.,2.,3.])

y = x[1]

yio] = 9.

print x

This will print [1., 9., 3.] sincex[1:] returns a reference to a portionxfDoing the same operation using
numarray.ma

from numarray.ma import *
x = array([1.,2.,3.])

y = x[1]

yl0] = 9.

print X

will print [1., 2., 3] , while y will be a separate array whose present value would9e3.] . While
sentiment on the correct semantics here is divided amongst the Numeric Python community as a whole, it is not
divided amongst the author's community, on whose behalf this package is written.

17.3.10 Indexing in assignments

Using multiple sets of square brackets on the left side of an assignment statement will not produce the desired result:

x = array([[1,2],[3,4]])
x[1][1] = 20. # Error, does not change x
x[1,1] = 20. # Correct, changes x

The reason is thaf[1] is a copy, so changing it changes that copy,adklways use just one single square bracket
for assignments.

17.3.11 Operations that produce a scalar result

If indexing or another operation on a masked array produces a scalar result, then a scalar value is returned rather than
a one-element masked array. This raises the issue of what to return if that result is masked. The answer is that the
module constantasked is returned. This constant is discussed in section 17.6.1. While this most frequently occurs
from indexing, you can also get such a result from other functions. For example, averaging a 1-D array, all of whom’s
values are invalid, would result masked.

17.3.12 Assignment to elements and slices

Assignment of a normal value to a single element or slice of a masked array has the effect of clearing the mask in
those locations. In this way previously invalid elements become valid. The value being assigned is filled first, so that
you are guaranteed that all the elements on the left-hand side are now valid.
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Assignment ofNone to a single element or slice of a masked array has the effect of setting the mask in those locations,
and the locations become invalid.

Since these operations change the mask, the result afterwards will no longer share a mask, since masks have copy-on-
write semantics.

17.4 MaskedArray Attributes

e
pi
NewAXxis

Constante, pi , NewAxis from numarray , and the constants from moduRecision  that define nice
names for the typecodes.

The special variablemasked and maskedprint_option are discussed in section 17.6.1.

The modulenumarray is an element ohumarray.ma , so after from numarray.ma import * ', you can
refer to the functions imumarray such aswumarray.ones ; see part | for the constants availablenuimarray .

17.5 MaskedArray Functions

Each of the operations discussed below returns an instancanoérray.ma classMaskedArray , having per-
formed the desired operation element-wise. In most cases the array arguments can be maskednamagsayr
arrays or something thaumarray can turninto anumarray array, such as a list of real numbers.

In most cases, ifiumarray has a function of the same name, the behavior of the onarmarray.ma is the same,
except that it “respects” the mask.

17.5.1 Unary functions

The result of a unary operation will be masked wherever the original operand was masked. It may also be masked if
the argument is not in the domain of the function. The following functions have their standard meaning:

absolute , arccos , arcsin , arctan , around , conjugate , cos, cosh, exp, floor , log ,
log10 , negative (also as operator -jonzero , sin , sinh ,sqrt ,tan ,tanh .

fabs (x)
The absolute value ofas aFloat32 array.

17.5.2 Binary functions

Binary functions return a result that is masked wherever either of the operands were masked; it may also be masked
where the arguments are not in the domain of the function.

add (also as operator +3ubtract  (also as operator -ultiply  (also as operator *jivide  (also
as operator / )power (also as operator **}yemainder , fmod, hypot , arctan2 , bitwise _and,
bitwise _or , bitwise _xor .
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17.5.3 Comparison operators

To compare arrays, use the following binary functions. Each of them returns a masked array of 1's and 0’s.
equal , greater ,greater _equal ,less ,less _equal ,not _equal .

Note that as imumarray , you can use a scalar for one argument and an array for the &the: See sectior??
why operators and comparison functions are not excatly equivalent.

17.5.4 Logical operators

Arrays of logical values can be manipulated with:

logical _and,logical _not (unary) ,logical _or,logical _xor .
alltrue (%)
Returns 1 if all elements ofare true. Masked elements are treated as true.

sometrue (Xx)
Returns 1 if any element ofis true. Masked elements are treated as false.

17.5.5 Special array operators
isarray ( X)
Return truex is a masked array.

rank (x)
The number of dimensions i

shape (X)
Returns the shape &f a tuple of array extents.

resize ( x, shapé
Returns a new array with specifistlape

reshape (X, shapg
Returns a copy aof with the given newshape

ravel (X)
Returnsx as one-dimensionéMaskedArray .

concatenate ( (a0, ... an), axis=0

Concatenates the arrag®, ... an  along the specifiedxis

repeat ( a, repeats, axis=p
Repeat elementisof a repeats]i] times alongaxis repeatsis a sequence of length shape[axis]
telling how many times to repeat each element.

identity (' n)

Returns the identity matrix of shapeby n.

indices ( dimensions, type=Nofje
Returns an array representing a grid of indices with row-only and column-only variation.

len (X)
This is defined to be the length of the first dimensiom.of his definition, peculiar from the array point of view,
is required by the way Python implements slicing. W for the total length ok.
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size (X, axis=Nong
This is the total size of, or the length of a particular dimensiemiswhose index is given. When axis is given
the dimension of the result is one less than the dimension of

count ( x, axis=Nong
Count the number of (non-masked) elements in the array, or in the array along a aeidaifihenaxisis given
the dimension of the result is one less than the dimension of

arange ()
arrayrange ()
diagonal ()
fromfunction ()
ones ()

zeros ()
are the same as in Numeric, but return masked arrays.

sum()

product ()
are called the same way as count; the difference is that the result is the sum or product of the unmasked element.

average ( x, axis=0, weights=None, returned30
Compute the average value of the non-masked elememtalofg the selectealxis If weightsis given, it must
match the size and shapexpfand the value returned is:

> weightsi - xi

average=
g > weightsi

(17.2)

In computing these sums, elements that correspond to those that are magkadweightsare ignored. If
successful a 2-tuple consisting of the average and the sum of the weights is returned.

allclose  (x, YV, fill_value=1, rtol=1.e-5, atol=1.e-B
Test whether or not arraysandy are equal subject to the given relative and absolute tolerandilk. Valueis
1, masked values are considered equal, otherwise they are considered different. The formula used for elements
where bothx andy have a valid value is:

| — y| < atol + rtol - |y (17.3)

This means essentially that both elements are small compagddltor their difference divided by their value
is small compared tdol.

allequal (X, Yy, fill_value=1)
This function is similar tallclose , except that exact equality is demandiadte: Consider the problems of
floating-point representations when using this function on non-integer numbers arrays.

take ( a, indices, axis=)
Returns a selection of items froax See the documentation pfimarray.take  in section 7.

transpose ( a, axes=Nong
Performs a reordering of the axes depending on the tuple of indicesthe default is to reverse the order of
the axes.

put ( a, indices, valués
The opposite ofake . The values of the arragat the locations specified indicesare set to the corresponding
value ofvalues The arraya must be a contiguous array. The argumiedicescan be any integer sequence
object with values suitable for indexing into the flat formaofThe argumentaluesmust be any sequence of
values that can be converted to the typecoda of
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>>> x = arange(6)

>>> put(x, [2,4], [20,40])
>>> print X

[0 120 340 5]

Note that the target arrayis not required to be one-dimensional. Since it is contiguous and stored in row-major

order, the array indices can be treated as indeamglements in storage order.

The wrinkle on this for masked arrays is that if the locations being seubyare masked, the mask is cleared
in those locations.

choose ( condition, )
This function has a result shaped ligendition t must be a tuple. Each element of the tuple can be an array,

a scalar, or the constant elememasked (See section 17.6.1). Each element of the result is the corresponding

element ot[i]  whereconditionhas the valué. The result is masked whecenditionis masked or where the
selected element is masked or the selected elemeris tie constantasked.

where ( condition, X, ¥
Returns an array that fdled(x) whereconditionis true,filled(y) where the condition is false. One
of x ory can be the constant elemantisked (See section 17.6.1). The result is masked witerglitionis
masked, where the element selected froony is masked, or where or y itself is the constaninasked and it
is selected.

innerproduct  (a, b

dot (a, b
These functions work as inumarray , but missing values don’t contribute. The result is always a masked

array, possibly of length one, because of the possibility that one or more entries in it may be invalid since all the

data contributing to that entry was invalid.

outerproduct  (a, b)
Produces a masked array such thestult[i, j] = afi] * b[j] . The result will be masked where
afil] orb[j] ismasked.

compress ( condition, x, dimension=1
Compresses out only those valid values wheaditionis true. Masked values inonditionare considered
false.

maximum( X, y=Non§

minimum ( X, y=Non§
Compute the maximum (minimum) valid valuesxf y is None; with two arguments, they return the element-
wise larger or smaller of valid values, and mask the result where eitbiey is masked. If both arguments are
scalars a scalar is returned.

sort (X, axis=-1, value=Nong
Returns the array sorted along the given axis, with masked values treated as if they have a sort vedieeof
but locations containingalueare masked in the resultxfhad a mask to start witiNote: Thus if x contains
valueat a non-masked spot, but has other spots masked, the result may not be what you want.

argsort  ( x, axis=-1, filLvalue=Non¢
This function is unusual in that it returnsnamarray array, equal tamumarray.argsort(filled(x,
fill  _value), axis) ; this is an array of indices for sorting along a given axis.

17.5.6 Controlling the size of the string representations

get _print  _limit ()

set _print _limit (n=0)
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These functions are used to limit printing of large arrays; query and set the limit for converting arraystusing
orrepr .

If an array is printed that is larger than this, the values are not printed; rather you are informed of the type and
size of the array. Ifiis zero, the standamumarray conversion functions are used.

When imported,numarray.ma sets this limit to 300, and the limit is also made to apply to standard
numarray arrays as well.

17.6 Helper classes

This section discusses other classes defined in module numarray.ma.

classMAError (T)
his class inherits from Exception, used to raise exceptions indh@array.ma module. Other exceptions are
possible, such as errors from the underlymgnarray module.

17.6.1 The constant masked
A constant namethasked in numarray.ma serves several purposes.

1. When a indexing operation on &askedArray instance returns a scalar result, but the location indexed was
masked, themasked is returned. For example, given a one-dimensional atrsyych thatk.mask()[3] is
1, thenx[3] is masked.

2. Whenmasked is assigned to elements of an array via indexing or slicing, those elements become masked. So
afterx[3] = masked ,x[3] is masked.

3. Some other operations that may return scalar values, sualieaage , may returnmasked if given only
invalid data.

4. To test whether or not a variable is this element, uséstheris not operator, not= or!=.

5. Operations involving the constamasked may result in an exception. In operatiomsasked behaves as an
integer array of shap@ with one masked element. For example, ustgr illustration,
* masked + masked is masked.
¢ masked + numeric scalar or numeric scalamasked is masked.

« masked + array or array masked is a masked array with all elementsasked if array is of a numeric
type. The same is true if array imamarray array.

17.6.2 The constant masked_print_option

Another constantnasked _print _option  controls what happens when masked arrays and the comséasked
are printed:

display ()
Returns a string that may be used to indicate those elements of an array that are masked when the array is
converted to a string, as happens with the print statement.

set _display ( string)
This functions can be used to set the string that is used to indicate those elements of an array that are masked
when the array is converted to a string, as happens with the print statement.
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enable (flag)
can be used to enablfigg = 1, default) the use of the display string. If disabléldd = 0), the conversion to
string becomes equivalent str(self.filled())

enabled ()
Returns the state of the display-enabling flag.

Example of masked behavior
>>> from numarray.ma import *
>>> x=arange(5)
>>> Xx[3] = masked
>>> print X
01,2 ,-.,4]
>>> print repr(x)
array(data =
[0,1,2,0,4,],
mask =
[0,0,0,1,0,],
fill_value=[0,])
>>> print x[3]

>>> print x[3] + 1.0

>>> print masked + X

[" T TT T T 1]

>>> masked_print_option.enable(0)
>>> print X

[0,1,2,0,4]]

>>> print x + masked

[0,0,0,0,0,]

>>> print filled(x+masked, -99)
[-99,-99,-99,-99,-99,]

classmasked _unary _function (f, fill=0, domain=Non¢
Given a unary array functioh, give a function which when applied to an argumeméturnsf applied to the
arrayfilled(x, fill) , with a mask equal tmask_or(getmask(x), domain(x))

The argument domain therefore should be a callable object that returns truexighec in the domain of .

