Debugging with gdb

gdb Basics
e Documentation: e gdb relies heavily on Odebugging informationO that by defadt iscluded in an executable.
gdb Home Pagéattp://www.gnu.org/software/gdb/documentation/ ® The-g option ofgcc directsgee to include debugging information in an executable:
gdb html documentation can be downloadedhp://sources.redhat.com/gdb/current/onlinedocs/ gec -g -Wall -o gdb-matrix gdb-matrix.c

gdb html documentation available on the class web/itg://www.cs.arizona.edu/classes/cs352/fall07/

gdbdocs/gdb.html e Can also be done viaMuakefile Ple:

CFLAGS = -g -Wall

¢ gdb ==GNU Debugger. o Note that adding theg Bag causes the executable to be somewhat larger:

e Commonly used in one of two ways: ::2:5:2: gee I"a‘lul, gd:"f'““"'c -0 gdb-matrix
- s - gt -matrix

e Control the execution of a program, setting breakpoints, executing line-by-line, examining variables -rwx------ 1 patrick dept 10254 Oct 25 14:35 gdb-matrix*
n .
eeded lectura-> gcec -Wall -g gdb-matrix.c -o gdb-matrix
e Examine a Ocore dumpO (a core ble) and determine the state of the program when the operating s' lectura->  1s -1 gdb-matrix
b . - WXemmeen i . _matrix*
terminated its execution. WX 1 patrick dept 14014 Oct 25 14:36 gdb-matrix’
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gdb Basics(continued): gdb Basics(continued):
o Built-in documentation is very extensive. Try OhelpO ajathprompt: e To run a program undegb, specify the programOs executable ogdbeommand-line:
lectura-> gdb lectura-> gdb gdb-matrix
GNU gdb Red Hat Linux (6.3.0.0-1.84rh) GNU gdb Red Hat Linux (6.5-15.fc6rh)
Copyright 2004 Free Software Foundation, Inc.
(gdb) help (gdb)

List of classes of commands: . " . . .
® Whengab starts up, it readies the target executable for execution, but does not start it running. The pror

aliases -- Aliases of other commands indicates thagab is ready to proceed.
breakpoints -- Making program stop at certain points
data -- Examining data e Thelist command is used to display the source code associated with the executable. In the simple case

files -- Specifying and examining files

intornale - Maintenance commands source Plegdb-matrix.c here) is in the same directory as the executghletarrix):
obscure -- Obscure features (gdb) 1list 102 When a line number is used
running -- Running the program 97 for (r=0;r<size; r++) with 1ist, the lines displayed
stack -- Examining the stack 98 for (¢ =0; c <size; ct++) d d th
status -- Status inquiries 99 sum += int_matrix[r][c]; are C.emen.a around the
support -- Support facilities 100 specibed line number.
tracepoints -- Tracing of program execution without stopping the program 101 if (sum I= size )
user-defined -- User-defined commands 102 identity = 0;

103
Type "help" followed by a class name for a list of commands in that class. 104
Type "help” followed by command name for full documentation. 105 if (identity )
E:x()jr;;)mand name abbreviations are allowed if unambiguous. 106 printf("The integer matrix is an identity matrix\n");
9 (gdb)
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gdb Basics(continued):

e To see more of the program, you can press return, whichep#iat the last commaifrist, in this case):
(gdb)
107 else
108 printf("The integer matrix is not an identity matrix\n");
109
110
111 return;
112} /* process_integer */
113
114
115 void
116 process_floatiW
(gdb) help 1list.
List specified function or line.
With no argument, lists ten more lines after or around previous listing.
"list -" lists the ten lines before a previous ten-line listing.
One argument specifies a line, and ten lines are listed around that line.
Two arguments with comma between specify starting and ending lines to list.
Lines can be specified in these ways:
LINENUM, to list around that line in current file,
FILE:LINENUM, to list around that line in that file,
FUNCTION, to list around beginning of that function,
FILE:FUNCTION, to distinguish among like-named static functions.
*ADDRESS, to list around the line containing that address.
With two args if one is empty it stands for ten lines away from the other arg.
(gdb)

