
P
rogram

C
orrectness

�

A
program

is
correctifitcom

piles
w

ithouterrors
and

w
hen

executed
produces

outputthatsatisfies
the

specification
for

the
program

.

�

C
orrectness

is
m

ore
im

por
tant

than
efficienc

y
(or

anything
else)

�

Levels
ofC

orrectness:

1.
N

o
syntax

errors

2.
N

o
sem

antic
errors

3.
T

here
exists

som
e

testdata
for

w
hich

program
gives

a
correctansw

er

4.
P

rogram
gives

correctansw
er

for
reasonable

or
random

testdata

5.
P

rogram
gives

correctansw
er

for
difficulttestdata

6.
F

or
alllegalinputdata

the
program

gives
the

correctansw
er

7.
F

or
alllegalinputand

alllikely
erroneous

inputthe
program

gives
a

corrector

reasonable
answ

er

8.
F

or
allinputthe

program
gives

a
corrector

reasonable
answ

er
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R
eading

A
ssignm

ent

S
u

p
p

le
m

e
n

ta
ry

re
a

d
in

g

S
.

M
cC

o
n

n
e

ll
C

h
a

p
te

r
2

6
,

2
5
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S
oftw

are
D

ebug
ging

and
Testing

�

D
ebugging

is
the

process
offinding

errors
in

a
program

under
developm

ent

thatis
notthoughtto

be
correct

�

Testing
is

the
process

ofattem
pting

to
find

errors
in

a
program

thatis
thought

to
be

correct.
Testing

attem
pts

to
establish

thata
program

satisfies
its

S
pecification �

�

E
xhaustive

testing
is

notpossible
for

realprogram
s

due
to

com
binatorial

explosion
ofpossible

testcases.
A

m
ountoftesting

perform
ed

m
ustbe

balanced
againstthe

costofundiscovered
errors

�

R
egression

Testing
is

used
to

com
pare

a
m

odified
version

ofa
program

againsta
previous

version

�

Testing
can

estab
lish

the
presence

of
errors

but
cannot

guarantee
their

absence
(E

.W
.

D
ijkstra)
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C
S

C
181F

Lecture
N

otes

T
hese

lecture
notes

are
provided

for
the

personaluse
of

students
taking

C
S

C
181F

in
the

Fallterm
1999/2000

atthe

U
niversity

ofToronto

C
opying

for
purposes

other
than

this
use

and
allform

s
of

distribution
are

expressly
prohibited.

c�

D
avid

B
.W

ortm
an,1995,1996,1998,1999

c�

H
iroshiH

ayashi,1997
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Testing
B

ased
on

the
S

ource
P

rogram

�

B
asic

P
ath

Testing
-

design
testcases

to
guarantee

thatevery
path

through

the
program

is
executed

atleastonce

(i.e
both

branches
ofevery

if
,every

loop,allfunction
calls)

D
erive

testcases
from

exam
ination

ofthe
program

�
C

ondition
Testing

-
design

testcases
to

testallpossible
outcom

es
for

each

condition
(B

oolean
expression)

in
the

program
.

�
B

ranch
testing

-
design

testcases
to

cause
each

condition
in

an
if

to
evaluate

to
true

and
false.

Testevery
case

and
defaultin

each
sw

itc
h

statem
ent.

153

Testing
&

B
ad

A
ttitude

�

T
he

goalin
testing

softw
are

is
to

find
as

m
any

errors
as

possible
in

the

program
under

testw
ith

the
leasteffortexpended

�

Testing
efficiency

is
m

easured
in

the
num

ber
oferrors

discovered
per

hour
of

testing

�

W
hen

testing
your

attitude
should

be

W
hat

is
the

absolutely
w

orst
thing

Ican
do

to
the

program
?

and
not

W
hatcan

Ido
to

m
ake

this
program

look
good?

�

Testcase
selection

is
one

key
factor

in
successfultesting

�

Insightand
im

agination
are

essentialin
the

design
ofgood

testcases

151

S
ources

for
Test

C
ases

�

R
equirem

ents
and

S
pecification

for
the

program

�

G
eneralknow

ledge
aboutthe

application
area

�

P
rogram

design
and

user
docum

entation

�

S
pecific

know
ledge

ofthe
program

source
code

(W
hite

B
ox

Testing)

�

S
pecific

know
ledge

ofthe
program

m
ing

language
and

im
plem

entation

techniques

�

Testatand
near

(inside
and

outside)
the

boundaries
ofthe

program
s

applicability

�

Testw
ith

random
data

�

Testfor
response

to
probable

errors
(e.g.

invalid
inputdata)

�

T
hink

nasty
w

hen
designing

test
cases.

Try
to

destroy
the

program
w

ith
your

test
data

152

Testing
S

trategy

�

Try
sim

ple
cases

first

so
you

can
hand

com
pute

answ
er

�

Try
boundary

conditions
&

specialcases

�

Try
reasonable

&
random

input

�

Try
inputcontaining

errors

�

Try
really

hard
input

�

B
e

really
cruel

W
hatis

the
w

orstthing
you

can
do

to
the

program
?

�

Try
to

testallparts
ofthe

program

150



Test
D

ata
for

S
earch

E
ach

ofthese
tests

is
designed

to
catch

a
specific

kind
oferror.