The following domains are also supplied as members of madwiearray.ma :
classdomain _check _interval (a, b)(®
Returns true where < a ory > b .

classdomain _tan ( ep9
X This is true wherabs(cos (x)) < eps ,thatis, a domain suitable for the tangent function.

classdomain _greater (Vv)(X)
True wherex <= v.

classdomain _greater _equal (V)(X)
True where x j v.

classmasked _binary _function (f, fillx=0, filly=0)

Given a binary array functior, masked _binary _function(f, fillx=0, filly=0) defines a
function whose value at is f(filled(x, fillx), filled (y, filly)) with a resulting mask
of mask_or(getmask (x), getmask(y)) . The valuedillx andfilly must be chosen so théillx,

filly) is in the domain of .

In addition, an instance ahasked _binary _function has two methods defined upon it:
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reduce (target, axis =0
accumulate (target, axis =0

outer (a,b)
These methods perform reduction, accumulation, and applying the function in an outer-product-like manner, as
discussed in the section 5.1.2.

classdomained _binary _function ()
This class exists to implement division-related operations. It is the sammasieed _binary _function
except that a new second argument is a domain which is used to mask operations that would otherwise cause
failure, such as dividing by zero. The functions that are created from this clastvate , remainder
(mod), andfmod .

The following domains are available for use as the domain argument:

classdomain _safe _divide ()(x,y)
True whereabsolute(x)*divide _tolerance > absolute(y) . As the comments in the code say,
better ideas welcom&he constantlivide _tolerance is settol.e-35 inthe source and can be changed
by editing its value inMA.py’ and reinstalling. This domain is used for the divide operator.

17.7 Examples of Using numarray.ma

17.7.1 Data with a given value representing missing data

Suppose we have read a one-dimensional list of elements marii¢elalso know that if any of the values d@re20 |,
they represent missing data. We want to compute the average value of the data and the vector of deviations from
average.

>>> from numarray.ma import *
>>> x = array([0.,1.,2.,3.,4.])

>>> x[2] = 1.e20

>>> y = masked_values (X, 1.e20)
>>> print average(y)

2.0
>>> print y-average(y)
[ -2.00000000e+00, -1.00000000e+00, --, 1.00000000e+00,

2.00000000e+00,]

17.7.2 Filling in the missing data

Suppose how that we wish to print that same data, but with the missing values replaced by the average value.

>>> print filled (y, average(y))

17.7.3 Numerical operations

We can do numerical operations without worrying about missing values, dividing by zero, square roots of negative
numbers, etc.
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>>> from numarray.ma import *

>>> x=array([1., -1., 3., 4., 5., 6.], mask=[0,0,0,0,1,0])
>>> y=array([1., 2., 0., 4., 5., 6.], mask=[0,0,0,0,0,1])
>>> print sqrt(x/y)

[ 1.00000000e+00, --, --, 1.00000000e+00, --, --]

Note that four values in the result are invalid: one from a negative square root, one from a divide by zero, and two
more where the two arraysandy had invalid data. Since the result was of a real type, the print command printed
str(filled(sqrt (x/y)))

17.7.4 Seeing the mask

There are various ways to see the mask. One is to print it directly, the other is to convertdprtheepresentation,
and a third is get the mask itself. Use gdtmask is more robust tham.mask() , since it will work (returning
None) if xis anumarray array or list.

>>> x = arange(10)

>>> x[3:5] = masked

>>> print X

01,2, ,-5,6.,7,8,9]
>>> print repr(x)

*** Masked array, mask present ***
Data:

01,2 ,-,-,5,6.,7,8,9]
Mask (fill value [0,])
[0,0,0,1,1,0,0,0,0,0,]

>>> print getmask(x)
[0,0,0,1,1,0,0,0,0,0,]

17.7.5 Filling it your way

If we want to print the data withl 's where the elements are masked, we filksd

>>> print filled(z, -1)
[ 1.-1.-1., 1.-1.-1.]

17.7.6 Ignoring extreme values

Suppose we have an arrdyand we wish to compute the average of the valued it ignore any data outside the
range -100. to 100.

v = masked_outside(d, -100., 100.)
print average(v)

17.7.7 Averaging an entire multidimensional array
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The problem with averaging over an entire array is that the average function only reduces one dimension at a time. So
to average the entire arragvel it first.

>>> X

*** Masked array, no mask ***
Data:

[o 1 2]

[ 3, 4, 5]

[ 6,7, 8]

[ 9,10,11,]]

>>> average(X)

*** Masked array, no mask ***
Data:

[ 45, 55, 6.5)]

>>> average(ravel(x))

5.5
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CHAPTER
EIGHTEEN

Mlab

18.1 Matlab(tm) compatible functions
numarray.mlab  provides a set of Matlab(tm) compatible functions.

This will hopefully become a complete set of the basic functions available in Matlab. The syntax is kept as close
to the Matlab syntax as possible. One fundamental change is that the first index in Matlab varies the fastest (as in
FORTRAN). That means that it will usually perform reductions over columns, whereas with this object the most
natural reductions are over rows. It's perfectly possible to make this work the way it does in Matlab if that's desired.

mean( m, axis=0
returns the mean along the axis'th dimension of m. Note: if m is an integer array, the result will be floating
point. This was changed in release 10.1; previously, a meaningless integer divide was used.

median ( m)
returns a mean of m along the first dimension of m.

min ( m, axis=Q
returns the minimum along the axis’th dimension of m.

msort ( m)
returns a sort along the first dimension of m as in MATLAB.

prod ( m, axis=0
returns the product of the elements along the axis’th dimension of m.
ptp (m, axis=0Q
returns the maximum - minimum along the axis’th dimension of m.
rand (d1,...,dn
returns a matrix of the given dimensions which is initialized to random numbers from a uniform distribution in
the range [0,1).
roto0 (m,k=1
returns the matrix found by rotating m by k*90 degrees in the counterclockwise direction.
sinc (x)
returns sin(pi*x)
squeeze (a)
removes any ones from the shape of a
std (m, axis=0Q
returns the unbiased estimate of the population standard deviation from a sample along the axis'th dimension of
m. (That is, the denominator for the calculation is n-1, not n.)
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sum( m, axis=Q
returns the sum of the elements along the axis’th dimension of m.

svd (m)
return the singular value decomposition of m [u,x,v]

trapz (y,x=Nong
integrates y = f(X) using the trapezoidal rule

tri (N, M=N, k=0, typecode=Norje
returns a N-by-M matrix where all the diagonals starting from lower left corner up to the k-th are all ones.
tril - (m,k=0
returns the elements on and below the k-th diagonal of m. k=0 is the main diagasadl,is above and: < 0
is below the main diagonal.
triu  (m,k=0
returns the elements on and above the k-th diagonal of m. k=0 is the main dialgondljs above and: < 0
is below the main diagonal.
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CHAPTER
NINETEEN

Random Numbers

The numarray.random _array module (in conjunction with the
numarray.random _array.ranlib submodule) provides a high-level interface to ranlib, which
provides a good quality C implementation of a random-number generator.

19.1 General functions

seed ( x=0, y=0)

Theseed function takes two integers and sets the two seeds of the random number generator to those values.
If the default values of 0 are used for botlandy, then a seed is generated from the current time, providing a
pseudo-random seed.

get _seed ()

This function returns the two seeds used by the current random-number generator. It is most often used to find
out what seeds theeed function chose at the last iteration.

random ( shape=[])

Therandom function takes ahape and returns an array &loat numbers between 0.0 and 1.0. Neither 0.0
nor 1.0 is ever returned by this function. The array is filled from the generator following the canonical array
organization.

If no argument is specified, the function returns a single floating point number, not an array.
Note: See discussion of thtat  attribute in section 9.

uniform ( minimum, maximum, shape3[]

Theuniform function returns an array of the specifigltapeand containind-loat random numbers strictly
betweerminimumandmaximum

The minimumand maximumarguments can be arrays. If this is the case, and the oslfageis specified,
minimumandmaximumare broadcasted if their dimensions are not equshtpe If shapes not specified, the
shape of the output is equal to the shapenofimumandmaximumafter broadcasting.

If no shapeis specified, andninimumandmaximumare scalars, a single value is returned.

randint  ( minimum, maximum, shape3(]

Therandint  function returns an array of the specifigthpeand containing random (standard) integers greater
than or equal taninimumand strictly less thamaximum

The minimumand maximumarguments can be arrays. If this is the case, and the oslageis specified,
minimumandmaximumare broadcasted if their dimensions are not equshtpe If shapes not specified, the
shape of the output is equal to the shapenafimumandmaximumafter broadcasting.

If no shapeis specified, anthinimumandmaximumere scalars, a single value is returned.

permutation (n)
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Thepermutation  function returns an array of the integers betw8eandn-1 , in an array of shapf,)
with its elements randomly permuted.

19.2 Special random number distributions

19.2.1 Random floating point number distributions

beta ( a, b, shape=[)
Thebeta function returns an array of the specified shape that confdvet numbersg-distributed with
a-parametern and3-parameteb.

Theaandb arguments can be arrays. If this is the case, and the osltppes specifieda andb are broadcasted
if their dimensions are not equal shape If shapes not specified, the shape of the output is equal to the shape
of aandb after broadcasting.

If no shapeis specified, an@ andb are scalars, a single value is returned.

chi _square ( df, shape=][)
The chi _square function returns an array of the specifisdapethat containd=loat numbers with the
x2-distribution withdf degrees of freedom.

Thedf argument can be an array. If this is the case, and the ostfayteis specifieddf is broadcasted if its
dimensions are not equal $hape If shapeis not specified, the shape of the output is equal to the shaglfe of

If no shapeis specified, andf is a scalar, a single value is returned.

exponential  ( mean, shape=[]
Theexponential ~ function returns an array of the specifisapethat containg-loat numbers exponen-
tially distributed with the specifiethean

Themeanargument can be an array. If this is the case, and the osityayeis specifiedmeanis broadcasted if
its dimensions are not equal $bape If shapeis not specified, the shape of the output is equal to the shape of
mean

If no shapeis specified, andheanis a scalar, a single value is returned.

F( dfn, dfd, shape=[]
TheF function returns an array of the specifigthpethat containg-loat numbers with the F-distribution with
dfndegrees of freedom in the numerator afiddegrees of freedom in the denominator.

Thedfn anddfd arguments can be arrays. If this is the case, and the osityyeis specified dfn anddfd are
broadcasted if their dimensions are not equaltape If shapeis not specified, the shape of the output is equal
to the shape aofifn anddfd after broadcasting.

If no shapeis specified, andfn anddfd are scalars, a single value is returned.

gammd a, r, shape=[)
The gammafunction returns an array of the specifisdapethat containd=loat numbersg-distributed with
location parametea and distribution shape parameter

Theaandr arguments can be arrays. If this is the case, and the ositippts specifieda andr are broadcasted
if their dimensions are not equal shape If shapeis not specified, the shape of the output is equal to the shape
of aandr after broadcasting.

If no shapeis specified, and andr are scalars, a single value is returned.

multivariate _normal ( mean, covariance, shape3j[]
The multivariate normal function takes a one dimensional array argumsgdnand a two dimensional array
argumentovariance Suppose the shapewwfeanis (n,) . Then the shape afovariancemust be(n,n) . The
function returns an array éfloat s.

The effect of theshapeparameter is:
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«If no shapeis specified, then an array with shajmg) is returned containing a vector of numbers with a
multivariate normal distribution with the specified mean and covariance.

If shapeis specified, then an array of such vectors is returned. The shape of the output is
shape.append((n,)) . The leading indices into the output array select a multivariate normal from
the array. The final index selects one number from within the multivariate normal.

In either case, the behavior afultivariate _normal is undefined ifcovarianceis not symmetric and
positive definite.

normal ( mean, stddev, shapedj[]
Thenormal function returns an array of the specifigthpethat containg-loat numbers normally distributed
with the specifiedneanand standard deviaticstddev

The meanandstddevarguments can be arrays. If this is the case, and the osityayieis specifiedmeanand
stddevare broadcasted if their dimensions are not equahi@pe If shapeis not specified, the shape of the
output is equal to the shape mleanandstddevafter broadcasting.