The list command has several forms.
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gdb Basics(continued):
e Therun command causes the target program to be executed:

(gdb)run -i
Starting program: /n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-matrix -i
3

3 2 330 his f .
150 178 1926 This line comes from thedb-matrix program.
750 -83 99

The integer matrix is not an identity ma#rix - . .
9 Y This line (and the blank line above it) comes

Program exited normally- from gdb.
(gdb)
e \Values can be entered at the keyboard for standard input (numbetd &bove).
® Can use ctrl-D to indicate EOF eBdin.

o The phrase OProgram exited normally.O means that the program exited with a status of 0.
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gdb Breakpoints:
e You can pause executiondab at designated points using thesak command.

e |f a function name is speciPed as the argument&dk, the breakpoint is established at the prst line of
executableode in the function:
(gdb) break process_integer
Breakpoint 1 at 0x4007d8: file gdb-matrix.c, line 58.
(gdb) run -i
Starting program: /n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-matrix -i

Breakpoint 1, process_integer (

progName=0x7fff8f767a04 "/n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-matrix")
at gdb-matrix.c:58
58 if ( scanf("%d", &size) 1= 1) {

@b e "

53 int size; Can use abbreviations that are
54 int identity; unambiguous] for 1ist here.
55 int sum;

56 int dummy;

57 / Firstexecutabldine in the function.
58 if ( scanf("%d", &size) = 1) {

59 fprintf(stderr, "Failed to read size of matrix\n");
60 usage(progName);

61 }

62
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gdb Breakpointgcontinued):
e Settingmain as the breakpoint, allows you to get control as soon as the program starts running.

(gdb) break main

Breakpoint 1 at 0x400677: file gdb-matrix.c, line 16.

(gdb) run -i

Starting program: /n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-matrix -i

Breakpoint 1, main (argc=2, argv=0x7fffalf8d738) at gdb-matrix.c:16
16 int float_matrix = 0;
(gdb)

® Thecontinue command will continue execution until the next break point (or until the program terminate

(gdb) break process_integer

Breakpoint 2 at 0x4007d8: file gdb-matrix.c, line 58.
(gdb) continue

Continuing.

Breakpoint 2, process_integer (
progName=0x7fffalf8da04 "/n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-matrix")
at gdb-matrix.c:58
58 if ( scanf("%d", &size) 1= 1) {
(gdb)
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gdb Breakpointgcontinued):
e Theprint command will print contents of variables. (Continuing from the breakpojiitbatss_integer):

(gdb) break process_integer

Breakpoint 1 at 0x4007d8: file gdb-matrix.c, line 58.

(gdb) run -i

Starting program: /n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-matrix -i

Breakpoint 1, process_integer (
progName=0x7fff5faeba04 “/n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-matrix")
at gdb-matrix.c:58
58 if ( scanf("%d", &size) I=1) {
(gdb) print size
(gdb) next

63 if ( DEBUG && debugflag )
(gdb) print size

e Thenext command will execute the next command,ihe( scanf(... in this case.

* print can be abbreviated as

* next can be abbreviated as
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adb steppin0 along

e Thenext command can be used to single-step through a program:
(gdb) b process_integer
Breakpoint 1 at 0x4007d8: file gdb-matrix.c, line 58.
(gdb) r -i
Starting program: /n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-matrix -i

Breakpoint 1, process_integer (

progName=0x7fff4f9f5a04 "/n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-matrix")
at gdb-matrix.c:58
58 if ( scanf("%d", &size) I=1) {