A
rray

w
ith

zero
elem

ents

A
rray

w
ith

one
elem

ent

valin,notin
below

,notin
above

A
rray

w
ith

random
even

size

valnotin,in
random

,in
first,in

last,in
m

iddle�

1

A
rray

w
ith

random
odd

size

valnotin,in
random

,in
first,in

last,in
m

iddle,in
m

iddle�

1

A
rray

w
ith

tw
o

elem
ents

valnotin
below

,notin
above,in

first,in
last

A
rrays

containing
ordered,reverse

ordered
and

unordered
data

A
rray

random
size

containing
allone

value,equal,notequalto
val

A
rray

ofm
axim

um
allow

able
size

A
rray

w
ith

upper
bound

oflargestallow
able

integer

A
rray

containing
largestand

sm
allestintegers
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Testing
E

xam
ple

-
Q

uadratic
P

rogram

�

E
asy

quadratics
w

ith
tw

o
realroots

�

E
asy

quadratics
w

ith
com

plex
roots

�

D
egenerate

cases,a,b
and/or

c
=

0.0

�

H
ard

quadratics

very
large

or
very

sm
allcoefficients

� ���	

�� �� � ���	



�

=
�

or
� �
�
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Testing
-

E
xam

ple

P
rogram

S
earch

an
array

for
a

given
value

int
S

earch(
int

A
r[

]
,const

int
A

rS
ize

,const
int

val)

S
pecification

ifvalis
an

elem
entofthe

array
A

r
then

S
earch

returns
its

index
in

A
r.

O
therw

ise
S

earch
returns

-1
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�
D

efinition-U
se

Testing
-

design
tests

to
link

definition
(i.e.

value
assignm

ent)

and
use

ofvariables
in

the
program

Try
to

execute
every

definition-use
chain

atleastonce

�

S
im

ple
Loop

Testing
-

design
testcases

to
exercise

every
loop

in
the

program

–
Loop

notexecuted
atall-

tests
code

after
loop

for
correcthandling

ofnullcase

–
Loop

executed
once

-
tests

initialization
and

exitcondition

–
Loop

executed
tw

ice
-

tests
passing

ofvalues
betw

een
iterations

–
Loop

executed
random

legalnum
ber

oftim
es

–
Loop

executed
one

less
than

allow
able

m
axim

um

–
Loop

executed
exactly

allow
able

m
axim

um

–
Loop

executed
one

m
ore

than
allow

able
m

axim
um
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H
ow

to
inspect

P
rogram

s �

�

C
heck

thatevery
variable

w
ill

alw
ays

have
a

value
before

itis
used.

�

C
heck

allexpressions
to

m
ake

sure
the

correctvalue
is

being
com

puted.

C
heck

thatallsubscriptexpressions
w

illbe
valid.

�

C
heck

conditions
in

allif
statem

ents

D
o

they
partition

betw
een

the
true

and
false

cases
correctly?

A
re

allpossibilities
covered?

C
heck

cases
in

sw
itc

h
statem

ents.

�
C

heck
allfor

,w
hile

and
do

statem
ents

Is
the

exitcondition
correctly

specified?

B
ew

are
ofoff-by-one

errors

�

C
heck

allfunction
calls

for
the

correcttype
and

order
ofparam

eters.

�

Learn
from

your
m

istakes!
Ifyou

consistently
m

ake
one

kind
oferror,inspectextra

hard
for

thaterror.

�

B
.W

.K
ernighan

and
P.J.P

lauger,E
lem

ents
ofP

rogram
m

ing
S

tyle,M
cG

raw
-H

ill,1978

161

�

E
lim

inating
unitialized

variable
errors

by
Inspection

is
m

uch
m

ore
effective

than
tracing

and
debugging

a
running

program
.

�

A
teach

place
w

here
a

variable
is

used
in

a
program

itshould
be

possible
to

give
an

(inform
al)

argum
entthatthe

variable
alw

ays
has

a
value.

�

Ifyou
can’tm

ake
the

argum
entthen

you
have

–
an

E
R

R
O

R
in

your
program

(
99.36%

probability).

–
a

rare
pathologicalcase

thatneeds
a

specialcom
m

ent.

�

E
xam

ple:

flo
a

t
su

m
,

A
[

A
S

IZ
E

];

in
t

K
;

/*
A

ssu
m

e
A

is
g

ive
n

a
va

lu
e

h
e

re
*/

fo
r(

K
=

0
;

K
<

A
S

IZ
E

;
K

+
+

)

su
m

+
=

A
[K

]
;
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P
rogram

Inspection
to

Im
prove

Q
uality

�

P
rogram

inspection
is

the
process

ofexam
ining

a
program

in
fine

detailto
find

errors.

�

M
uc

h
m

ore
effective

in
term

s
of

program
m

er
effort

than
testing.

�

R
ead

through
the

program
a

few
(<

=
3

)
lines

ata
tim

e.
Try

to
describe

in

w
ords

exactly
w

hatthe
lines

do.

�

P
rogram

inspection
w

as
pioneered

by
B

ellN
orthern

R
esearch.

Itis
w

idely

used
in

industry
by

realprogram
m

ers
since

it’s
by

far
the

m
ostcostand

tim
e

effective
w

ay
to

find
errors

in
program

s.

