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Lecture 16 Highlights

I String matching: Arithmetization of strings.

I String matching: Karp–Rabin randomized algorithm.

I Deterministic finite automata (DFAs).

I String matching: A deterministic algorithm based on DFAs.
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Lecture 17, Plan

I Iterators.

I Lazy (delayed) evaluation.

I Infinite iterators.

I Examples: Merging sorted iterators.

I Digital images representation.
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Iterables

An iterable is an object capable of returning its members one at a
time. Examples of iterables include all sequence types (such as list,
str, and tuple), some non-sequence types like dict and file, and
objects of any user defined classes with an iter () or
getitem () method.

(see http://docs.python.org/dev/glossary.html#term-iterator)

range is a special iterable class.

>>> type(range(0, 10))

<class ’range’>

>>> range(0, 10)[0]

0
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Iterators
An iterator is an object representing a stream of data. Repeated calls
to the iterators next () method (or passing it to the built-in
function next()) return successive items in the stream. When no
more data is available, a StopIteration exception is raised instead. At
this point, the iterator object is “exhausted”, and any further calls to
its next () method just raise StopIteration exception again.

(see http://docs.python.org/dev/glossary.html#term-iterator)

>>> it=iter ([0,1,2])

>>> next(it)

0

>>> next(it)

1

>>> next(it)

2

>>> next(it)

Traceback (most recent call last):

File "<pyshell #26>", line 1, in <module >

next(it)

StopIteration
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Iterables and Iterators
An iterable object (such as a list, tuple, str, dict, range,
etc.) can be made into an iterator by calling the function iter. This
function does not modify the original iterable object. In fact, when
we loop over an iterable using for, an iterator is created first, and
then the items are called, one by one, using next().
>>> table={"benny":72,"rani":82,"raanan":92}

>>> next(table)

Traceback (most recent call last):

File "<pyshell #13>", line 1, in <module >

next(table)

TypeError: dict object is not an iterator

>>> it=iter(table)

>>> next(it)

’rani’

>>> next(it)

’benny’

>>> next(it)

’raanan ’

>>> next(it)

Traceback (most recent call last):

File "<pyshell #18>", line 1, in <module >

next(it)

StopIteration 6 / 33
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Iterables and Iterators, cont.

>>> table={"benny":72,"rani":82,"raanan":92}

>>> for key in table:

print(key)

rani

benny

raanan

As we see from this example, a dictionary (when transformed into an
iterator), returns the keys one by one. Files return the lines one by
one, etc.

We can turn an iterator into a list as well. This list will reflect the
current state of the iterator, not its original state.

>>> table={"benny":72,"rani":82,"raanan":92}

>>> it=iter(table)

>>> next(it)

’rani’

>>> list(it)

[’benny’, ’raanan ’]
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Iterables, Iterators, and Generators: Examples

>>> mylist =[x for x in range (10**8)]

>>> it1=iter(mylist)

>>> it2=(x for x in range (10**8))

>>> type(mylist)

<class ’list’>

>>> type(it1)

<class ’list_iterator ’>

>>> type(it2)

<class ’generator ’>

>>> # mylist

# typing this without the comment will clobber your screen

# and most likely will cause your Python shell to crash

>>> it1

<list_iterator object at 0x17027d0 >

>>> it2

<generator object <genexpr > at 0x1704f08 >
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Iterables, Iterators, and Generators, cont.

iter1 and iter2 were iterators representing the first 108 integers.
These integers can fit in just under 1GB RAM. But, can we have
iterators representing even more items?

>>> it3=(x for x in range (2**100))

>>> next(it3)

0

>>> next(it3)

1

An iterable with 2100 elements will not fit in Amazon, Google, and
NASA computers, even if taken togethers.

Iterators and generators represent streams, but produce only one
element at a time. Therefore, there is no problem representing a 2100

long stream!
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Generators for Infinite Streams

Iterators and generators represent streams, but produce only one
element at a time. Therefore, there is no problem representing a 2100

long stream.

In fact, there is no problem representing streams with countably
many elements. To do that, we will introduce generator functions.