(gdb) n
4
63 if (DEBUG && debugflag )
(gdb)
66 if ( size <= 0 || size >100) {
(gdb)
71 for (r=0;r<size; r++)
(gdb)
72 for (¢ =0; c < size; c++)
(gdb)
73 if ( scanf("%d", &int_matrix[r][c]) != 1) {
(gdb)
-417 (gdb) p int_matrix[r][c]
72 for (¢ =0; c <size; c++) $2 =-417
(gdb) p int_matrix[0][0] (gdb) p int_matrix[r]
$1=-417 $3 ={-417, 0 <repeats 99 times>}
(gdb)
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adb steppinO alor{gontinued):

e Thenext command can be used to single-step through a program:
(gdb) b main
Breakpoint 1 at 0x400677: file gdb-matrix.c, line 16.
(gdb) run -i
Starting program: /n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-matrix -i

Breakpoint 1, main (argc=2, argv=0x7fffddc2c668) at gdb-matrix.c:16

16 int float_matrix = 0;

(gdb) n

17 int integer_matrix = 0;

(gdb)

18 char *progName = argv[0];

(gdb)

20 if (argc<=1)

(gdb) ... . i
41 else if ( integer_matrix ) Thenext command OstepgerO
(gdb) /function calls.

42 process_integer(progName);

(gdb)

i o0 Thestep command Ostepgto®
010 function calls.

001

The integer matrix is an identity matrix

44 return 0;

(gdb)
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db Where are we?
e Most useful commandin gdb.

e Thewherecommand (obt, for Oback traceO) shows a trace of the stagk: Extremely usefubs a brst step in

lectura>  gdb gdb-words tracking down OSegmentation faultO

GNU gdb Red Hat Linux (6.5-15.fcérh) OMemory fault®, and OBus errorO
(gdb) break get_search_words problems!
Breakpoint 1 at 0x400cdf: file gdb-words.c, line 136.

(9db) run -i one Two THREE foUR < ../books/sawyer.txt

Starting program: /n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-words -i one Two
THREE foUR < ../books/sawyer.txt

Breakpoint 1, get_search_words (argc=5, argv=0x7fff4752ach0,
search=0x7fff4752a3d0,
progName=0x7fff4752b9f4 "/n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-words")
at gdb-words.c:136
136 for (i=1;i<argc && i < 21; i++) {
(gdb) where
#0 get_search_words (argc=5, argv=0x7fff4752ach0, search=0x7fff4752a3d0,
progName=0x7fff4752b9f4 "/n/salado/vol/ivolo/home/cs352/fall07/Cexamples/gdb-words")
at gdb-words.c:136
#1 0x0000000000400864 in main (argc=5, argv=0x7fff4752ach0) at gdb-words.c:51

(gdb) p argv[0] <\W .
$1 = 0x7fff02af5a2d "-i" hy doesargv(0] have-i here, instead of the name of

(gdb) p argvil] the program?
$2 = 0x7fff02af5a30 "one”
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gdb breakpoints, setting and unsetting

e Can set a breakpoint by using a line number. Can see current breakpoints wittetbemmand.
(gdb) break process_integer
Breakpoint 1 at 0x4007d8: file gdb-matrix.c, line 58.
(gdb) b 73
Breakpoint 2 at 0x40088a: file gdb-matrix.c, line 73.
(gdb) run -i
Starting program: /n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-matrix -i
Breakpoint 1, process_integer (
progName=0x7fff2504aa04 "/n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-matrix")
at gdb-matrix.c:58
58 if ( scanf("%d", &size) 1= 1) {
(gdb) continue
Continuing.
2
Breakpoint 2, process_integer (
progName=0x7fff2504aa04 "/n/salado/vol/vol0/home/cs352/fall07/Cexamples/gdb-matrix")
at gdb-matrix.c:73

73 if ( scanf("%d", &int_matrix[r][c]) '= 1) {

(gdb) ... e Can remove breakpoint(s)
(gdb) info break with thedelete command.
Num Type Disp Enb Address What

1 breakpoint keepy 0x00000000004007d8 in process_integer
at gdb-matrix.c:58
breakpoint already hit 1 time
2 breakpoint keepy 0x000000000040088a in process_integer
at gdb-matrix.c:73
breakpoint already hit 4 times
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Working with core bles

e Several types of program errors cause UNIX to terminate execution of a process andcorediea
® A core ble is a snapshot of the memory space of the process.