�

W
ith

carefulinspection
itis

possible
to

w
rite

program
s

thatw
ill:

–
com

pile
w

ithouterrors
the

firsttim
e

they
are

com
piled

–
run

w
ithouterrors

the
firsttim

e
they

are
executed

160

U
ninitializ

ed
V

ariab
le

E
rrors

�

A
n

uninitialized
variable

error
occurs

w
hen

the
value

ofa
variable

is
used

(e.g.
the

variable
occurs

in
an

expression)before
a

value
has

been
assigned

to
the

variable.

�

E
xceptfor

som
e

rare
pathologicalcases,itis

an
E

R
R

O
R

to
use

a
variable

before
it

has
a

value.
G

A
R

B
A

G
E

IN
im

plies
G

A
R

B
A

G
E

O
U

T.

�

A
ny

incorrectprogram
behavior

m
ay

be
a

sym
ptom

ofan
uninitialiazed

variable
error.

�

U
ninitialized

variable
errors

are
often

vary
hard

to
find.

–
S

ym
ptom

s
m

ay
vary

from
one

run
to

another.
D

ifferentG
arbage.

–
H

eisenbug
E

ffect–
adding

debugging
code

m
ay

change
or

obscure
the

error.

–
T

he
program

”looks”
O

K
.U

nitialized
variable

errors
are

hard
to

see.

158



T
he

Integ
er

Types

type-nam
e

S
ize

R
ange

ofV
alues

unsigned
char

8
bits

�

..

� ���

signed
char

8
bits

�� �

..

� ���

short
16

bits

�� ��

..

� ����

short
int

16
bits

�� ��

..

� ����

unsigned
short

16
bits

�

..

� ����

int
32

bits

�� � �

..

� � ���

signed
32

bits

�� � �

..

� � ���

unsigned
int

32
bits

�

..

� � ���

unsigned
32

bits

�

..

� � ���

long
32

bits

�� � �

..

� � ���

long
int

32
bits

�� � �

..

� � ���

unsigned
long

32
bits

�

..

� � ���
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R
eading

A
ssignm

ent

K
.N

.
K

in
g

S
e

ctio
n

s
7

.1
,

7
.2

,
7

.5

S
e

ctio
n

s
1

6
.5

,
2

0
.1

1
8

.2
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S
om

e
M

ore
D

etails
about

C

�

A
llaboutInteger

Types

�

F
loatand

D
ouble

Types

�

E
xplicitType

C
onversion

(casting)

�

E
num

erations

�

B
itw

ise
O

perators

�

S
torage

C
lasses
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Program Inspection Example

/* Read in year and day, output month, day, year. */

const char * monthName[13] = /* monthName[0] unused */�
””, ”January”, ”February”, ”March”, ”April”, ”May”, ”June”,

”July”, ”August”, ”September”, ”October”, ”November”, ”December” � ;

shor t monthLength[13] = /* monthLength[0] unused */�
0, 31, 28, 31, 30, 31, 30, 31, 31, 30, 31, 30, 31 � ;

int year, dayInYear, preceedingDays, month ;

while ( true )
�

/* Infinite loop to read then output dates */

while ( true )
�

/* Process one correct input */

printf (”Enter year and number of day in year\ n” ) ;

if ( scanf (”%d%d”, & year, & day ) == 2 )

if ( 1900 <= year &&year <= 3000 &&dayInYear >= 1 )

if ( year % 4 == 0 )
�

monthLength[2] = 29 ;

if ( dayInYear <= 366 )

break ;� else
�

monthLength[2] = 28 ;

if ( dayInYear <= 365 )

break ;��
precedingDays = 0 ;

while ( dayInYear � precedingDays + monthLength[month] )
�

precedingDays = precedingDays + monthLength[month] ;

month++ ;�
printf ( ”The Date is %s %d , %d \\ n” ,

monthName[month], daysInYear - precedingDays, , year�
162



H
O

W
TO

U
se

E
n

um
erations

�

E
num

erations
are

a
m

echanism
thatallow

s
you

to
declare

a
setofrelated

sym
bolic

nam
es

in
cases

w
hen

you
don’tcare

aboutthe
internal

representation.

�

U
se

enum
erations

to
representthe

state
ofvariables

thattake
on

a
sm

all

num
ber

ofvalues.
T

he
sym

bolic
nam

es
m

ake
the

program
easier

to
read.

�
T

he
sam

e
effectcould

be
achieved

using
#define

buten
um

is
m

ore
elegant

and
m

akes
the

program
easier

to
read.

�
A

lm
ostallenum

eration
declarations

should
have

an
enum

eraton
tag

(unless

they
appear

in
a

typedef
declaration.

�

E
xam

ples:

en
um

directions�
south,southW

est,w
est,northW

est,

north,northE
ast,east,southE

ast�

;
en

um
S

topLight�
green,flashingG

reen,yellow
,red�

;
typedef

en
um�

C
lubs,D

iam
onds,H

earts,S
pades�

S
uit;
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C
asting

-
E

xplicit
Type

C
on

version

(
typeN

am
e

)
expression

E
xplicittype

conversion
forces

expression
to

be
treated

as
ifitw

ere
the

type

specified
by

typeN
am

e

E
ffectas

ifexpression
w

as
assigned

to
a

variable
oftype

typeN
am

e

E
xam

ples:

int
I;

float
X

;
...I=

(
int

)
X

;

X
=

(
float

)
I;
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E
n

um
erations

en
um

enum
Tag�

identifierList� ;

�

T
he

en
um

declaration
specifies

a
listofsym

bolic
nam

es
(the

identifierList
)

�

T
he

optionalenum
Tag

is
an

identifier
w

hich
provides

a
nam

e
for

the

enum
eration

type.