So far, our functions contained no state, or memory. Successive calls
to the function with the same arguments produced the same results.
This is now going to be changed.

def natural ():

""" a generator for all natural numbers """

n=1

while True:

yield n

n+=1
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Generators for Infinite Streams, cont.
So far, our functions contained no state, or memory. Successive calls
to the function with the same arguments produced the same results.
This is now going to be changed.

def natural ():

""" a generator for all natural numbers """

n=1

while True:

yield n

n+=1

A function that contains a yield statement is termed a generator
function. When a generator function is called, the actual arguments
are bound to function–local formal argument names in the usual way,
but no code in the body of the function is executed. Instead, a
generator–iterator object is returned.
>>> natural ()

<generator object natural at 0x16f60d0 >

>>> Nat=natural ()

>>> Nat

<generator object natural at 0x16f60a8 >
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Generators, cont.
>>> Nat=natural ()

>>> Nat

<generator object natural at 0x16f60a8 >

Nat is a generator–iterator, so to get its “returned value”, which is
specified by the yield statement, we invoke next.

>>> next(Nat)

1

>>> next(Nat)

2

>>> [next(Nat) for i in range (10)]

[3, 4, 5, 6, 7, 8, 9, 10, 11, 12]

We see that Nat has a state, which is retained, unchanged, between
successive calls.
We can have additional instances of the same generator function.

>>> Nat2=natural ()

>>> next(Nat2)

1

>>> next(Nat)

13
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Lazy Evaluation

In programming language theory, lazy evaluation or call-by-need is an
evaluation strategy which delays the evaluation of an expression until
its value is actually required.

The “opposite” of lazy actions is eager evaluation, sometimes known
as strict evaluation. Eager evaluation is the evaluation behavior used
in most cases in most programming languages.

Python’s iterators and generators employ lazy evaluation. The next
item is evaluated only when it is required, by means of executing
next(). We remark that it would not be possible to handle finite but
very large iterators/generators, or infinite iterators/generators,
without the lazy evaluation mechanism.

Scheme (!) has a special syntax, enabling the delay and force of an
evaluation of an expression. These make the use of very large and of
infinite streams in Scheme possible.
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A Fibonacci Number Generator

def fib():

""" a generator for all Fibonacci numbers """

a, b = 0, 1

while True:

yield b

a, b = b, a+b

>>> Fib=fib()

>>> Fib

<generator object fib at 0x1704fa8 >

Again, Fib is a generator–iterator, so to get its “returned value”,
which is specified by the yield statement, we invoke next().

>>> next(Fib)

1

>>> next(Fib)

1

>>> next(Fib)

2

>>> [next(Fib) for i in range (10)]

[3, 5, 8, 13, 21, 34, 55, 89, 144, 233]
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Execution Specification

If a yield statement is encountered, the state of the function is frozen,
and the value of expression list is returned to the caller of next ().
By ”frozen” we mean that all local state is retained, including the
current bindings of local variables, the instruction pointer, and the
internal evaluation stack: enough information is saved so that the
next time next() is invoked, the function can proceed exactly as if
the yield statement were just another external call.

(see http://www.python.org/dev/peps/pep-0255/)

15 / 33
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Merging Sorted, Infinite Iterators

Suppose iter1 and iter2 are sorted iterators, and both are infinite.
We wish to produce a new sorted iterator which is the merge of both.

def merge(iter1 ,iter2):

""" on input iter1 , iter2 , two infinite orted iterators ,

produces the sorted merge of the two iterators """

left=next(iter1)

right=next(iter2)

while True:

if left <right:

yield left

left=next(iter1)

else:

yield right

right=next(iter2)

>>> Nat1=natural ()

>>> Nat2=natural ()

>>> Nat3=merge(Nat1 ,Nat2)
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Merging Sorted, Infinite Iterators: Execution

Again, Nat3 is a generator–iterator, so to get its “returned value”,
which is specified by the yield statement, we invoke next.