If no shapeis specified, angheanandstddevare scalars, a single value is returned.

noncentral _chi _square (df, nonc, shape=[}
Thenoncentral _chi _square function returns an array of the specifigtapethat containd=loat num-
bers with the 2-distribution withdf degrees of freedom and noncentrality parametenc

Thedf andnoncarguments can be arrays. If this is the case, and the osittels specifieddf andnoncare
broadcasted if their dimensions are not equaltape If shapes not specified, the shape of the output is equal
to the shape aofif andnoncafter broadcasting.

If no shapeis specified, andf andnoncare scalars, a single value is returned.

noncentral _F( dfn, dfd, nconc, shapeT]]
Thenoncentral  _F function returns an array of the specifigdapethat containg-loat numbers with the
F-distribution withdfn degrees of freedom in the numeratdfd degrees of freedom in the denominator, and
noncentrality parameterconc

Thedfn, dfd andnoncarguments can be arrays. If this is the case, and the ositppes specifieddfn, dfd and
noncare broadcasted if their dimensions are not equshtpe If shapeis not specified, the shape of the output
is equal to the shape dfn, dfd andnoncafter broadcasting.

If no shapeis specified, andfn, dfd andnoncare scalars, a single value is returned.

standard _normal ( shape=[])
Thestandard _normal function returns an array of the specifigidapethat containd=loat numbers nor-
mally (Gaussian) distributed with mean zero and variance and standard deviation one.

If no shapeis specified, a single number is returned.

19.2.2 Random integer number distributions

binomial ( trials, prob, shape=[)
Thebinomial function returns an array with the specifiskdapethat containdnteger  numbers with the
binomial distribution withtrials and event probabilityprob. In other words, each value in the returned array is
the number of times an event with probabilityob occurred withirtrials repeated trials.

Thetrials andprob arguments can be arrays. If this is the case, and the ositjppis specifiedfrials andprob
are broadcasted if their dimensions are not equahtipe If shapeis not specified, the shape of the output is
equal to the shape dffials andprob after broadcasting.

If no shapeis specified, antrials andprob are scalars, a single value is returned.
negative _binomial (trials, prob, shape=[)

Thenegative _binomial function returns an array with the specifigldapethat containdnteger  num-
bers with the negative binomial distribution wittials and event probabilitprob.
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Thetrials andprob arguments can be arrays. If this is the case, and the ositppis specifiedfrials andprob
are broadcasted if their dimensions are not equahtipe If shapeis not specified, the shape of the output is
equal to the shape tffials andprob after broadcasting.

If no shapeis specified, antrials andprob are scalars, a single value is returned.

multinomial  ( trials, probs, shape=[)
The multinomial function returns an array with that contains integer numbers with the multinomial dis-
tribution with trials and event probabilities given iprobs probs must be a one dimensional array. There
arelen(probs)+1 events. probs]i] is the probability of the i-th event fdb<=i<len(probs) . The
probability of eventen(probs)  is 1.-Numeric.sum(prob)

The function returns an integer array of shapkape + (len(probs)+1,) . If shapeis not
specified this is one multinomially distributed vector of shafen(prob)+1,) . Otherwise each
returnarrayli,j,...,:] is an integer array of shagken(prob)+1,) containing one multinomi-

ally distributed vector.

poisson ( mean, shape=|)
The poisson function returns an array with the specified shape that contateger numbers with the
Poisson distribution with the specifiadean

Themeanargument can be an array. If this is the case, and the osityayeis specifiedmeanis broadcasted if
its dimensions are not equal $hape If shapeis not specified, the shape of the output is equal to the shape of
mean

If no shapeis specified, andheanis a scalar, a single value is returned.

19.3 Examples

Some example uses of themarray.random _array module.Note: Naturally the exact output of running these
examples will be different each time!

>>> from numarray.random_array import *

>>> seed() # Set seed based on current time

>>> print get_seed() # Find out what seeds were used
(897800491, 192000)

>>> print random()

0.0528018975065

>>> print random((5,2))

[[ 0.14833829 0.99031458]

[ 0.7526806 0.09601787]

[ 0.1895229 0.97674777]

[ 0.46134511 0.25420982]

[ 0.66132009 0.24864472]]

>>> print uniform(-1,1,(10,))

[ 0.72168852 -0.75374185 -0.73590945 0.50488248 -0.74462822 0.09293685
-0.65898308 0.9718067 -0.03252475 0.99611011]

>>> print randint(0,100, (12,))

[28 5 96 19 1 32 69 40 56 69 53 44]

>>> print permutation(10)

4289173650

>>> seed(897800491, 192000) # resetting the same seeds
>>> print random() # yields the same numbers
0.0528018975065

Most of the functions in this package take zero or more distribution specific parameters plus an sptipephram-
eter. Theshapeparameter gives the shape of the output array:
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>>> from numarray.random_array import *

>>> print standard_normal()

-0.435568600893

>>> print standard_normal(5)

[-1.36134553 0.78617644 -0.45038718 0.18508556 0.05941355]
>>> print standard_normal((5,2))

[[ 1.33448863 -0.10125473]

[ 0.66838062 0.24691346]

[-0.95092064 0.94168913]

[-0.23919107 1.89288616]

[ 0.87651485 0.96400219]]

>>> print normal(7., 4., (5,2)) #mean=7, std. dev.=4

[[ 2.66997623 11.65832615]

[ 6.73916003 6.58162862]

[ 8.47180378 4.30354905]

[ 1.35531998 -2.80886841]

[ 7.07408469 11.39024973]]

>>> print exponential(10., 5) #mean=10

[ 18.03347754 7.11702306 9.8587961 32.49231603 28.55408891]
>>> print beta(3.1, 9.1, 5) # alpha=3.1, beta=9.1

[ 0.1175056 0.17504358 0.3517828 0.06965593 0.43898219]
>>> print chi_square(7, 5) # 7 degrees of freedom (dfs)

[ 11.99046516 3.00741053 4.72235727 6.17056274 8.50756836]
>>> print noncentral_chi_square(7, 3, 5) # 7 dfs, noncentrality 3
[ 18.28332138 4.07550335 16.0425396 9.51192093 9.80156231]
>>> F(5, 7, 5) # 5 and 7 dfs

array([ 0.24693671, 3.76726145, 0.66883826, 0.59169068, 1.90763224])
>>> noncentral_F(5, 7, 3., 5) # 5 and 7 dfs, noncentrality 3
array([ 1.17992553, 0.7500126 , 0.77389943, 9.26798989, 1.35719634])
>>> binomial(32, .5, 5) # 32 trials, prob of an event = .5
array([12, 20, 21, 19, 17])

>>> negative_binomial(32, .5, 5) # 32 trials: prob of an event = .5
array([21, 38, 29, 32, 36])

Two functions that return generate multivariate random numbers (that is, random vectors with some known relation-
ship between the elements of each vector, defined by the distribution). Theyudtreariate _normal and
multinomial . For these two functions, the lengths of the leading axes of the output may be specified. The length
of the last axis is determined by the length of some other parameter.

>>> multivariate_normal([1,2], [[1,2],[2,1]], [2,3])

array([[[ 0.14157988, 1.46232224],

[-1.11820295, -0.82796288],

[ 1.35251635, -0.2575901 ],

[[-0.61142141, 1.0230465 ],

[-1.08280948, -0.55567217],

[ 2.49873002, 3.28136372]]])

>>> x = multivariate_normal([10,100], [[1,2],[2,1]], 10000)
>>> x_mean = sum(x)/10000

>>> print x_mean

[ 9.98599893 100.00032416]

>>> X_minus_mean = X - X_mean

>>> cov = matrixmultiply(transpose(x_minus_mean), x_minus_mean) / 9999.
>>> Cov

array([[ 2.01737122, 1.00474408],

[ 1.00474408, 2.0009806 1)

The a priori probabilities for a multinomial distribution must sum to one. The prior probability argument to
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multinomial doesn't give the prior probability of the last event: it is computed to be one minus the sum of the
others.

>>> multinomial(16, [.1, .4, .2]) # prior probabilites [.1, .4, .2, .3]
array([2, 7, 1, 6)])

>>> multinomial(16, [.1, .4, .2], [2,3]) # output shape [2,3,4]
array([[ 1, 9, 1, 5],

[ 0, 10, 3, 3],

[ 4 9, 3, 0],

[ 1, 6, 1, 8],

[ 3, 4,5, 4],

[ 1 5 2 8])

Many of the functions accept arrays or sequences for the distribution argumentsh&peargument is given, then
the shape of the output is determined by the shape of the parameter argument. For instance:

>>> beta([5.0, 50.0], [10.0, 100.])
array([ 0.54379648, 0.35352072])

Broadcasting rules apply if two or more arguments are arrays:

>>> beta([5.0, 50.0], [[10.0, 100.], [20.0, 200.0]])
array([[ 0.30204576, 0.32154009],
[ 0.10851908, 0.19207685]])

Theshapeargument can still be used to specify the output shape. Any array argument will be broadcasted to have the
given shape:

>>> beta(5.0, [10.0, 100.0], shape = (3, 2))
array([[ 0.49521708, 0.02218186],

[ 0.21000148, 0.04366644],

[ 0.43169656, 0.05285903]])
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CHAPTER
TWENTY

Multi-dimensional image processing

Thenumarray.nd _image module provides functions for multidimensional image analysis.

20.1 Introduction

Image processing and analysis are generally seen as operations on two-dimensional arrays of values. There are how-
ever a number of fields where images of higher dimensionality must be analyzed. Good examples of these are medical
imaging and biological imaginganumarray is suited very well for this type of applications due its inherent multi-
dimensional nature. Theumarray.nd _image packages provides a number of general image processing and anal-
ysis functions that are designed to operate with arrays of arbitrary dimensionality. The packages currently includes
functions for linear and non-linear filtering, binary morphology, B-spline interpolation, and object measurements.

20.2 Filter functions

The functions described in this section all perform some type of spatial filtering of the the input array: the elements
in the output are some function of the values in the neighborhood of the corresponding input element. We refer to
this neighborhood of elements as the filter kernel, which is often rectangular in shape but may also have an arbitrary
footprint. Many of the functions described below allow you to define the footprint of the kernel, by passing a mask
through thefootprint parameter. For example a cross shaped kernel can be defined as follows:

>>> footprint = array([[0,1,0],[1,1,1],[0,1,0]])
>>> print footprint

[[0 1 0]

[111]

[0 1 0]]

Usually the origin of the kernel is at the center calculated by dividing the dimensions of the kernel shape by two.
For instance, the origin of a one-dimensional kernel of length three is at the second element. Take for example the
correlation of a one-dimensional array with a filter of length 3 consisting of ones:

>>>a =100 0 1, 0, 0, 0]
>>> correlateld(a, [1, 1, 1])
0011100

Sometimes it is convenient to choose a different origin for the kernel. For this reason most functions sugpigitithe
parameter which gives the origin of the filter relative to its center. For example:
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>>>a =100,0 0,1, 0, 0, Q]
>>> print correlateld(a, [1, 1, 1], origin = -1)
0111000

The effect is a shift of the result towards the left. This feature will not be needed very often, but it may be useful
especially for filters that have an even size. A good example is the calculation of backward and forward differences:

>>a=10001,1 1, 0, 0]

>>> print correlateld(a, [-1, 1]) ## backward difference
[0 O1 0 0-1 Q]
>>> print correlateld(a, [-1, 1], origin = -1) ## forward difference

[001 0 0-1 0 0]
We could also have calculated the forward difference as follows:

>>> print correlateld(a, [0, -1, 1])
[0001 0 0-1 0 0]

however, using the origin parameter instead of a larger kernel is more efficient. For multi-dimensional dwegiels
can be a number, in which case the origin is assumed to be equal along all axes, or a sequence giving the origin along
each axis.