�

U
sually

the
com

piler
assigns

an
internalrepresentation

to
the

identifiers
in

the

list.
T

he
program

m
er

can
specify

the
values

used
by

including
assignm

ents
in

the
identifier

listas
in

en
um

N
um

bers�

tw
o

=
2

,three,four,eight=
8,nine�

;
T

he
defaultrepresentation

starts
atzero

and
gives

each
identifier

a
value

one

greater
than

the
identifier

thatprecedes
it.
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F
loat

and
D

oub
le

type-nam
e

S
ize

R
ange

ofV
alues

(  

)
P

recision

float
32

bits

�!�" #
�� $��

..

% !�� #
�� ��

6
digits

doub
le

64
bits

�!�� #
�� $�&�

..�!"' #
�� �&�

15
digits

long
doub

le
80/128

bits
varies

varies

�

float
and

doub
le

constants
are

w
ritten

in
form

ofscientific
notation.

T
he

constantconsists
ofa

m
antissa

follow
ed

by
an

optionalexponentpart.

A
floator

double
constantm

ustcontain
a

decim
alpointor

an
exponentpartto

distinguish
itfrom

an
integer

constant.

�

T
he

m
antissa

is
a

sequence
ofdecim

aldigits.
T

he
m

anitssa
m

ay
optionally

include

one
decim

alpoint.
E

xam
ple

m
antissas:

0.1
.23

45.
678.9

�

T
he

optionalexponentpartconsists
ofan

upper
or

low
er

case
letter

E
follow

ed
by

an

optionalsign
and

one
or

m
ore

exponentdigits.
E

xam
ples:

E
12

E
-4

E
+

145
e-67

e89

�

C
onstants

are
represented

internally
as

type
double

unless
they

are
follow

ed
by

the

letter
F

(float)
or

L
(long

double).

�

E
xam

ples:
.0123

12.34
1234.

123.456e+
7

123.456E
-12F
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H
O

W
TO

U
se

B
itw

ise
O

perators

�

B
itw

ise
operators

can
be

used
for

severalpurpose

–
To

pack
data

into
less

space
and

to
extractpacked

data.

–
To

access
packed

inform
ation

in
hardw

are
registers.

–
To

em
ulate

higher
leveldata

structures,e.g.
sets

�
B

itw
ise

operations
should

not
be

used
ifthey

m
ake

the
program

hard
to

understand

and
there

is
a

sim
pler

alternative.

To
use

bitw
ise

operators
you

need
to

understand
how

inform
ation

is
represented

internally
in

the
com

puter.
S

ee
previous

slide.

�

Itis
usually

slow
er

to
access

packed
inform

ation
so

packing
should

only
be

used
w

hen

the
space

saving
is

really
im

portant.

�

T
he

&
operator

can
be

used
to

extractinform
ation

and
to

create
a

hole
to

put

inform
ation

into.
T

he
|

operator
can

be
used

to
insertinform

ation
into

a
large

item
.

173

B
itw

ise
O

perators
D

efintions

A
B

˜
A

A
|

B
A

&
B

A
ˆ

B

0
0

1
0

0
0

0
1

1
1

0
1

1
0

0
1

0
1

1
1

0
1

1
0

A
A

>
>

1
A

>
>

2
A

<
<

1
A

<
<

2

11010
01101

00110
110100

1101000

00101
00010

00001
001010

0010100
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B
itw

ise
O

perator
E

xam
ples

u
n

sig
n

e
d

sh
o

rt
A

,
B

,
C

,
D

;
/*

1
6

-b
it

va
ria

b
le

s
*/

/*
V

a
lu

e
in

B
in

a
ry

(b
a

se
2

)
*/

A
=

0
3

5
6

7
;

/*
0

0
0

0
0

1
1

1
0

1
1

1
0

1
1

1
*/

B
=

2
5

5
;

/*
0

0
0

0
0

0
0

0
1

1
1

1
1

1
1

1
*/

C
=

0
x3

5
A

F
;

/*
0

0
1

1
0

1
0

1
1

0
1

0
1

1
1

1
*/

D
=

˜
C

;
/*

1
1

0
0

1
0

1
0

0
1

0
1

0
0

0
0

*/

D
=

B
&

C
;

/*
0

0
0

0
0

0
0

0
1

0
1

0
1

1
1

1
*/

D
=

˜
B

&
C

;
/*

0
0

1
1

0
1

0
1

0
0

0
0

0
0

0
0

*/

D
=

A
|

C
;

/*
0

0
1

1
0

1
1

1
1

1
1

1
1

1
1

1
*/

D
=

A
ˆ

C
;

/*
0

0
1

1
0

0
1

0
1

0
1

1
1

0
0

0
*/

D
=

B
<

<
3

;
/*

0
0

0
0

0
1

1
1

1
1

1
1

1
0

0
0

*/

D
=

C
>

>
7

;
/*

0
0

0
0

0
0

0
0

0
1

1
0

1
0

1
1

*/
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B
itw

ise
O

perators

&
B

itw
ise

and

|
B

itw
ise

or

˜
B

itw
ise

not

ˆ
B

itw
ise

exclusive
or

<
<

Leftshiftn
bits

>
>

R
ightshiftn

bits

B
itw

ise
operations

are
used

to
m

anipulate
the

pattern
ofbits

in
an

expression,e.g

extracting
or

com
bining

inform
ation.