>>> next(Nat3)

1

>>> next(Nat3)

1

>>> next(Nat3)

2

>>> next(Nat3)

2

>>> [next(Nat3) for i in range (10)]

[3, 3, 4, 4, 5, 5, 6, 6, 7, 7]

17 / 33
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An Attempt to Merge Sorted, Finite Iterators
Should the iterators in merge really be infinite?
>>> Nat1=natural ()

>>> Nat2=(n-2 for n in range (3))

>>> Nat3=merge(Nat1 ,Nat2)

>>>

>>> next(Nat3)

-2

>>> next(Nat3)

-1

>>> next(Nat3)

0

>>> next(Nat3)

Traceback (most recent call last):

File "<pyshell #48>", line 1, in <module >

next(Nat3)

File "/Users/benny/Documents/InttroCS2011/Code/intro17/lecture17.py", line 30, in merge

right=next(iter2)

StopIteration

What went wrong is that the merged iterator was not yet exhausted,
yet one of the arguments to merge, Nat2 was exhausted. The
merging procedure still invoked next(iter2). This has caused a
StopIteration error.
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Handling Errors: try and except

Python provides an elaborate mechanism to handle run time errors.
For example, division by zero causes a ZeroDivisionError.

>>> 5/0

Traceback (most recent call last):

File "<pyshell #37>", line 1, in <module >

5/0

ZeroDivisionError: int division or modulo by zero

Such errors disrupt the flow of control in a program execution. We
may want to detect such error and allow the flow of control to
continue. This may not be so important in the small programs written
in this course, but becomes meaningful in large software projects.
Python enables such detection, using the keywords try and except.

def division(a,b):

try:

return a/b

except ZeroDivisionError:

print("division by zero")
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Handling Errors: try and except, cont.

def division(a,b):

try:

return a/b

except ZeroDivisionError:

print("division by zero")

Let us now apply this function in two different cases:

>>> division (5,6)

0.8333333333333334

>>> division (5,0)

division by zero

We will employ this error handling mechanism to enable merging any
non-empty sorted iterators, finite or infinite.

20 / 33
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Merging Any Non-Empty, Sorted Iterators
def merge3(iter1 ,iter2):

""" on input iter1 , iter2 , two non -empty sorted iterators , not

necessarily infinite , produces sorted merge of the two iterators """

left=next(iter1)

right=next(iter2)

while True:

if left <right:

yield(left)

try:

left=next(iter1)

except StopIteration: # iter1 is exhausted

yield(right)

remaining=iter2

break

else:

yield(right)

try:

right=next(iter2)

except StopIteration: # iter2 is exhausted

yield(left)

remaining=iter1

break

for elem in remaining:

yield(elem) 21 / 33
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Merge3: Examples of Executions
>>> iter1=(x**2 for x in range (4))

>>> iter2=natural ()

>>> merged=merge3(iter1 ,iter2)

>>> [next(merged) for i in range (14)]

[0, 1, 1, 2, 3, 4, 4, 5, 6, 7, 8, 9, 9, 10]

>>> iter1=(x**2 for x in range (5))

>>> iter2=(x**3 for x in range (6))

>>> merged=merge3(iter1 ,iter2)

>>> [next(merged) for i in range (11)]

[0, 0, 1, 1, 4, 8, 9, 16, 27, 64, 125]

Finally, lets see what happens when the original iterators/generators
are not sorted.
>>> iter1 =(( -1)**x*x**2 for x in range (5))

>>> iter2=(x**3 for x in range (6))

>>> merged=merge3(iter1 ,iter2)

>>> [next(merged) for i in range (11)]

[0, 0, -1, 1, 4, -9, 8, 16, 27, 64, 125]

# garbage in, garbage out
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Digital Images Representation

23 / 33
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Digital Images Representation

Any guesses as to what this image is (or is part of)?

[100 112 88 ..., 134 145 166]

[ 80 132 134 ..., 130 184 158]

[ 44 51 56 ..., 132 122 9]

...,

[ 14 17 15 ..., 206 204 184]

[ 21 11 12 ..., 203 176 185]

[ 24 13 16 ..., 200 180 182]
24 / 33
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Brief Early Context

In the early days of personal computers, say in the early 1980s,
processors were relatively slow and quite expensive. Memory was
even more expensive in relative terms.

Early e-mail (1970s to early 1980s) messages were plain ascii texts.

The situation is reflected by the following saying, often attributed
(apparently incorrectly) to Bill Gates, in 1981:
“640KB ought to be enough for anybody”.