Since the output elements are a function of elements in the neighborhood of the input elements, the borders of the
array need to be dealt with appropriately by providing the values outside the borders. This is done by assuming that
the arrays are extended beyond their boundaries according certain boundary conditions. In the functions described
below, the boundary conditions can be selected usingittdeparameter which must be a string with the name of the
boundary condition. Following boundary conditions are currently supported:

Boundary condition | Description | Example

"nearest" Use the value at the boundary [1 2 3]->1123 3]
"wrap" Periodically replicate the array [1 2 3]->312 3 1]
"reflect" Reflect the array at the boundary [123]->11233]
"constant” Use a constant value, default value is 0.(1 2 3]->[0 1 2 3 0]

The"constant”  mode is special since it needs an additional parameter to specify the constant value that should be
used.

Note: The easiest way to implement such boundary conditions would be to copy the data to a larger array and extend
the data at the borders according to the boundary conditions. For large arrays and large filter kernels, this would be
very memory consuming, and the functions described below therefore use a different approach that does not require
allocating large temporary buffers.

20.2.1 Correlation and convolution

correlateld  (input, weights, axis=-1, output=None, mode="nearest’, cval=0.0, origin=0, outpyie=Noné
Thecorrelateld function calculates a one-dimensional correlation along the given axis. The lines of the ar-
ray along the given axis are correlated with the giwexights Theweightsparameter must be a one-dimensional
sequences of numbers.

correlate  (input, weights, output=None, mode="nearest’, cval=0.0, origin=0, outppyppe=Noné
The functioncorrelate  implements multi-dimensional correlation of the input array with a given kernel.

convolveld (input, weights, axis=-1, output=None, mode="nearest’, cval=0.0, origin=0, outpydge=Noné
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The convolveld function calculates a one-dimensional convolution along the given axis. The lines of the
array along the given axis are convoluted with the givegights The weightsparameter must be a one-
dimensional sequences of numbers.

Note: A convolution is essentially a correlation after mirroring the kernel. As a resultprilgen parameter
behaves differently than in the case of a correlation: the result is shifted in the opposite directions.

convolve (input, weights, output=None, mode="nearest’, cval=0.0, origin=0, outpype=Noné
The functionconvolve implements multi-dimensional convolution of the input array with a given kernel.

Note: A convolution is essentially a correlation after mirroring the kernel. As a resultprilgen parameter
behaves differently than in the case of a correlation: the results is shifted in the opposite direction.

20.2.2 Smoothing filters

gaussian _filterld (input, sigma, axis=-1, order=0, output=None, mode="nearest’, cval=0.0, out-
put_type=Noné
Thegaussian _filterld function implements a one-dimensional Gaussian filter. The standard-deviation
of the Gaussian filter is passed through the parans@gera Settingorder=0 corresponds to convolution with a
Gaussian kernel. An order of 1, 2, or 3 corresponds to convolution with the first, second or third derivatives of
a Gaussian. Higher order derivatives are not implemented.

gaussian _filter  (input, sigma, order=0, output=None, mode="nearest’, cval=0.0, outpype=Non¢
Thegaussian _filter function implements a multi-dimensional Gaussian filter. The standard-deviations of
the Gaussian filter along each axis are passed through the paraigetaas a sequence or numberssima
is not a sequence but a single number, the standard deviation of the filter is equal along all directions. The order
of the filter can be specified separately for each axis. An order of O corresponds to convolution with a Gaussian
kernel. An order of 1, 2, or 3 corresponds to convolution with the first, second or third derivatives of a Gaussian.
Higher order derivatives are not implemented. dhder parameter must be a number, to specify the same order
for all axes, or a sequence of numbers to specify a different order for each axis.

Note: The multi-dimensional filter is implemented as a sequence of one-dimensional Gaussian filters. The
intermediate arrays are stored in the same data type as the output. Therefore, for output types with a lower
precision, the results may be imprecise because intermediate results may be stored with insufficient precision.
This can be prevented by specifying a more precise output type.

boxcar _filterld (input, size, axis=-1, output=None, mode="nearest’, cval=0.0, origin=0, outpype=Nong
Theboxcar _filterld function calculates a one-dimensional boxcar filter of the gsizealong the given
axis.

boxcar _filter  (input, size, output=None, mode="nearest’, cval=0.0, origin=0, outgype=Non¢
Theboxcar _filter implements a multi-dimensional boxcar filter. The sizes of the boxcar filter are given
for each axis as a sequence of integers bystheparameter. I6izeis not a sequence, but a single number, the
sizes along all axis are assumed to be equal.

Note: The multi-dimensional filter is implemented as a sequence of one-dimensional boxcar filters. The inter-
mediate arrays are stored in the same data type as the output. Therefore, for output types with a lower precision,
the results may be imprecise because intermediate results may be stored with insufficient precision. This can be
prevented by specifying a more precise output type.

20.2.3 Filters based on order statistics

minimum _filter1d (input, size, axis=-1, output=None, mode="nearest’, cval=0.0, origin=0
Theminimum _filterld function calculates a one-dimensional minimum filter of gigseaealong the given
axis.

maximum_filterld (input, size, axis=-1, output=None, mode="nearest’, cval=0.0, origin=0
Themaximum_filterld function calculates a one-dimensional maximum filter of giseealong the given
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axis.

minimum _filter  (input, size=None, footprint=None, output=None, mode="nearest’, cval=0.0, orig)n=0
Theminimum _filter function calculates a multi-dimensional minimum filter. Either the sizes of a rectan-
gular kernel or the footprint of the kernel must be provided. Sizeparameter, if provided, must be a sequence
of sizes or a single number in which case the size of the filter is assumed to be equal along each axis. The
footprint, if provided, must be an array that defines the shape of the kernel by its non-zero elements.

maximum_filter  (input, size=None, footprint=None, output=None, mode="nearest’, cval=0.0, orig)n=0
The maximum_filter function calculates a multi-dimensional maximum filter. Either the sizes of a rectan-
gular kernel or the footprint of the kernel must be provided. Sizeparameter, if provided, must be a sequence
of sizes or a single number in which case the size of the filter is assumed to be equal along each axis. The
footprint, if provided, must be an array that defines the shape of the kernel by its non-zero elements.

rank _filter  (input, rank, size=None, footprint=None, output=None, mode="nearest’, cval=0.0, origin=0
Therank _filter function calculates a multi-dimensional rank filter. Tia@mk may be less then zero, i.e.,
rank=-1 indicates the largest element. Either the sizes of a rectangular kernel or the footprint of the kernel must
be provided. Thaizeparameter, if provided, must be a sequence of sizes or a single number in which case the
size of the filter is assumed to be equal along each axisfadtprint, if provided, must be an array that defines
the shape of the kernel by its non-zero elements.

percentile  _filter  (input, percentile, size=None, footprint=None, output=None, mode="nearest’, cval=0.0,
origin=0)
Thepercentile  _filter function calculates a multi-dimensional percentile filter. Preecentilemay be

less then zero, i.epercentile=-20 equalpercentile=80. Either the sizes of a rectangular kernel or the footprint
of the kernel must be provided. Th&zeparameter, if provided, must be a sequence of sizes or a single number
in which case the size of the filter is assumed to be equal along each axi®oftjent, if provided, must be an
array that defines the shape of the kernel by its non-zero elements.

median _filter  (input, size=None, footprint=None, output=None, mode="nearest’, cval=0.0, origjn=0
Themedian _filter function calculates a multi-dimensional median filter. Either the sizes of a rectangular
kernel or the footprint of the kernel must be provided. Bimeparameter, if provided, must be a sequence of
sizes or a single number in which case the size of the filter is assumed to be equal along each éo@tpfiihie
if provided, must be an array that defines the shape of the kernel by its non-zero elements.

20.2.4 Derivatives

Derivative filters can be constructed in several ways. The fungjaussian _filterld described in section
20.2.2 can be used to calculate derivatives along a given axis usingdtgparameter. Other derivative filters are the
Prewitt and Sobel filters:

prewitt (input, axis=-1, output=None, mode="nearest’, cval=0.0
Theprewitt  function calculates a derivative along the given axis.

sobel (input, axis=-1, output=None, mode="nearest’, cval=.0
Thesobel function calculates a derivative along the given axis.

The Laplace filter is calculated by the sum of the second derivatives along all axes. Thus, different Laplace filters
can be constructed using different second derivative functions. Therefore we provide a general function that takes a
function argument to calculate the second derivative along a given direction and to construct the Laplace filter:

generic _laplace (input, output=None, mode="nearest’, cval=0.0, outptytpe=None, derivative2=None
The functiongeneric _laplace calculates a laplace filter using the function passed throlggivative2to
calculate second derivatives. The functaerivative2 should have the following signature:
derivative2(input, axis, output, mode, cval, output _type)

It should calculate the second derivative along the dimerekim If outputis notNone it should use that for
the output and returNone, otherwise it should return the resuthode cval and output_type have the usual
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meaning.

The following two functions are implemented usiggneric _laplace by providing appropriate functions for the
second derivative function:

laplace (input, output=None, mode="nearest’, cval=0.0, outptytpe=Non¢
The functionlaplace calculates the Laplace using discrete differentiation for the second derivative (i.e. con-
volutionwith[1, -2, 1] ).

gaussian _laplace (input, sigma, output=None, mode="nearest’, cval=0.0, outgype=Non¢
The functiongaussian _laplace calculates the Laplace usiggussian _filter to calculate the second
derivatives. The standard-deviations of the Gaussian filter along each axis are passed through the parameter
sigmaas a sequence or numberssigmais not a sequence but a single number, the standard deviation of the
filter is equal along all directions.

The gradient magnitude is defined as the square root of the sum of the squares of the gradients in all directions. Similar
to the generic Laplace function there igeneric _gradient _magnitude function that calculated the gradient
magnitude of an array:

generic _gradient _magnitude (input, output=None, mode="nearest’, cval=0.0, outptytpe=None, deriva-
tive=Nong
The functiongeneric _gradient _magnitude calculates a gradient magnitude using the function passed
throughderivativeto calculate first derivatives. The functigerivative should have the following signa-
ture:

derivative(input, axis, output, mode, cval, output _type)

It should calculate the derivative along the dimensigis If outputis notNone it should use that for the output
and returrNone, otherwise it should return the resuttode cval andoutput_typehave the usual meaning.

The sobel and prewitt functions fit the required signature and can therefore directly be used with
generic _gradient _magnitude . The following function implements the gradient magnitude using Gaussian
derivatives:

gaussian _gradient _magnitude (input, sigma, output=None, mode='nearest’, cval=0.0, out-
put_type=Noné
The function gaussian _gradient _magnitude calculates the gradient magnitude using
gaussian _filter to calculate the first derivatives. The standard-deviations of the Gaussian filter
along each axis are passed through the paramggeraas a sequence or numberssifmais not a sequence
but a single number, the standard deviation of the filter is equal along all directions.

20.2.5 Generic filter functions

To implement filter functions, generic functions can be used that accept a callable object that implements the filtering

operation. The iteration over the input and output arrays is handled by these generic functions, along with such details
as the implementation of the boundary conditions. Only a callable object implementing a callback function that does

the actual filtering work must be provided. The callback function can also be written in C and passed using a CObject
(see 20.10 for more information).

generic _filterld (input, function, filter size, axis=-1, output=None, mode="nearest”, cval=0.0, origin=0,
output_type=Nong

The generic _filterld function implements a generic one-dimensional filter function, where the actual
filtering operation must be supplied as a python function (or other callable objectyefieeic _filterld
function iterates over the lines of an array and callsctionat each line. The arguments that are passed to
functionare one-dimensional arrays of ttidoat64  type. The first contains the values of the current line. It
is extended at the beginning end the end, according tdilthe_sizeandorigin arguments. The second array
should be modified in-place to provide the output values of the line. For example consider a correlation along
one dimension:
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>>> a = arange(12, shape = (3,4))
>>> print correlateld(a, [1, 2, 3])
[3 8 14 17]

[27 32 38 41]

[51 56 62 65]]

The same operation can be implemented ugieigeric  _filter1ld as follows:

>>> def fnc(iline, oline):
oline[...] = iline[:-2] + 2 * iline[1:-1] + 3 * iline[2:]

>>> print generic_filterld(a, fnc, 3)
[ 3 8 14 17]

[27 32 38 41]

[51 56 62 65]]

Here the origin of the kernel was (by default) assumed to be in the middle of the filter of length 3. Therefore,
each input line was extended by one value at the beginning and at the end, before the function was called.

generic _filter  (input, function, size=None, footprint=None, output=None, mode="nearest’, cval=0.0, ori-
in=0

The generic ,%ilter) function implements a generic filter function, where the actual filtering operation
must be supplied as a python function (or other callable object). gEimeric _filter function iterates
over the array and callsinctionat each element. The argumentfofctionis a one-dimensional array of the
tFloat64 type, that contains the values around the current element that are within the footprint of the filter.
The function should return a single value that can be converted to a double precision humber. For example
consider a correlation:

>>> a = arange(12, shape = (3,4))
>>> print correlate(a, [[1, 0], [0, 3]])
[0 3 7 11]
[12 15 19 23]
[28 31 35 39

The same operation can be implemented ugegeric  _filter as follows:

>>> def fnc(buffer):
return (buffer * array([1, 3])).sum()

>>> print generic_filter(a, fnc, footprint = [[1, 0], [0, 1]])
[0 3 7 11]
[12 15 19 23]
[28 31 35 39]]

Here a kernel footprint was specified that contains only two elements. Therefore the filter function receives a
buffer of lenght equal to two, which was multiplied with the proper weights and the result summed.