W
A

R
N

IN
G

:
B

E
C

A
R

E
F

U
L,

don’t
confuse

&
and

&
&

,
|

and
||

,
˜

and
!

A
&

B
could

be
zero

(false
)

even
if

A
and

B
are

non-z
ero

(true
).
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S
tora

g
e

C
lasses

�

A
storage

class
is

associated
w

ith
every

declared
object.

T
his

storage
class

determ
ines

the
extent(lifetim

e)
ofthe

storage
associated

w
ith

the
object.

In
som

e
cases

the
storage

class
also

affects
the

visibility
ofthe

object.

�
T

he
storage

classes
in

C

auto
locally

created
storage

this
is

the
default

static
for

variables
indicates

statically
created

perm
anentstorage

also
restricts

visibility
to

file
ofdeclaration

extern
static

extern
butnam

e
is

visible
outside

file
ofdeclaration

register
hintto

com
piler

to
store

variable
in

a
hardw

are
register

E
xam

plesstatic
doub

le
R

andom
S

eed
=

123456.789
;

register
int

I,
K

;
extern

long
sharedD

ata
;
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/*
E

xtra
ct

D
fro

m
x

a
n

d
sto

re
in

d
tm

p
*/

d
tm

p
=

(
x

&
D

M
A

S
K

)
>

>
D

S
H

IF
T

;

----------------
---

--
--

---
--

---
--

---
--

--
---

--
---

--
--

---
--

---
--

---
--

--

1
1

0
0

1
0

1
0

1
1

1
0

0
0

0
1

1
1

0
1

1
0

1
1

0
1

1
1

0
1

0
1

x

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
1

1
1

1
1

0
0

0
0

0
0

0
0

0
0

D
M

A
S

K

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
1

0
1

1
0

0
0

0
0

0
0

0
0

0
0

x
&

D
M

A
S

K

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
1

0
1

1
0

(
x

&
D

M
A

S
K

)
>

>
D

S
H

IF
T

/*
E

xtra
ct

D
u

sin
g

o
n

ly
sh

ift
o

p
e

ra
to

rs
*/

d
tm

p
=

(
(

x
<

<
5

+
5

+
5

+
2

)
>

>
3

2
-5

)
;

----------------
---

--
--

---
--

---
--

---
--

--
---

--
---

--
--

---
--

---
--

---
--

--

1
1

0
0

1
0

1
0

1
1

1
0

0
0

0
1

1
1

0
1

1
0

1
1

0
1

1
1

0
1

0
1

x

1
0

1
1

0
1

1
0

1
1

1
0

1
0

1
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

x
<

<
1

7

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
1

0
1

1
0

(
x

<
<

1
7

)
>

>
2

7
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/*
In

se
rt

n
e

w
D

va
lu

e
(d

tm
p

1
)

in
to

x,
trim

to
fit.

*/

x
=

(
x

&
˜D

M
A

S
K

)
|

(
(

d
tm

p
1

&
F

IV
E

B
IT

S
)

<
<

D
S

H
IF

T
)

;

----------------
---

--
--

---
--

---
--

---
--

--
---

--
---

--
--

---
--

---
--

---
--

--

1
1

0
0

1
0

1
0

1
1

1
0

0
0

0
1

1
1

0
1

1
0

1
1

0
1

1
1

0
1

0
1

x

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
0

0
0

0
0

1
1

1
1

1
1

1
1

1
1

˜
D

M
A

S
K

1
1

0
0

1
0

1
0

1
1

1
0

0
0

0
1

1
0

0
0

0
0

1
1

0
1

1
1

0
1

0
1

(
x

&
˜D

M
A

S
K

)

0
0

0
0

0
0

0
0

0
0

1
1

0
1

0
1

d
tm

p
1

0
0

0
0

0
0

0
0

0
0

0
1

1
1

1
1

F
IV

E
B

IT
S

0
0

0
0

0
0

0
0

0
0

0
1

0
1

0
1

(
d

tm
p

1
&

F
IV

E
B

IT
S

)

0
1

0
1

0
1

0
0

0
0

0
0

0
0

0
0

(
d

tm
p

1
&

F
IV

E
B

IT
S

)

<
<

D
S

H
IF

T

1
1

0
0

1
0

1
0

1
1

1
0

0
0

0
1

1
1

0
1

0
1

1
1

0
1

1
1

0
1

0
1

(
x

&
˜D

M
A

S
K

)
|

(
(

d
tm

p
1

&
F

IV
E

B
IT

S
)

<
<

D
S

H
IF

T
)
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D
ata

P
acking

E
xam

ple

A
ssum

e
thatsix

5-bitintegers
(values

0
..

31
)

are
to

be
packed

in
a

32-bit

unsigned
variable.

T
he

six
subfields

are
called

A
,B

,C
,D

,E
,F

.

T
his

exam
ple

show
s

how
to

access
one

field
(

D
)

ofthe
packed

inform
ation.