® There is a bug (in a call to scanf) in gdb-matrix1.c:

lectura-> gdb-matrixl -i < i-testOl.txt
Memory fault

lectura-> 1ls -1 core*

-rw------- 1 patrick dept 188416 Oct 25 16:19 core.30510

® Some of the errors that cause core Ples to be created:

e Segmentation faultr Memory faultis often caused by trying to access a memory location that is not ir
address space of the process.

® Bus erroris typically caused by trying to access an object with an improperly aligned address. (Exar
machine that requiresitOs to be word-aligned on a four-byte boundary, and an addressderthat is not
divisible by four).

e lllegal instructionis typically caused by a branch into data. Sometimes happens when the stack is
overwritten (buffer overfRow attacks use this technique).

® Arithmetic exceptioris typically caused by integer division by zero.
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Working with core Ples(continued):

e |f an error such as a segmentation fault does not produce a caaedyteu are in a directory where you have
write permission, check your resource limits:

lectura-> ulimit -a

address space limit (kbytes) (-M) unlimited
core file size (blocks) (-c) 0

cpu time (seconds) (-t) unlimited
data size (kbytes) (-d) unlimited

file size (blocks) (-f) unlimited

locks (-L) unlimited

® If you seeo for the core ble, as above:
ulimit -c 1000000

® Note: core Ples can be quite large if a process had acquired a lot of memory from the OS before the ern
occurred. Can happen with dynamically allocated memory, for example.
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Working with core Ples(continued):

e After an error, stargdb with boththe executable and the core ple:
lectura-> gdb-matrixl -i < i-testOl.txt
Memory fault(coredump)
lectura-> 1s -1 core*
-rw------- 1 patrick dept 188416 Oct 25 16:27 core.31908
lectura-> gdb gdb-matrixl core.31908
GNU gdb Red Hat Linux (6.5-15.fc6rh)

Reading symbols from /lib64/libc.so.6...done.
Loaded symbols for /lib64/libc.s0.6
Reading symbols from /lib64/ld-linux-x86-64.s0.2...done.
Loaded symbols for /lib64/ld-linux-x86-64.50.2
Core was generated by “gdb-matrix1 -i'.
Program terminated with signal 11, Segmentation fault.
#0 0x000000308d654ccc in _IO_vfscanf_internal () from /lib64/libc.so.6
(gdb) where
#0 0x000000308d654ccc in _IO_vfscanf_internal () from /lib64/libc.so.6
#1 0x000000308d65c50c in scanf () from /lib64/libc.so.6
#2 0x00000000004007dd in process_integer () at gdb-matrix1.c:56
#3 0x00000000004007b9 in main (argc=2, argv=0x7fff6fa38288)
at gdb-matrix1.c:40
(gdb)
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Multi-File Projects

Reading C Programming: A Modern Approach, Chapter 15, especially Section 15.4.
e How to determine when changes to one or a few bles requires re-compilation?
® How to share common dePnitions, such as data structures, constants, function prototypes, etc.
® Include files, also known as.® plesO.
#include <stdio.h>
® An example of a standara ble.

e The< >Os indicate that the C compiler should look in a pre-debned location for this ble.
® Jusr/include on Unix systems (E.g., Solaris, Linux (Fedora), OS X).

e Using double quotes instead-of>0Os means look in the current directariaclude "check.h"
® You can put any valid C code in an include ple.
® |tis recommended to limit the types of items that you actually put there.

e Common items include:
e function prototypes.
e constants.
* struct debnitions (will cover this one next).
o typedefOs (will cover this one later).
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Make:
Reading: Chapter 15 (2nd edition only).

e The make utility performs compilation, linking, and more on an as-needed basis as directed by a specibc:
OMakepleO.