When callinggeneric _filter , either the sizes of a rectangular kernel or the footprint of the kernel must be
provided. Thesizeparameter, if provided, must be a sequence of sizes or a single number in which case the size
of the filter is assumed to be equal along each axis.fobwrint, if provided, must be an array that defines the
shape of the kernel by its non-zero elements.

These functions iterate over the lines or elements starting at the last axis, i.e. the last index changest the fastest. This
order of iteration is garantueed for the case that it is important to adapt the filter dependening on spatial location. Here
is an example of using a class that implements the filter and keeps track of the current coordinates while iterating.
It performs the same filter operation as described abovgdoeric _filter , but additionally prints the current
coordinates:
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>>> a = arange(12, shape = (3,4))
>>>
>>> class fnc_class:
def __init__ (self, shape):
# store the shape:
self.shape = shape
# initialize the coordinates:
self.coordinates = [0] * len(shape)

def filter(self, buffer):
result = (buffer * array([1, 3])).sum()
print self.coordinates
# calculate the next coordinates:
axes = range(len(self.shape))
axes.reverse()
for jj in axes:
if self.coordinates[jj] < self.shape[jj] - 1:
self.coordinates[jj] += 1
break
else:
self.coordinates[jj] = 0
return result

>>> fnc = fnc_class(shape = (3,4))
>>> print generic_filter(a, fnc.filter, footprint = [[1, 0], [0, 1]])
[0, 0]

[0, 1]

[0, 2]

[0, 3]

(1, 0]

(1, 1]

(1, 2]

(1, 3]

(2, 0]

(2, 1]

2, 2]

(2, 3]

[0 3 7 11]

[12 15 19 23]

[28 31 35 39]]

For thegeneric _filterld function the same approach works, except that this function does not iterate over the
axis that is being filtered. The example fygneric _filteld  then becomes this:
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>>> a = arange(12, shape = (3,4))
>>>
>>> class fncld_class:
def __init_ (self, shape, axis = -1):
# store the filter axis:
self.axis = axis
# store the shape:
self.shape = shape
# initialize the coordinates:
self.coordinates = [0] * len(shape)

def filter(self, iline, oline):
oline[...] = iline[:-2] + 2 * iline[1:-1] + 3 * iline[2:]
print self.coordinates
# calculate the next coordinates:
axes = range(len(self.shape))
# skip the filter axis:
del axes[self.axis]
axes.reverse()
for jj in axes:
if self.coordinates[jj] < self.shape[jj] - 1:
self.coordinates[jj] += 1
break
else:
self.coordinates]jj]

1
o

>>> fnc = fncld_class(shape = (3,4))
>>> print generic_filterld(a, fnc.filter, 3)
[0, 0]

(1, 0]

(2, 0]

[ 3 8 14 17]

[27 32 38 41]

[51 56 62 65]]

20.3 Fourier domain filters

The functions described in this section perform filtering operations in the Fourier domain. Thus, the input array
of such a function should be compatible with an inverse Fourier transform function, such as the functions from the
numarray.fft module. We therefore have to deal with arrays that may be the result of a real or a complex Fourier
transform. In the case of a real Fourier transform only half of the of the symmetric complex transform is stored.
Additionally, it needs to be known what the length of the axis was that was transformed by the real fft. The functions
described here provide a parametethat in the case of a real transform must be equal to the length of the real
transform axis before transformation. If this parameter is less than zero, it is assumed that the input array was the
result of a complex Fourier transform. The paramatds can be used to indicate along which axis the real transform

was executed.

fourier _shift (input, shift, n=-1, axis=-1, output=None
Thefourier _shift function multiplies the input array with the multi-dimensional Fourier transform of a
shift operation for the given shift. Thghift parameter is a sequences of shifts for each dimension, or a single
value for all dimensions.

fourier _gaussian (input, sigma, n=-1, axis=-1, output=Noihe
Thefourier _gaussian function multiplies the input array with the multi-dimensional Fourier transform of
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a Gaussian filter with given standard-deviatisigma Thesigmaparameter is a sequences of values for each
dimension, or a single value for all dimensions.

fourier _boxcar (input, size, n=-1, axis=-1, output=Nohe
Thefourier _boxcar function multiplies the input array with the multi-dimensional Fourier transform of a
boxcar filter with given sizesize Thesizeparameter is a sequences of values for each dimension, or a single
value for all dimensions.

fourier _ellipsoid (input, size, n=-1, axis=-1, output=Nohe
Thefourier  _ellipsoid function multiplies the input array with the multi-dimensional Fourier transform
of a elliptically shaped filter with given sizessze Thesizeparameter is a sequences of values for each dimen-
sion, or a single value for all dimensionklote: This function is only implemented for dimensions 1, 2, and
3.

20.4 Interpolation functions

This section describes various interpolation functions that are based on B-spline theory. A good introduction to B-
splines can be found in: M. Unser, "Splines: A Perfect Fit for Signal and Image Processing,” IEEE Signal Processing
Magazine, vol. 16, no. 6, pp. 22-38, November 1999.

20.4.1 Spline pre-filters

Interpolation using splines of an order larger than 1 requires a pre- filtering step. The interpolation functions described
in section 20.4.2 apply pre-filtering by callispline _filter  , but they can be instructed not to do this by setting

the prefilter keyword equal tdralse . This is useful if more than one interpolation operation is done on the same
array. In this case it is more efficient to do the pre-filtering only once and use a prefiltered array as the input of the
interpolation functions. The following two functions implement the pre-filtering:

spline _filterld (input, order=3, axis=-1, output=None, outputype=numarray.Float6}}
Thespline _filterld function calculates a one-dimensional spline filter along the given axis. An output
array can optionally be provided. The order of the spline must be larger then 1 and less than 6.

spline _filter  (input, order=3, output=None, outputype=numarray.Float6}
Thespline _filter function calculates a multi-dimensional spline filter.

Note: The multi-dimensional filter is implemented as a sequence of one-dimensional spline filters. The interme-
diate arrays are stored in the same data type as the output. Thereforeytpan typewith a limited precision

is requested, the results may be imprecise because intermediate results may be stored with insufficient precision.
This can be prevented by specifying a output type of high precision.

20.4.2 Interpolation functions

Following functions all employ spline interpolation to effect some type of geometric transformation of the input array.
This requires a mapping of the output coordinates to the input coordinates, and therefore the possibility arises that
input values outside the boundaries are needed. This problem is solved in the same way as described in section 20.2
for the multi-dimensional filter functions. Therefore these functions all suppuddeparameter that determines how

the boundaries are handled, andval parameter that gives a constant value in case thattmstant’ mode is

used.

geometric _transform (input, mapping, outputshape=None, outputype=None, output=None, order=3,
mode="constant’, cval=0.0, prefilter=Trge
Thegeometric _transform  function applies an arbitrary geometric transform to the input. The give+
ping function is called at each point in the output to find the corresponding coordinates in therimggting
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must be a callable object that accepts a tuple of length equal to the output array rank and returns the correspond-
ing input coordinates as a tuple of length equal to the input array rank. The output shape and output type can
optionally be provided. If not given they are equal to the input shape and type.

For example:

>>> a = arange(12, shape=(4,3), type = Float64)
>>> def shift_func(output_coordinates):
return (output_coordinates[0] - 0.5, output_coordinates[1] - 0.5)

>>> print geometric_transform(a, shift_func)

o 0. 0. ]
[ 0. 1.3625 2.7375]
[ O 4.8125 6.1875]
[ o 8.2625 9.6375]]

Note: The mapping function can also be written in C and passed using a CObject. See 20.10 for more informa-
tion.

map_coordinates  ( input, coordinates, outputype=None, output=None, order=3, mode="constant’, cval=0.0,

prefilter=True)
The functionmap_coordinates applies an arbitrary coordinate transformation using the given array of
coordinates. The shape of the output is derived from that of the coordinate array by dropping the first axis. The
parametecoordinatess used to find for each point in the output the corresponding coordinates in the input. The
values ofcoordinatesalong the first axis are the coordinates in the input array at which the output value is found.
(See also the numarrayordinates  function.) Since the coordinates may be non- integer coordinates, the
value of the input at these coordinates is determined by spline interpolation of the requested order. Here is an
example that interpolates a 2D array at (0.5, 0.5) and (1, 2):

>>> a = arange(12, shape=(4,3), type = numarray.Float64)
>>> print a

[ 1. 2]

[ 4. 5]

[ 7. 8]

[ 10. 11.]]

>>> print map_coordinates(a, [[0.5, 2], [0.5, 1]])
[ 1.3625 7. ]

0.
3.
6.
9.

p

affine _transform (input, matrix, offset=0.0, outpushape=None, outputype=None, output=None, order=3,

shift

mode="constant’, cval=0.0, prefilter=Trye
Theaffine _transform  function applies an affine transformation to the input array. The given transforma-
tion matrixandoffsetare used to find for each point in the output the corresponding coordinates in the input. The
value of the input at the calculated coordinates is determined by spline interpolation of the requested order. The
transformatiormatrix must be two-dimensional or can also be given as a one-dimensional sequence or array. In
the latter case, it is assumed that the matrix is diagonal. A more efficient interpolation algorithm is then applied
that exploits the separability of the problem. The output shape and output type can optionally be provided. If
not given they are equal to the input shape and type.

(input, shift, outputtype=None, output=None, order=3, mode="constant’, cval=0.0, prefilter=Jrue
Theshift  function returns a shifted version of the input, using spline interpolation of the requedesd

zoom( input, zoom, outputtype=None, output=None, order=3, mode="constant’, cval=0.0, prefilter=Jrue

Thezoom function returns a rescaled version of the input, using spline interpolation of the reqaetsted

rotate (input, angle, axes=(-1, -2), reshape=1, outptytpe=None, output=None, order=3, mode="constant’,

cval=0.0, prefilter=Trug
Therotate function returns the input array rotated in the plane defined by the two axes given by the parameter
axes using spline interpolation of the requestader. The angle must be given in degreesrd$éhapes true,
then the size of the output array is adapted to contain the rotated input.
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20.5 Binary morphology

generate _binary _structure (rank, connectivity
The generate _binary _structure functions generates a binary structuring element for use in binary
morphology operations. Thank of the structure must be provided. The size of the structure that is returned is
equal to three in each direction. The value of each element is equal to one if the square of the Euclidean distance
from the element to the center is less or equatdonectivity For instance, two dimensional 4-connected and
8-connected structures are generated as follows:

>>> print generate_binary_structure(2, 1)
[[0 1 0]
[111]
[0 1 0]
>>> print generate_binary_structure(2, 2)
[l 1 1]
[T 11]
[1 1 1]

Most binary morphology functions can be expressed in terms of the basic operations erosion and dilation:

binary _erosion (input, structure=None, iterations=1, mask=None, output=None, bargalue=0, origin=0
Thebinary _erosion function implements binary erosion of arrays of arbitrary rank with the given struc-
turing element. The origin parameter controls the placement of the structuring element as described in sec-
tion 20.2. If no structuring element is provided, an element with connectivity equal to one is generated using
generate _binary _structure . Theborder_valueparameter gives the value of the array outside bound-
aries. The erosion is repeatiégkationstimes. Ifiterationsis less than one, the erosion is repeated until the result
does not change anymore. Ihaaskarray is given, only those elements with a true value at the corresponding
mask element are modified at each iteration.

binary _dilation  (input, structure=None, iterations=1, mask=None, output=None, bargalue=0, origin=0
Thebinary _dilation function implements binary dilation of arrays of arbitrary rank with the given struc-
turing element. The origin parameter controls the placement of the structuring element as described in sec-
tion 20.2. If no structuring element is provided, an element with connectivity equal to one is generated using
generate _binary _structure . Theborder_valueparameter gives the value of the array outside bound-
aries. The dilation is repeatéidrationstimes. Ifiterationsis less than one, the dilation is repeated until the
result does not change anymore. Ifraskarray is given, only those elements with a true value at the corre-
sponding mask element are modified at each iteration.