#
d

e
fin

e
D

M
A

S
K

(
0

x0
0

0
0

7
C

0
0

)
/*

0
..0

1
1

1
1

1
0

0
0

0
0

0
0

0
0

0
*/

#
d

e
fin

e
F

IV
E

B
IT

S
(

0
x1

F
)

/*
0

..
0

1
1

1
1

1
*/

#
d

e
fin

e
D

S
H

IF
T

(
1

0
)

/*
#

b
its

to
th

e
rig

h
t

o
f

D
*/

u
n

sig
n

e
d

x
;

/*
V

a
ria

b
le

co
n

ta
in

in
g

A
,B

,C
,D

,E
,F

*/

sh
o

rt
d

tm
p

,
d

tm
p

1
;

/*
V

a
ria

b
le

to
h

o
ld

D
*/

x
=

0
xC

A
E

1
D

B
7

5
;

d
tm

p
1

=
0

x3
5

;
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S
im

ple
E

xam
ple

-
Factorial

�

T
he

factorialfunction
is

a
very

sim
ple

exam
ple

ofa
function

thatcan
be

com
puted

using
recursion.

�

M
athem

aticalD
efinition

()
*

+,- �

if( *�

( #
. ( ��/ )

otherw
ise

�
K

ey
insights

�)
is

really
easy

to
com

pute

if (
0 �

then ( ��

approaches �

in
the

lim
it

()

can
be

defined
in

term
s

of. ( ��/ )
181

R
ecursion

�

E
xtrem

ely
im

por
tant

program
m

ing
technique

�

B
ased

on

D
ivide

and
C

onquer

Induction

�

T
hink

ofrecursion
w

hen
a

problem
involves

em
bedded

instances
ofitself

�

You
should

becom
e

proficient
in

using
recursion

as
a

prob
lem

solving

tec
hnique

179

W
hy

R
ecursion

?

�

R
ecursive

solutions
are

frequently
sim

pler
than

non-recursive
solutions

�

R
ecursive

program
s

are
easier

to
m

ake
correct

�

U
se

ofrecursion
often

leads
to

sim
pler,m

ore
elegantalgorithm

s

�

R
ecursion

divides
a

large
problem

into
sm

aller,easier
to

solve
pieces

180

R
eading

A
ssignm

ent

K
.N

.
K

in
g

S
e

ctio
n

9
.6

S
u

p
p

le
m

e
n

ta
ry

re
a

d
in

g

S
.

M
cC

o
n

n
e

ll
C

h
a

p
te

r
1

6

A
lso

R
e

co
m

m
e

n
d

e
d

E
.

R
o

b
e

rts,
T

h
in

kin
g

R
e

cu
rsive

ly

S
H

O
R

T
-T

E
R

M
L

O
A

N
-

E
N

G
IN

E
E

R
IN

G
L

IB
R

A
R

Y

E
.

R
o

b
e

rts,
P

ro
g

ra
m

m
in

g
A

b
stra

ctio
n

s
in

C

C
h

a
p

te
rs

4
,

5
,

6

S
H

O
R

T
-T

E
R

M
L

O
A

N
-

E
N

G
IN

E
E

R
IN

G
L

IB
R

A
R

Y
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T
he

Tow
ers

of
H

anoi
P

rob
lem

In
the

greattem
ple

atB
enares

beneath
the

dom
e

w
hich

m
arks

the
center

ofthe

w
orld,rests

a
brass

plate
in

w
hich

are
fixed

three
diam

ond
needles

each
a

cubit

high
and

as
thick

as
the

body
ofa

bee.
O

n
one

ofthese
needles

atthe
creation,

G
od

placed
64

disks
ofpure

gold,the
largestdisk

on
the

brass
plate

and
the

others
getting

sm
aller

and
sm

aller
up

to
the

top
one.

T
his

is
the

Tow
er

ofB
rahm

a.

D
ay

and
N

ightunceasingly,the
priests

transfer
the

disks
from

one
diam

ond

needle
to

another
according

to
the

fixed
and

im
m

utable
law

s
ofB

rahm
a,w

hich

require
thatthe

prieston
duty

m
ustnotm

ove
m

ore
than

one
disk

ata
tim

e
and

thathe
m

ustplace
this

disk
on

a
needle

so
thatthere

is
no

sm
aller

disk
below

it.

W
hen

allthe
64

disks
have

been
thus

transfered
from

the
needle

on
w

hich
atthe

creation
G

od
placed

them
to

one
ofthe

other
needles,tow

er,tem
ple

and

B
rahm

ins
alike

w
illcrum

ble
into

dustand
w

ith
a

thunderclap
the

w
orld

w
ill

vanish. �
�

W
.W

.R
.B

allas
quoted

by
E

.R
oberts,P

rogram
m

ing
A

bstractions
in

C
,page

196

185

H
O

W
TO

U
se

R
ecursion

A
nalyze

the
P

roblem

Identify
sim

ple
cases

Identify
w

ays
to

divide
problem

S
im

ple
cases

R
estofproblem

sam
e/sim

ilar
form

as
the

problem

S
electdata

structure
to

representproblem

W
rite

recursive
functions

&
procedures

H
andle

sim
ple

cases
directly

U
se

decom
position

and
recursion

on
the

rest

S
im

ilar
to

m
athem

aticalinduction

183

G
eneric

R
ecursive

M
odel

type-nam
e

F
unc

(
param

eters
)

�

if
sim

pleC
ase�

/*
H

andle
S

im
ple

C
ase

*/

return
..