® There are two default names for this Bletkefile or makefile. There is a precedence thake assumes, if
both names are present in the same directory.

® GNUmake (lectura, OS X, Linux in general) has a third default name pos&ibl&makefile.
® GNU make uses the precedend@Umakefile, makefile, Makefile.
* make can also take the name of thekefile as a command-line argument:
make -f myMakeFile ...
* make is closely associated with developing projects in C.
® Howevermake is not limited to C. It can be used with C++, Java, etc.
® |t can execute arbitrary commands, including invoking shell scripts, Unix utilities, etc.

e Example: Users of the LaTex formatting tools oftenmse to specify command sequences for produci
different output products (postscript, pdf, plain text, etc.)
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C pre-processor
e The C compiler includes a pre-processor that executes before the compiler itself runs.
e Typically named:pp. Always invoked bycc.
® Performs textual manipulations on the source code before it is compiled.
e Wil read any ble indicated byinclude into the current ble at the point where #igc1ude is located.
Eunction prototypes
® The prototype must precede the use of the function.
e Use the keywor@xtern to indicate the function debnition might be found in a differerfele.
extern void Translate( struct Point *pt_ptr, double xdelta, double ydelta);
e The C compiler will be able to check types when processing calls to this function.
® Theextern keyword alerts the C compiler that the debnition may, or may not, be in another C ble.
Constants
® #define is a Opre-processor directiveO.
e Any future occurrence of the constant will be replaced by its depnition. This is done by the pre-process
#define MAXWORDS 150

® int xray[MAXWORDS]; iS replaced withint xray[150];

CSc 352 N Systems Programming and UNIX 18 C Debugging, Make, Structs

Make (continued):
e Here is a simpl@/akefile:
Target
¥Starts at beginning of the line
¥File name followed by
¥Used to telmake what to do, i.e.:
make check
¥Typingmake without specifying a target will default tc
the brst target in the makeRigdck in this case).

CC = gcc
CFLAGS = -Wall -g

/bin/rm -f *.o0 lex.yy.c core
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Make (continued):
e Here is a simpl@/akefile:

CC = gcc
CFLAGS = -Wall -g

check: lex.yy.c check.o
${CC} ${CFLAGS} -

lex.yy.c: words.l
flex words.l

check.o: words.l check.c check.h
${cC} ${CFLAGS} -c check.c

Dependencies

¥O0n the same line as the target.

¥List of zero or more Ples/targets.

¥Tellsmake that these targets have to be satisbed
before the current target.

clean:
/bin/rm -f *.o lex.yy.c core
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This is an example of a target that
doesnot have a dependency.
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Make (continued):

e Here is a simpl@/akefile:

cc =g / Make Variables
CFLAGS = -Wall -g ¥Note: = distinguishes variables from actions

check: lex.yy.c check.o

${CC} ${CFLAGS} -o check check.o -11

lex.yy.c: words.l
flex words.l

¥By convention variables are in CAPS.
¥Variables have default values:
cc defaults taee
crracs defaults tocnu11>

¥Invoke a variable witl§{ 3, ors( )
check.o: words.l check.c check.
${cC} ${CFLAGS} -c check.c

clean:
/bin/rm -f *.o lex.yy.c core
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Make (continued):
e Here is a simpl@/akefile:

CC = gcc .
CFLAGS = -Wall -g Action

¥0n zero (or more) lines following the target

check: lex.yy.c check.o

¥Action linesmust beginwith aTAB!!
¥Action is performedf the target is not up-to-date

that is, if theargetOs time starigolder than the
time stamps on any of its dependencies.

lex.yy.¢: words.l
lex words.l!