Here is an example of usinginary _dilation to find all elements that touch the border, by repeatedly
dilating an empty array from the border using the data array as the mask:

>>> struct = array([[0, 1, O], [1, 1, 1], [0, 1, O]])

>>> a = array([[1,0,0,0,0], [1,1,0,1,0], [0,0,1,1,0], [0,0,0,0,0]])

>>> print a

[[1 0000

[L1010]

[0O0110]

[0 00 O]

>>> print binary_dilation(zeros(a.shape), struct, -1, a, border_value=1)
[[1 000 0]

Thebinary _erosion andbinary _dilation functions both have aiterations parameter which allows the
erosion or dilation to be repeated a number of times. Repeating an erosion of a dilation with a given sirtictase
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is equivalent to an erosion or a dilation with a structure that-is times dilated with itself. For a low number of
iterations this is more efficient, and for this reason a function is provided that allows the calculation of a structure that
is dilated a number of times with itself:

iterate  _structure (' structure, iterations, origin=None
Theiterate  _structure  function returns a structure by dilation of the input structiteeation - 1 times
with itself. For instance:

>>> struct = generate_binary_structure(2, 1)
>>> print struct

[0 10

[1 1 1]

010]

>>> print iterate_structure(struct, 2)
[0 010 0]

01110

[11111]

[01110]

0010 0]

If the origin of the original structure is equal to O, then it is also equal to O for the iterated structure. If not,
the origin must also be adapted if the equivalent ofitemtionserosions or dilations must be achieved with
the iterated structure. The adapted origin is simply obtained by multiplying with the number of iterations. For
convenience thigerate  _structure  also returns the adapted origin if tbegin parameter is ndtlone:

>>> print iterate_structure(struct, 2, -1)
(array([[o, 0, 1, O, 0Q],

[0, 1, 1, 1, Q],
[1, 1, 1, 1, 1],
[0, 1, 1, 1, 0],
[0, 0, 1, O, 0O]], type=Booal), [-2, -2])

Other morphology operations can be defined in terms of erosion and d dilation. Following functions provide a few of
these operations for convenience:

binary _opening (input, structure=None, iterations=1, output=None, originF0
Thebinary _opening function implements binary opening of arrays of arbitrary rank with the given struc-
turing element. Binary opening is equivalent to a binary erosion followed by a binary dilation with the same
structuring element. The origin parameter controls the placement of the structuring element as described in
section 20.2. If no structuring element is provided, an element with connectivity equal to one is generated using
generate _binary _structure . Theiterationsparameter gives the number of erosions that is performed
followed by the same number of dilations.

binary _closing (input, structure=None, iterations=1, output=None, origin=0
Thebinary _closing function implements binary closing of arrays of arbitrary rank with the given struc-
turing element. Binary closing is equivalent to a binary dilation followed by a binary erosion with the same
structuring element. The origin parameter controls the placement of the structuring element as described in
section 20.2. If no structuring element is provided, an element with connectivity equal to one is generated using
generate _binary _structure . Theiterationsparameter gives the number of dilations that is performed
followed by the same number of erosions.

binary _hit _or _miss (input, structurel=None, structure2=None, output=None, origin1=0, origin2=None
Thebinary _hit _or _miss function implements a binary hit-or-miss transform of arrays of arbitrary rank
with the given structuring elements. The hit-or-miss transform is calculated by erosion of the input with
the first structure, erosion of the logicabt of the input with the second structure, followed by the log-
ical and of these two erosions. The origin parameters control the placement of the structuring elements
as described in section 20.2. dfigin2 equalsNone it is set equal to theriginl parameter. If the first
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structuring element is not provided, a structuring element with connectivity equal to one is generated using
generate _binary _structure , if structure2is not provided, it is set equal to the logigabt of struc-
turel

20.6 Grey-scale morphology

Grey-scale morphology operations are the equivalents of binary morphology operations that operate on arrays with
arbitrary values. Below we describe the grey-scale equivalents of erosion, dilation, opening and closing. These
operations are implemented in a similar fashion as the filters described in section 20.2, and we refer to this section
for the description of filter kernels and footprints, and the handling of array borders. The grey-scale morphology
operations optionally take structureparameter that gives the values of the structuring element. If this parameter

is not given the structuring element is assumed to be flat with a value equal to zero. The shape of the structure
can optionally be defined by tHeotprint parameter. If this parameter is not given, the structure is assumed to be
rectangular, with sizes equal to the dimensions ofthecturearray, or by thesizeparameter istructureis not given.

The sizeparameter is only used if bostructureandfootprint are not given, in which case the structuring element

is assumed to be rectangular and flat with the dimensions givesizbyThe sizeparameter, if provided, must be a
sequence of sizes or a single number in which case the size of the filter is assumed to be equal along each axis. The
footprint parameter, if provided, must be an array that defines the shape of the kernel by its hon-zero elements.

Similar to binary erosion and dilation there are operations for grey-scale erosion and dilation:

grey _erosion ( ir!put, size=None, footprint=None, structure=None, output=None, mode="nearest’, cval=0.0, ori-
Thegrey ,e?(l)r;i:(?rz function calculates a multi-dimensional grey- scale erosion.

grey _dilation  (input, size=None, footprint=None, structure=None, output=None, mode="nearest’, cval=0.0,
Thegrey fdilgtrilc?rlln:O)function calculates a multi-dimensional grey- scale dilation.

Grey-scale opening and closing operations can be defined similar to their binary counterparts:

grey _opening ( input, size=None, footprint=None, structure=None, output=None, mode="nearest’, cval=0.0, ori-
gin=0)
Thegrey _opening function implements grey-scale opening of arrays of arbitrary rank. Grey-scale opening
is equivalent to a grey-scale erosion followed by a grey-scale dilation.

grey _closing (input, size=None, footprint=None, structure=None, output=None, mode="nearest’, cval=0.0, ori-
gin=0)
Thegrey _closing function implements grey-scale closing of arrays of arbitrary rank. Grey-scale opening
is equivalent to a grey-scale dilation followed by a grey-scale erosion.

morphological  _gradient (input, size=None, footprint=None, structure=None, output=None,
mode="nearest’, cval=0.0, origin=p
The morphological  _gradient  function implements a grey-scale morphological gradient of arrays of

arbitrary rank. The grey-scale morphological gradient is equal to the difference of a grey-scale dilation and a
grey-scale erosion.

morphological  _laplace (input, size=None, footprint=None, structure=None, output=None, mode="nearest’,
cval=0.0, origin=0)
Themorphological _laplace function implements a grey-scale morphological laplace of arrays of arbi-

trary rank. The grey-scale morphological laplace is equal to the sum of a grey-scale dilation and a grey-scale
erosion minus twice the input.

white _tophat (input, size=None, footprint=None, structure=None, output=None, mode="nearest’, cval=0.0, ori-
gin=0)
Thewhite _tophat function implements a white top-hat filter of arrays of arbitrary rank. The white top-hat
is equal to the difference of the input and a grey-scale opening.

20.6. Grey-scale morphology 165



black _tophat (input, size=None, footprint=None, structure=None, output=None, mode="nearest’, cval=0.0, ori-
gin=0)
Theblack _tophat function implements a black top-hat filter of arrays of arbitrary rank. The black top-hat
is equal to the difference of the a grey-scale closing and the input.

20.7 Distance transforms

Distance transforms are used to calculate the minimum distance from each element of an object to the background.
The following functions implement distance transforms for three different distance metrics: Euclidean, City Block,
and Chessboard distances.

distance _transform _cdt (input, structure="chessboard”, returndistances=True, returnindices=False,

o distances=None, indices=Noje _ )
The functiondistance _transform _cdt uses a chamfer type algorithm to calculate the distance trans-

form of the input, by replacing each object element (defined by values larger than zero) with the shortest dis-
tance to the background (all non-object elements). The structure determines the type of chamfering that is
done. If the structure is equal to 'cityblock’ a structure is generated @gngrate _binary _structure

with a squared distance equal to 1. If the structure is equal to 'chessboard’, a structure is generated using
generate _binary _structure  with a squared distance equal to the rank of the array. These choices cor-
respond to the common interpretations of the cityblock and the chessboard distancemetrics in two dimensions.

In addition to the distance transform, the feature transform can be calculated. In this case the index of the closest
background element is returned along the first axis of the resultrefh_distancesandreturn_indicesflags
can be used to indicate if the distance transform, the feature transform, or both must be returned.

Thedistancesandindicesarguments can be used to give optional output arrays that must be of the correct size
and type (bothnt32 ).

The basics of the algorithm used to implement this function is described in: G. Borgefors, "Distance transfor-
mations in arbitrary dimensions.”, Computer Vision, Graphics, and Image Processing, 27:321-345, 1984.

distance _transform _edt (input, sampling=None, returrdistances=True, returnindices=False, dis-

o tances=None, indices=Nope ) ) _
The functiondistance _transform _edt calculates the exact euclidean distance transform of the input, by

replacing each object element (defined by values larger than zero) with the shortest euclidean distance to the
background (all non-object elements).

In addition to the distance transform, the feature transform can be calculated. In this case the index of the closest
background element is returned along the first axis of the resultrefhin_distancesandreturn_indicesflags
can be used to indicate if the distance transform, the feature transform, or both must be returned.

Optionally the sampling along each axis can be given by#mplingparameter which should be a sequence of
length equal to the input rank, or a single number in which the sampling is assumed to be equal along all axes.

Thedistancesandindicesarguments can be used to give optional output arrays that must be of the correct size
and type Float64 andInt32 ).

The algorithm used to implement this function is described in: C. R. Maurer, Jr., R. Qi, and V. Raghavan, "A lin-
ear time algorithm for computing exact euclidean distance transforms of binary images in arbitrary dimensions.
IEEE Trans. PAMI 25, 265-270, 2003.

distance _transform _bf (input, metric="euclidean”, sampling=None, returrdistances=True, re-

o turn_indices=False, distances=None, indices=Npne ]
The functiondistance _transform _bf uses a brute-force algorithm to calculate the distance transform

of the input, by replacing each object element (defined by values larger than zero) with the shortest distance
to the background (all non-object elements). The metric must be oteuckidean" , "cityblock" , or
"chessboard"

In addition to the distance transform, the feature transform can be calculated. In this case the index of the closest
background element is returned along the first axis of the resultrefhi_distancesandreturn_indicesflags
can be used to indicate if the distance transform, the feature transform, or both must be returned.
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Optionally the sampling along each axis can be given by#mplingparameter which should be a sequence of
length equal to the input rank, or a single number in which the sampling is assumed to be equal along all axes.
This parameter is only used in the case of the euclidean distance transform.

Thedistancesandindicesarguments can be used to give optional output arrays that must be of the correct size
and type Floaté4 andInt32 ).

Note: This function uses a slow brute-force algorithm, the functidistance _transform _cdt
can be used to more efficiently calculate cityblock and chessboard distance transforms. The function
distance _transform _edt can be used to more efficiently calculate the exact euclidean distance trans-

form.