�else�/*
D

ecom
pose

problem
into

parts
*/

/*
C

allthe
function

F
unc

recursively
*/

1 23
45627

8 �9:

:=
F

unc
(;<2�3=>

8 �9:

)

1 23
45627

9?@:

:=
F

unc
( ;<2�3=>9?@:

)

/*
C

om
bine1 23

45627
8 �9:

and1 23
45627

9?@:

*/

return
..

�
�

184

E
xam

ple
-

Factorial

/*
C

om
puting

factorial*/

int
factorial(

int
N

)

�

if
(

N
=

=
0

)

return
1;

/*
basis

*/

elsereturn
N

*
factorial(N

-
1);

�

T
ra

c
e

 o
f c

a
ll fa

c
to

ria
l(5

)

5
!5
 *

 4
!

5
! =

 5
 *

 2
4

 =
 1

2
0

 is
 re

tu
rn

e
d

F
in

a
l v

a
lu

e
 =

 1
2

0

4
! =

 4
 *

 6
 =

 2
4

 is
 re

tu
rn

e
d

 

4
 *

 3
!

3
 *

 2
! 3

! =
 3

 *
 2

 =
 6

 is
 re

tu
rn

e
d

2
 *

 1
! 2
! =

 2
 *

 1
! is

 re
tu

rn
e
d

     1

1
 re

tu
rn

e
d

1
 *

 0
!

1
 re

tu
rn

e
d
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H
O

W
TO

A
void

P
itfalls

in
R

ecursive
S

olutions �

�

A
re

sim
ple

cases
checked

for
first?

A
re

the
sim

ple
cases

solved
correctly?

�

D
oes

the
recursive

decom
position

m
ake

the
problem

sim
pler?

E
ach

recursion
should

m
ake

progress
tow

ard
reaching

one
ofthe

sim
ple

cases.

�
W

illthe
recursion

alw
ays

term
inate?

D
oes

the
sim

plification
process

alw
ays

reach
the

sim
ple

cases?

H
ave

som
e

sim
ple

cases
been

overlooked?

�

D
o

the
recursive

calls
representsubproblem

s
thatare

truly
identicalin

form
to

the
originalproblem

?

D
o

the
solutions

to
the

recursive
subproblem

s
provide

a
com

plete
solution

to

the
originalproblem

?

�

A
dapted

from
E

.R
oberts,P

rogram
m

ing
A

bstractions
in

C
,C

hapter
4

189

E
xam

ple
-

H
anoi

/*
S

olution
to

Tow
ers

ofH
anoiP

uzzle
*/

void
hanoi(

const
char

source,const
char

dest,const
char

tem
p,const

int
N

)

�

/*
M

ove
N

disks
from

source
peg

to
destpeg,using

tem
p

peg
as

tem
porary

storage
*/

if
(

N
=

=
1

)�

printf
(”M

ove
a

disk
from

%
c

to
%

c\
n”,source,dest);

return
;

�else�/*
M

ove
top

N
-1

disks
outofthe

w
ay

to
tem

p
peg

*/

hanoi(
source,tem

p,dest,N
-

1
);

/*
M

ove
bottom

source
disk

to
destination

*/

printf
(”M

ove
a

disk
from

%
c

to
%

c\
n”,source,dest);

/*
M

ove
rem

aining
N

-1
disks

from
tem

p
peg

to
destination

*/

hanoi(
tem

p,dest,source,N
-

1);

�
�
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H
O

W
TO

F
ind

a
R

ecursive
S

trategy

�

A
ny

problem
you

w
antto

solve
using

recursion
m

ustsatisfy
the

conditions

1.
T

here
m

ust
be

one
or

m
ore

sim
ple

cases
.

i.e.
cases

thatcan
be

done

directly.

2.
Itm

ustbe
possible

to
break

the
problem

dow
n

into
sim

pler
subproblem

s

of
the

sam
e

form
.

3.
S

olution
ofthe

subproblem
s

m
ustsom

ehow
help

to
solve

the
larger

problem
.

�

D
ecom

position
and

recom
bination

are
often

the
hardestparts

ofthe
strategy.

�

O
nce

you’ve
designed

a
recursive

strategy,you
should

validate
the

strategy

by
w

orking
through

a
few

sim
ple

exam
ples

by
hand.
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E
xam

ple
-

Tow
ers

of
H

anoi

M
ove

N
disks

from
one

peg
to

another
by

m
oving

one
disk

ata
tim

e
subjectto

the
constraintthata

larger
disk

m
ay

never
be

placed
on

a
sm

aller
disk

A
nalysis:

�

S
im

ple
cases:

m
ove

one
disk

�

D
ivision:

M
ove

top
N

-1
disks

outofthe
w

ay.

M
ove

bottom
disk

to
finaldestination.

�

C
om

position:
M

ove
the

rem
aining

N
-1

disks
to

the
destination.

T
o
w

e
r
s
 
o
f
 
H

a
n
o
i

B
C

A

186



E
xam

ple
-

B
inary

S
earch

S
earch

sorted
table

(array)
for

key

R
eturn

table
index

iffound,-1
otherw

ise.