${CC} ${CFLAGS}*“-c cheCck.c

If there are no dependencies,
then the action Elwaysexecuted.
-f *.0 lex.y¥y.c core

The most commomake£ile error is to
not precede each action witiTAB!

clean:
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Make (continued):
e Here is a simpl@/akefile:

CC = gcc
CFLAGS = -Wall -g

check: lex.yy.c check.o
${cc} ${CFLAGS} -o check check.o -11

lex.yy.c: words.l
flex words.l

check.o: words.l check.c check.h

clean: ¥ make has default actions based on the Ple being creat
/bin/rm -f *.o lex.yy.c core ¥ .o bles require that thec compiler be run
¥ using the-c Rag to create theo ble
¥ In such cases, the action can be blank
¥ the values ofc andcrracs areused.
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Make (continued): Make (continued):
* make Will stop execution when a command is encountered that fails. * An example of how to construct a Makeble. We will assume a project that uses the following Ples:
o How doesmake determine that a command failed? * one.c, contains theain () function; includes thgroject.n Ple.

* two.c, contains several functions; includes pt@ject .h Ple and thewo.h Ple.

* make builds an action graph based on the dependencies to determine the order in which actions are to t « three.c, contains several functions; includes gizeject..n ble and thenree . ble
out. o ’ . . .

. . * The executable is to be namatk.

® To see what commands make will execute:

* This will be the prst target in the Makebple.

make -n
e To run in Osilent® mode, that is, to print no information about what make is doing: * Theone executable will be created from the three object lelgs:o, two.o, andthree.o.
make -s ¢ These become the dependencies for this target.
one: one.o two.o three.o
$(CC) $(CFLAGS) -o one one.o two.o three.o
« Targets are also needed for each of the object bles listed.
one.o: one.c project.h
$(CC) $(CFLAGS) -c one.c
* The target forwo will be similar, but adds a dependencyt@i.nh that the target fosne did not have.
two.o: two.c two.h project.h
$(CC) $(CFLAGS) -c two.c
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Make (continued): Make (continued): Targets
CC = gcc CC = gcc
CFLAGS = -Wall -g CFLAGS = -Wall -g

one: one.o two.o three.o

$(CC) $(CFLAGS) -o one one.o two.o three.o 6ne.o two.o three.o
one.o: one.c project.h

${cC} ${CFLAGS} -c one.c

two.o: two.c two.h project.h

${CC} ${CFLAGS} -c two.c ${0C} ${CFLAGS} -c two.c

=

three.o: three.c three.h project.h three.c three.h project.
${CC} $(CFLAGS) -c three.c ${CC} $(CFLAGS) -c three.c

¢ The user can typgake Ormake one to create thene executable.
* make WOrks becausene is the brst target.

* The user can compile a single ble (for example, to see if the new code compiles correctly) by using the t:
Nname.make one.o Olmake two.o
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Make (continued): Make (continued):
CC = gcc CC = gcc

CFLAGS = -Wall - . CFLAGS = -Wall -
atl -9 Dependencies att -9

one: |one.o two.o three.o

one.c project.h

one: one.o two.o three.o
(CC) $(CFLAGS) -0 one one.o two.o three.o

one.o: one.o: one.c

{ccy $(CFLA(.;S) —c one.c

two.o: two.c two.h project.h
|$(cc} ${CFLAGS} -c two.c

three.c three.h i . three.o: three.c three.h project.
${CC} $(CFLAGS) -c three.c |${CC} $(CFLAGS) -c three.
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Make (continued): Make (continued):
CC = gcc CC = gcc