20.8 Segmentation and labeling

Segmentation is the process of separating objects of interest from the background. The most simple approach is
probably intensity thresholding, which is easily done withmarray functions:

>>> a = array([[1,2,2,1,1,0],

[0,2,3,1,2,0],
[1,1,1,3,3,2],

. [1,1,1,2,2,1]])

>>> print where(a > 1, 1, 0)

[[011000]

[0 1 0]

The result is a binary image, in which the individual objects still need to be identified and labeled. The function
label generates an array where each object is assigned a unique number;

label (input, structure=None, output=Nojhe
Thelabel function generates an array where the objects in the input are labeled with an integer index. It returns
a tuple consisting of the array of object labels and the number of objects found, unlesgghgarameter is
given, in which case only the number of objects is returned. The connectivity of the objects is defined by a
structuring element. For instance, in two dimensions using a four-connected structuring element gives:

>>> a = array([[0,1,1,0,0,0],[0,1,1,0,1,0],[0,0,0,1,1,1],[0,0,0,0,1,0]])
>>> s = [[0, 1, 0], [1,1,1], [0,1,0]]
>>> print label(a, s)
(array([[0, 1, 1, 0O, O, O],
[0, 1, 1, 0, 2, 0],
[0, 0, 0, 2, 2, 2],
[0, 0, 0, 0, 2, Q). 2)

These two objects are not connected because there is no way in which we can place the structuring element such
that it overlaps with both objects. However, an 8-connected structuring element results in only a single object:

>>> a = array([[0,1,1,0,0,0],[0,1,1,0,1,0],[0,0,0,1,1,1],[0,0,0,0,1,0]])
>>> s = [[1,1,1], [1,1,1], [1,1,1]]

>>> print label(a, s)[0]

[011000]

[0 1 0]
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If no structuring element is provided, one is generated by catliegerate _binary _structure (see
section??) using a connectivity of one (which in 2D is the 4-connected structure of the first example). The input
can be of any type, any value not equal to zero is taken to be part of an object. This is useful if you need to
‘re-label’ an array of object indices, for instance after removing unwanted objects. Just apply the label function

again to the index array. For instance:

>>> |, n = label([1, O, 1, 0, 1])
>>> print |

[L 020 3]

>>> | = where(l = 2, |, 0)
>>> print |

[ 00O 3

>>> print label(I)[0]

[ 00O 2

Note: The structuring element used label is assumed to be symmetric.

There is a large number of other approaches for segmentation, for instance from an estimation of the borders of
the objects that can be obtained for instance by derivative filters. One such an approach is watershed segmentation.
The functionwatershed _ift generates an array where each object is assigned a unique label, from an array that
localizes the object borders, generated for instance by a gradient magnitude filter. It uses an array containing initial

mark

ers for the objects:

watershed _ift (input, markers, structure=None, output=Ngne

Thewatershed _ift function applies a watershed from markers algorithm, using an Iterative Forest Trans-
form, as described in: P. Felkel, R. Wegenkittl, and M. Bruckschwaiger, "Implementation and Complexity of the
Watershed-from-Markers Algorithm Computed as a Minimal Cost Forest.”, Eurographics 2001, pp. C:26-35.

The inputs of this function are the array to which the transform is applied, and an array of markers that designate
the objects by a unique label, where any non-zero value is a marker. For instance:
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>>> markers = array([[1, O,
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, 0],
, 0],
al,
, 0],
, 0],
0]], numarray.Int8)

[0,

[0,

[0, O,
[0, O, O,
>>> print watershed_ift(input, markers)
M[1111111]

0
0
, 0
0
0

cooNMOO
[eNoNeNoNoe)
[eReNeNeN-Ne!

1122211]
1222221]
1222221]
1222221]
1122211]
1111111]

Here two markers were used to designate an object (marker=2) and the background (marker=1). The order in
which these are processed is arbitrary: moving the marker for the background to the lower right corner of the

array yields a different result:

168

Chapter 20. Multi-dimensional image processing



>>> markers = array([[0, 0, 0, 0, 0, 0, 0],

[0, 0, O, O, O, O, 0],
[0, 0, O, O, O, O, O],
[0, 0, O, 2, O, O, O],
[0, 0, 0, 0, 0, 0, O],
[0, 0, O, O, O, O, O],
[0, 0, 0, O, O, O, 1]], numarray.Int8)

>>> print watershed_ift(input, markers)
[1111111]

1111111]
1122211]
1122211]
1122211]
1111111]
1111111]

The result is that the object (marker=2) is smaller because the second marker was processed earlier. This
may not be the desired effect if the first marker was supposed to designate a background object. Therefore
watershed _ift treats markers with a negative value explicitly as background markers and processes them
after the normal markers. For instance, replacing the first marker by a negative marker gives a result similar to
the first example:

>>> markers = array([[0, 0, 0, 0, O, O, O],

[0, 0, 0, 0, 0, O, Q],
[0, 0, O, O, O, O, 0],
[0, 0, 0, 2, 0, O, O],
[0, 0, 0, 0, O, O, Q],
[0, 0, O, O, O, O, 0],
[0, O, O, O, O, O, -1]], numarray.Int8)

>>> print watershed_ift(input, markers)
[[1 -1-1 -1 -1 -1 -1)
-1 -1

The connectivity of the objects is defined by a structuring element. If no structuring element is provided, one is
generated by callingenerate _binary _structure (see sectior??) using a connectivity of one (which

in 2D is a 4-connected structure.) For example, using an 8-connected structure with the last example yields a
different object:

>>> print watershed_ift(input, markers,

structure = [[1,1,1], [1,1,1], [1,1,1]])
[1-1-1-1-1-1-1]

2 2 -1
2 -1]
2 -1]
2 -1]
2 -1]
-1-1-1-1-1-1]]

NNDNNDN
NNDNNDN
NNDNNDN

[-1
[-1 2
[-1 2
[-1 2
[-1 2
[-1

Note: The implementation ofvatershed _ift limits the data types of the input tdint8 andUInt16 .
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20.9 Object measurements

Given an array of labeled objects, the properties of the individual objects can be measurdohd Thebjects
function can be used to generate a list of slices that for each object, give the smallest sub-array that fully contains the
object:

find _objects (input, maxlabel=0)
Thefind _objects finds all objects in a labeled array and returns a list of slices that correspond to the
smallest regions in the array that contains the object. For instance:

>>> a = array([[0,1,1,0,0,0],[0,1,1,0,1,0],[0,0,0,1,1,1],[0,0,0,0,1,0]])
>>> |, n = label(a)

>>> f = find_objects(l)

>>> print a[f[0]]

(1 1]

1 1]]

>>> print a[f[1]]

[[0 1 0]

[1 1 1]

[0 1 0]]

find _objects returns slices for all objects, unless thax_labelparameter is larger then zero, in which case
only the firstmax_label objects are returned. If an index is missing in kieel array,None is return instead of
a slice. For example:

>>> print find_objects([1, 0, 3, 4], max_label = 3)
[(slice(0, 1, None),), None, (slice(2, 3, None),)]

The list of slices generated bBind _objects is useful to find the position and dimensions of the objects in the
array, but can also be used to perform measurements on the individual objects. Say we want to find the sum of the
intensities of an object in image:

>>> image = arange(4*6,shape=(4,6))

>>> mask = array([[0,1,1,0,0,0],[0,1,1,0,1,0],[0,0,0,1,1,1],[0,0,0,0,1,0]])
>>> |abels = label(mask)[0]

>>> slices = find_objects(labels)

Then we can calculate the sum of the elements in the second object:

>>> print where(labels[slices[1]] == 2, image[slices[1]], 0).sum()
80

That is however not particularly efficient, and may also be more complicated for other types of measurements. There-
fore a few measurements functions are defined that accept the array of object labels and the index of the object to be
measured. For instance calculating the sum of the intensities can be done by:

>>> print sum(image, labels, 2)
80.0

For large arrays and small objects it is more efficient to call the measurement functions after slicing the array:
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>>> print sum(image[slices[1]], labels[slices[1]], 2)
80.0

Alternatively, we can do the measurements for a number of labels with a single function call, returning a list of results.
For instance, to measure the sum of the values of the background and the second object in our example we give a list
of labels:

>>> print sum(image, labels, [0, 2])
[178.0, 80.0]

The measurement functions described below all supporinithex parameter to indicate which object(s) should be
measured. The default value ioidexis None. This indicates that all elements where the label is larger than zero
should be treated as a single object and measured. Thus, in this césleeisarray is treated as a mask defined by
the elements that are larger than zerdntfexis a number or a sequence of numbers it gives the labels of the objects
that are measured. ifidexis a sequence, a list of the results is returned.

sum( input, labels=None, index=None
Thesum function calculates the sum of the elements of the object with label(s) giverdby using thdabels
array for the object labels. hdexis None, all elements with a non-zero label value are treated as a single
object. Iflabelis None, all elements ofnputare used in the calculation.

mean( input, labels=None, index=Nohe
The mean function calculates the mean of the elements of the object with label(s) givardey using the
labelsarray for the object labels. ihdexis None, all elements with a non-zero label value are treated as a
single object. Ifabelis None, all elements ofnputare used in the calculation.

variance ( input, labels=None, index=Nofhe
Thevariance function calculates the variance of the elements of the object with label(s) giveddsyusing
thelabelsarray for the object labels. Ihdexis None, all elements with a non-zero label value are treated as a
single object. Ifabelis None, all elements ofnputare used in the calculation.

standard _deviation (input, labels=None, index=None
The standard _deviation  function calculates the standard deviation of the elements of the object with
label(s) given byindex using thelabelsarray for the object labels. Ihdexis None, all elements with a non-
zero label value are treated as a single objedalélis None, all elements ofnput are used in the calculation.

minimum ( input, labels=None, index=Nofe
Theminimum function calculates the minimum of the elements of the object with label(s) giverdby using
thelabelsarray for the object labels. Ihdexis None, all elements with a non-zero label value are treated as a
single object. Ifabelis None, all elements ofnputare used in the calculation.

maximum( input, labels=None, index=Nofe
The maximum function calculates the maximum of the elements of the object with label(s) givémdiey
using theabelsarray for the object labels. ifidexis None, all elements with a non-zero label value are treated
as a single object. Iabelis None, all elements ofnputare used in the calculation.

minimum _position  ( input, labels=None, index=Nofe
Theminimum _position  function calculates the position of the minimum of the elements of the object with
label(s) given byndex using thdabelsarray for the object labels. ifidexis None, all elements with a non-zero
label value are treated as a single objeclaltielis None, all elements ofnputare used in the calculation.

maximum_position  ( input, labels=None, index=Nofhe
Themaximum_position  function calculates the position of the maximum of the elements of the object with
label(s) given byndex using thdabelsarray for the object labels. ifidexis None, all elements with a non-zero
label value are treated as a single objeclaltfelis None, all elements ofnputare used in the calculation.
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center _of _mass( input, labels=None, index=None
Thecenter _of _mass function calculates the center of mass of the of the object with label(s) givierby
using thelabelsarray for the object labels. iiidexis None, all elements with a non-zero label value are treated
as a single object. Iabelis None, all elements ofnput are used in the calculation.

histogram  (input, min, max, bins, labels=None, index=Npne
The histogram  function calculates a histogram of the of the object with label(s) givemtgx using the
labelsarray for the object labels. ihdexis None, all elements with a non-zero label value are treated as a
single object. Iabelis None, all elements oinputare used in the calculation. Histograms are defined by their
minimum (min), maximum (ax and the number of bindins). They are returned as one-dimensional arrays
of type Int32.

20.10 Extending nd _image in C

20.10.1 C callback functions

A few functions in thenumarray.nd _image take a call-back argument. This can be a python function, but also a
CObject containing a pointer to a C function. To use this feature, you must write your own C extension that defines
the function, and define a python function that returns a CObject containing a pointer to this function.

An example of a function that supports thigggometric _transform  (see sectio??). You can pass it a python
callable object that defines a mapping from all output coordinates to corresponding coordinates in the input array. This
mapping function can also be a C function, which generally will be much more efficient, since the overhead of calling
a python function at each element is avoided.

For example to implement a simple shift function we define the following function:

static int
_shift_function(int *output_coordinates, double* input_coordinates,
int output_rank, int input_rank, void *callback_data)

int ii;
/* get the shift from the callback data pointer: */
double shift = *(double*)callback_data;
/* calculate the coordinates: */
for(ii = O; ii < irank; ii++)
icoor[ii] = ocoorfii] - shift;
/* return OK status: */
return 1;
}

This function is called at every element of the output array, passing the current coordinatestitptitecoordinates
array. On return, théput_coordinatesarray must contain the coordinates at which the input is interpolated. The
ranks of the input and output array are passed thraugput_rank andinput_rank. The value of the shift is passed
through thecallback data argument, which is a pointer to void. The function returns an error status, in this case
always 1, since no error can occur.