A
nalysis:

�
S

im
ple

cases:
em

pty
table,

table
w

ith
one

entry
�

D
ivision:

S
plittable

in
half

�

C
om

position:
R

esultfrom
halfoftable193

E
xam

ple
-

IsP
alindrom

e

B
oolIsP

alindrom
e(const

char
string[])�

/*
R

eturn
T

R
U

E
ifstring

is
a

palindrom
e,FA

LS
E

otherw
ise

*/

return
IsP

alindrom
e2(

string,0,strlen(
string

)
-

1
);

�B
oolIsP

alindrom
e2(const

char
string[],const

int
first,const

int
last)�

if
(

last-
first<

=
1

)

return
true

;
elsereturn

(
string[first]=

=
string[last])

&
&

IsP
alindrom

e2(
string,first+

1
,last-

1
);

�
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H
O

W
TO

U
se

H
elper

F
unctions

�

T
he

solution
to

IsP
alindrom

e
uses

a
helper

function
IsP

alindrom
e2

to
do

the

realw
ork.

�

H
elper

functions
are

appropriate
w

hen
you

need
som

e
extra

param
eters

to

carry
additionalinform

ation
betw

een
levels

ofrecursive
calls

�

T
hink

ofusing
helper

functions
in

cases
w

here
the

function
you

need
to

w
rite

(i.e.
it’s

specifications
are

a
given)

doesn’thave
allthe

param
eters

you
need

to
com

pute
its

value
efficiently.

�

Try
to

use
the

m
inim

um
num

ber
ofextra

param
eters

required
to

solve
the

problem
.

U
sually

one
or

tw
o.
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E
xam

ple
-

D
etecting

P
alindrom

es

A
palidrom

e
is

a
string

thatreads
identically

forw
ard

and
backw

ard.

E
xam

ples:
”level”

”M
adam

Iam
A

dam
”

D
esign

a
recursive

strategy
to

determ
ine

ifa
given

string
is

a
palindrom

e.

A
nalysis:

�

S
im

ple
cases:

em
pty

string
is

a
palindrom

e,

a
string

containing
one

character
is

a
palindrom

e
.

�

D
ivision:

Ifa
string

is
a

palindrom
e

then
the

firstand
last

characters
in

the
string

m
ustbe

the
sam

e.

Ifa
string

is
a

palindrom
e

than
the

string
form

ed
by

rem
oving

the

firstand
lastcharacters

m
ustalso

be
a

palindrom
e.

�

C
om

position:
iffirstand

lastcharacters
are

unequalreturn
false

otherw
ise

return
palindrom

ness
ofstring

w
ith

firstand
lastcharacters

rem
oved.
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E
xam

ple
-

Tree
S

um

treeLeafType
treeS

um
(

const
Tree

treeP
tr

)�

/*
return

sum
ofleaves

oftree
*/

if
(

treeP
tr=

=
S

T
U

M
P

)

return
S

T
U

M
P

V
A

LU
E

;
if

(
treeN

ode[treeP
tr

]=
=

leaf)

/*
process

leaf*/

return
treeLeaf[treeP

tr
];

else

/*
process

branch
*/

return
treeS

um
(

treeLeft[treeP
tr

])

+
treeS

um
(

treeR
ight[treeP

tr
]);

�
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E
xam

ple
-

S
um

B
inary

Tree

B
inary

tree:

1
2

2
5

1
2

3

A
nalysis:

�

S
im

ple
cases:

nulltree,leaf

�

D
ecom

posiiton:
leftbranch

&
rightbranch

�

C
om

position:
sum

ofleftand
rightbranches

195

Trees
using

A
rra

ys

#define
M

A
X

T
R

E
E

(
10000

)

#define
S

T
U

M
P

(
0

)
/*

nulltree
*/

#define
S

T
U

M
P

V
A

LU
E

(
0

)

typedef
short

Tree
;

typedef
en

um
(

branch,leaf)
treeN

odeType
;

typedef
long

int
treeLeafType

;
/*

S
torage

for
trees �

*/

treeN
odeType

treeN
ode[M

A
X

T
R

E
E

];
treeLeafType

treeLeaf[M
A

X
T

R
E

E
];

Tree
treeLeft[M

A
X

T
R

E
E

];
Tree

treeR
ight[M

A
X

T
R

E
E

];

�

W
e’llsee

m
uch

better
w

ays
to

do
trees

later
in

the
term

.
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E
xam

ple
-

B
inary

S
earch

int
binS

earch(const
int

table[],const
int

low
,const

int
high,const

int
key

)

�

/*
S

earch
sorted

array
table

low
..

high
for

key
*/

/*
R

eturn
table

index
iffound,otherw

ise
-1

*/

const
int

m
id

=
(

low
+

high
)

/2
;

/*
m

iddle
oftable

*/

if
(

highA

low
)

/*
em

pty
table

*/

return
-1

;
/*

key
notfound

*/

else
if

(
table(m

id)=
=

key
)

return
m

id;
/*

key
found

attable(m
id)

*/

else
if

(
table(m

id)A

key
)

/*
search

upper
halfoftable

for
key

*/

return
binS

earch(table,m
id

+
1,high,key)

;

else

/*
search

low
er

halfoftable
for

key
*/

return
binS

earch(table,low
,m

id
-

1,key)
;

�
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