This was supposedly said when talking about IBM PC’s 640KB RAM,
which was a significant breakthrough over the previous 8-bit systems
that were typically limited to 64KB RAM.

25 / 33
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A Brief Context, 30 Years Later

With the proliferation of strong, inexpensive processors, larger and
faster RAMs, and especially of large, non-volatile memory chips (e.g.
flash memory, commercialized from mid 1990s) it became possible to
efficiently store, process, and transmit large digital images.

Facebook has stored 60 billion photos by the end of 2010. This
number is expected to become 100 billion by summer 2011.
(Consequently, it was called “the biggest image junk yard”.)

By way of comparison, Photobucket stored 8 billion photos by 2010
end, Picasa 7 billion, and Flickr 5 billion. (source: this web page.)

26 / 33
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Basic Model of a Digital Image
A digital image is typically encoded as a k-by-` rectangle (matrix),
M , of either grey level or color values. For videos (movies), there is a
third dimension, “time”. For each point t sampled in time, the frame
at time t is nothing but a “regular” image.

Each element M [x, y] of the image is called a pixel, shorthand for
picture element. For grey level images, M [x, y] is a non negative real
number, representing the light intensity at the pixel. For standard
(RGB) color images, M [x, y] is a triplet of values, representing the
red, green, and blue components of the light intensity at the pixel.

(images from Wikipedia) 27 / 33
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Grey Level Images

For the sake of simplicity, the remaining of this presentation will deal
with greyscale images only. However, what we will do is applicable to
color images as well.

To enable representation on bounded precision, digital devices, real
numbers expressing grey levels have to be discretized.

A good quality photograph (that is, good by human visual inspection)
has about 256 grey level values (8 bits), where 0 represents black,
and 255 represents white (not very intuitive, I agree :-).

We remark that in some applications, such as medical imaging, 4096
grey levels (12 bit) are used.

28 / 33
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The Numpy and PIL Packages

To enable the manipulations and display of images, our life will
become substantially easier by employing the numpy and PIL

packages of Python.

Numpy is the fundamental package needed for scientific computing
with Python. It contains, among other things, a powerful
N-dimensional array object (which Python does not have).

PIL is Python Imaging Library. It provides image processing
functionality and supports many file formats.

The two packages are not a part of Python’s standard distribution.
Official versions for Python 3.x are not available yet. However,
unofficial versions are available, and can be downloaded from this
web page. Make sure you download the version for the correct
operating system, 32/64 bits, and Python’s version.
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Grey Level Images - Example

import numpy

from PIL import Image

Albert0 = Image.open("albert1951.jpg")

print ( Albert0.size , Albert0.mode)

Albert=Albert0.convert("L")

print ( Albert.size , Albert.mode)

A=numpy.asarray(Albert)

T=A[250:310 ,120:170]. copy()

# a slice of the original

Tongue=Image.fromarray(numpy.uint8(T))

Tongue.show()

Albert.show()
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A Grey Level Image and a 60-by-50 Slice Thereof

31 / 33
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Tinkering with a Real Image: Examples
(this is applicable to any grey level image whose dimensions are at
least 512-by-512.)

import numpy

from PIL import Image

im0 = Image.open("lena_original.jpg")

Lena=im0.convert("L") # converts to 8 bit black and white

print (Lena.size , Lena.mode)

A= numpy.asarray(Lena)

B= numpy.asarray(Lena)

C= numpy.asarray(Lena)

A.setflags(write =1) # makes A writeable

B.setflags(write =1) # makes B writeable

C.setflags(write =1) # makes C writeable

for i in range (100):

for j in range (100):

B[i,j]=0

LenaB=Image.fromarray(numpy.uint8(B))

# black square at upper left corner
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Tinkering with a Real Image: Examples, cont.

for i in range (100):

for j in range (100):

C[i,j]=0

for i in range (200 ,300):

for j in range (200 ,300):

C[i,j]=128

for i in range (412 ,512):

for j in range (412 ,512):

C[i,j]=255

LenaBGW = Image.fromarray(numpy.uint8(C))

# black square at upper left corner

# grey square at middle

# white square at lower right corner

LenaBGW.show()

LenaB.show()

Lena.show()
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