A pointer to this function and a pointer to the shift value must be passgddmetric _transform . Both are
passed by a single CObject which is created by the following python extension function;

172 Chapter 20. Multi-dimensional image processing



static PyObject *
py_shift_function(PyObject *obj, PyObject *args)

double shift = 0.0;

if (PyArg_ParseTuple(args, "d", &shift)) {
PyErr_SetString(PyExc_RuntimeError, "invalid parameters");
return NULL;

} else {
/* assign the shift to a dynamically allocated location: */
double *cdata = (double*)malloc(sizeof(double));
*cdata = shift;
/* wrap function and callback_data in a CObject: */
return PyCObject_FromVoidPtrAndDesc(_shift_function, cdata,
_destructor);

The value of the shift is obtained and then assigned to a dynamically allocated memory location. Both this data pointer
and the function pointer are then wrapped in a CObject, which is returned. Additionally, a pointer to a destructor

function is given, that will free the memory we allocated for the shift value when the CObject is destroyed. This
destructor is very simple:

static void
_destructor(void* cobject, void *cdata)

if (cdata)
free(cdata);

To use these functions, an extension module is build:

static PyMethodDef methods[] = {

{"shift_function", (PyCFunction)py_shift_function, METH_VARARGS, "1},
{NULL, NULL, 0, NULL}

b
void
initexample(void)

{
}

Py_InitModule("example”, methods);

This extension can then be used in Python, for example:

>>> jmport example

>>> array = arange(12, shape=(4,3), type = Float64)
>>> fnc = example.shift_function(0.5)

>>> print geometric_transform(array, fnc)

[ o. 0. 0. ]

[ O 1.3625 2.7375]

[ 0. 4.8125 6.1875]

[ O 8.2625 9.6375]]

C Callback functions for use withd _image functions must all be written according to this scheme. The next section
lists thend _image functions that acccept a C callback function and gives the prototype of the callback function.

20.10. Extending nd_image in C 173



20.10.2 Functions that support C callback functions

The nd_image functions that support C callback functions are described here. Obviously, the prototype of the
function that is provided to these functions must match exactly that what they expect. Therefore we give here the
prototypes of the callback functions. All these callback functions accept acatitthck data pointer that must be
wrapped in a CObject using the PythBiyCObject _FromVoidPtrAndDesc  function, which can also accept

a pointer to a destructor function to free any memory allocateatdtiback data If callback datais not needed,
PyCObject _FromVoidPtr may be used instead. The callback functions must return an integer error status that is
equal to zero if something went wrong, or 1 otherwise. If an error occurs, you should normally set the python error
status with an informative message before returning, otherwise, a default error message is set by the calling function.

The functiongeneric _filter (see section 20.2.5) accepts a callback function with the following prototype:

int  FilterFunction ( double *buffer, int filter size, double *returnvalue, void *callback data)
The calling function iterates over the elements of the input and output arrays, calling the callback function at
each element. The elements within the footprint of the filter at the current element are passed thrbutfarthe
parameter, and the number of elements within the footprint thréiligh_size The calculated valued should be
returned in theeturn_valueargument.

The functiongeneric _filterld (see section 20.2.5) accepts a callback function with the following prototype:

int  FilterFunction1D ( double *input_line, int input_length, double *outputline, int output.length, void

) o *callbachdata?_ ) . )
The calling function iterates over the lines of the input and output arrays, calling the callback function at each

line. The current line is extended according to the border conditions set by the calling function, and the result is
copied into the array that is passed throughitipait_line array. The length of the input line (after extension) is
passed througmput_length The callback function should apply the 1D filter and store the result in the array
passed througbutput_line. The length of the output line is passed throwgitput_length

The functiongeometric _transform  (see section 20.4.2) expects a function with the following prototype:

int MapCoordinates (int *output_coordinates, double* inpufcoordinates, int outputrank, int input_rank,

) _void *callback_data) ) i
The calling function iterates over the elements of the output array, calling the callback function at each element.

The coordinates of the current output element are passed thought_coordinates The callback function
must return the coordinates at which the input must be interpolategit_coordinates The rank of the input
and output arrays are given yput_rank andoutput_rank respectively.
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CHAPTER
TWENTYONE

Memory Mapping

21.1 Introduction

numarray provides support for the creation of arrays which are mapped directly onto files with the
numarray.memmap module. Much ofnumarray ’'s design, the ability to handle misaligned and byteswapped
arrays for instance, was motivated by the desire to create arrays from portable files which contain binary array data.
One advantage of memory mapping is efficient random access to small regions of a large file: only the region of the
mapped file which is actually used in array operations needs to be paged into system memory; the rest of the file
remains unread and unwritten.

numarray.memmap is pure Python and is layered on top of Pythonisnapmodule. The basic idea behind
numarray ’'s memory mapping is to create a “buffer” referring to a region in a mapped file and to use it as the data
store for an array. Theumarray.memmap module contains two classes, one which corresponds to an entire mapped
file (Memmapand one which corresponds to a contiguous region within aMienimapSlice ). MemmapSlice

objects have these properties:

MemmapSlices can be used as NumArray buffers.

* MemmapSlices are non-overlapping.

MemmapSilices are resizable.

Changing the size of a MemmapSlice changes the parent Memmap.

21.2 Opening a Memmap
You can create Memmapbject by calling thepen function, as in:

>>> m = open("memmap.tst’,"w+",len=48)
>>>m
<Memmap on file 'memmap.tst’ with mode="w+’, length=48, 0 slices>

Here, the file “memmap.tst” is created/truncated to a length of 48 bytes and used to construct a Memmap object in
write mode whose contents are considered undefined.

21.3 Slicing a Memmap

Once opened, Blemmapmbject can be sliced into regions.
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# Slice m into the buffers "n" and "p" which will correspond to numarray:

>>> n = m[0:16]
>>> N
<MemmapSlice of length:16 writable>

>>> p = m[24:48]
>>>p
<MemmapSlice of length:24 writable>

NOTE: You cannot makeverlappingslices of a Memmap:

>>> g = m[20:28]
Traceback (most recent call last):

IndexError: Slice overlaps prior slice of same file.

Deletion of a slice is possible once all other references to it are forgotten, e.g. all arrays that used it have themselves
been deleted. Deletion of a slice of a Memmap "un-registers” the slice, making that region of the Memmap available
for reallocation. Delete directly from the Memmap without referring to the MemmapSilice:

>>> m = Memmap("memmap.tst",mode="w+",len=100)
>>> ml = m[0:50]

>>> del m[0:50] # note: delete from m, not ml
>>> m2 = m[0:70]

Note that since the region of m1 was deleted, there is no overlap when m2 is created. However, deleting the region of
m1 has invalidated it:

>>> ml
Traceback (most recent call last):

RuntimeError: A deleted MemmapSlice has been used.

Don’t mix operations on a Memmap which modify its data or file structure with slice deletions. In this case, the status
of the modifications is undefined; the underlying map may or may not reflect the modifications after the deletion.

21.4 Creating an array from a MemmapSlice

Arrays are created frollemmapSlice s simply by specifying the slice as tihaffer parameter of the array. Since
the slice is essentially just a byte string, it's necessary to specifyyfemf the binary data as well.

>>> a = num.NumArray(buffer=n, shape=(len(n)/4,), type=num.Int32)
>>> g[] = 0 # Since the initial contents of 'n’ are undefined.
>>> g += 1

array([1, 1, 1, 1], type=Int32)
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21.5 Resizing a MemmapSlice

Arrays based oiMemmapSlice objects are resizable. As soon as they're resized, slices become un-mapped or “free
floating”. Resizing a slice affects the parém¢mmap

>>> a.resize(6)
array([1, 1, 1, 1, 1, 1], type=Int32)

21.6 Forcing file updates and closing the Memmap

After doing slice resizes or inserting new slices, dalsh to synchronize the underlying map file with any free
floating slices. This explicit step is required to avoid implicitly shuffling huge amounts of file space foresemy
orinsert . After callingflush , all slices are once again memory mapped rather than free floating.

>>> m.flush()

A related concept is “syncing” which applies even to arrays which have not been resized. Since memory maps don't
guarantee when the underlying file will be updated with the values you have written to the magncalivhen you

want to be sure your changes are on disk. This is similar to syncing a UNIX file system. Nogyithatdoes not
consolidate the mapfile with any free floating slices (newly inserted or resized), it merely ensures that mapped slices
whose contents have been altered are written to disk.

>>> m.sync()

Now "a” and "b” are both memory mapped on "memmap.tst” again.

When you're done with the memory map and numarray, dake . close callsflush which will consolidate
resized or inserted slices as necessary.

>>> m.close()

It is an error to use "m” (or slices of m) any further after closing it.

21.7 numarray.memmap functions

open ( filename, mode="r+', len=Nong
open opens aMemmayobject on the filefilenamewith the specifiednode Available modevalues include
‘readonly’ ('r'), 'copyonwrite’ ('c’), readwrite’ (r+"), and 'write’ ("'w+’), all but the last of which have contents
defined by the file.

Neither mode '’ nor mode ’'c’ can affect the underlying map file. Readonly maps impose no requirement on
system swap space and raise exceptions when their contents are modified. Copy-on-write maps require system
swap space corresponding to their size, but have modifiable pages which become reassociated with system swap
as they are changed leaving the original map file unaltered. Insufficient swap space can prevent the creation of
a copy-on-write memory map. Modifications to readwrite memory maps are eventually reflected onto the map
file; see flushing and syncing.

close (map
close closes theMlemmapbject specified bynap
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21.8 Memmap methods

A Memmap object represents an entire mapped file and is sliced to create objects which can be used as array buffers.
It has these public methods:

close ()
close unites theMemmagand any RAM based slices with its underlying file and removes the mapping and all
references to its slices. Oncéd/eemmayhas been closed, all of its slices become unusable.

find ( string, offset=0
find(string, offset=0) returns the first index at which string is found, or -1 on failure.

>>> _open("memmap.tst”,"w+").write("this is a test")
>>> Memmap("memmap.tst",len=14).find("is")

2

>>> Memmap("memmap.tst”,len=14).find("is", 3)

5

>>> _open("memmap.tst","w+").write("x")

>>> Memmap("memmap.tst”,len=1).find("is")

-1

insert ( offset, size=None, buffer=Nohe
insert  places a new slice at the specifiefisetof the Memmap sizeindicates the length in bytes of the
inserted slice whebufferis not specified. Ibuffer is specified, it should refer to an existing memory object
created usingumarray.memory.new _memory andsize should not be specified.

flush ()
flush  writes aMemmaput to its associated file, reconciling any inserted or resized slices by backing them
directly on the map file rather than a system swap filtesh  only makes sense for write and readwrite memory
maps.

sync ()
sync forces slices which are backed on the map file to be immediately written to disk. Resized or newly
inserted slices are not affectexync only makes sense for write and readwrite memory maps.

21.9 MemmapSlice methods

A MemmapSlice object represents a subregion dflammagand has these public methods:

__buffer __()
Returns an object which supports the Python buffer protocol and represents this slice. The Python buffer protocol
enables a C function to obtain the pointer and size corresponding to the data region of the slice.

resize ( newsizg
resize expands or contracts this slice to the specifiedsize
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APPENDIX
A

Glossary

This chapter provides a glossary of teris.

array An array refers to the Python object type defined by the NumPy extensions to store and manipulate numbers
efficiently.

byteswapped

discontiguous

misaligned

misbehaved array A numarray which is byteswapped, misaligned, or discontiguous.

rank The rank of an array is the number of dimensions it has, or the number of integers in its shape tuple.

shape Array objects have an attribute called shape which is necessarily a tuple. An array with an empty tuple shape
is treated like a scalar (it holds one element).

ufunc A callable object which performs operations on all of the elements of its arguments, which can be lists, tuples,
or arrays. Many ufuncs are defined in the umath module.

universal function See ufunc.

1please let us know of any additions to this list which you feel would be helpful.
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