CFLAGS = -Wall -g CFLAGS = -Wall -g

Dependencies

if ( two.o does not exist || one: one.o two.o three.o
two.c iS newer tharwo.o || $(CC) $(CFLAGS) -o one one.o two.o three.o

two.h is newer tharwo.o ||

one: one.o two.o three.o
$(CC) $(CFLAGS) -0 one one.o two.o threge<

one.o: one.c project.h one.o: one.c project.h

${CC} ${CFLAGS} -c ome.c project.h is newer tharwe.o ) ${CC} ${CFLAGS} -c ome.c
then
two.o: carry out the action two.o: two.c two.h project.h
CCY S{CFLAGS -— ${CC} ${CFLAGS} -c two.c
three.o: three.c three.h project.h three.o: three.c three.h project.h
${CC} $(CFLAGS) -c three.c ${CC} $(CFLAGS) -c three.c
turnin:

turnin 352assignl0 Makefile project.h one.c two.h two.c three.h three.c

The command Omake turninO will now turnin the specibed bles.
There are no dependencies listed, so the action will be carried
out every time that you typake turnin
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C Structs

Structure Basicécontinued):
struct Rectangle {

Structure Basics ¢ ARectangle is created: int width;
ing:Secti ition): i it struct Rectangle rect; int height;
Reading:Sections 15.1, 15.2, 15.3 (1st edition); Sections 16.1, 16.2, 16.3 (2nd edition). truct Rectangle square, box; b

e Structures provide a way to aggregate values as a collection of named elements. « Note:struct is required in both of the declarations

* Structure tags are declared with giguct keyword. « These declarations reserve spaceéeitangleOs namegkct andsquare andbox.

struct Rectangle P .
int width,g { * Note the similarity to other declarationsit i; reserves space for aat named.
;
) int height; /7 Note: Semicolom at the end of the declarati « One way to reference members is with the OdotO operator, alseeadbed selection.
H jote: emicolon e ent O e ec I ion.
rect.width = 10;
rect.height = 20;
int area = rect.width * rect.height;

¢ This debnes the composition ofé-tangle. It has twomemberswidth andheight.

rect.width = 9;
o Note that botlrect .width andrect .height are L-values./"’e"t'helght =145

* Thesizeof operator can be applied to instancesezftangle, or to the structure debnition:

* Unlike Java (and other OO languages), themiwvay to exclusively associate functions wi#lztangle.
¢ The best that can be done in C is to name functions descriptively, sigfaast_Rectangle,
printRectangle, €tC.

¢ These examples assumizeof (int) is 4:
* IMPORTANT: Do NOT forget the semicolon at the end of a structure declaration!

sizeof (box) // Produces 8
sizeof (struct Rectangle) // Produces 8. Note that struct is required
sizeof (box.width) // Produces ??
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Structure Basicécontinued): lectura->  gec -Wall -o structl structl.c Structure Basicécontinued):
lectura-> structl i .
lectura->  cat structl.c sizeof(i) =4 ¢ |tis possible to declare an array of structures.
#include <stdio.h> sizeof(box1) = 8 i i
struct Rectangle { & = Ox7ffffficddeac * Member selection can be applied to elements of the array.
int height; &box1 = Ox7fffffcddead lectura->  cat struct2.c
int width; &box1.height = Ox7fffffcddea0 #include <stdio.h> lectura-> gcc -Wall -o struct2 struct2.c && struct2
i3 &box1.width = Ox7fffffcddeas : Sum of areas: 410
&box2 = Ox7fffffcdde90 struct Rectangle {
int &box2.height = Ox7fffffcdde90 int h?ég:“ Notes:
main( int arge, char *argv[] ) & f‘go;fzﬁ:'zz‘ Z Oxfffffcddeoa . Int width; The depnition of the structure is at ble scope (i.e., not in a functi
. I = Oxriifieddese . - The debnition of the structure musecedehe use of the structure.
inti; i x7fffffcddeac int
struct Rectangle box1, box2; x7fffffeddead main(int arge, char *argv[] )
mtk box1 width 70X7fffff0ddea4 struct Rectangle boxes[5];
printf("sizeof(i) = %ld\n", sizeof(i)); 00Xl heioht x7fffffcddeal N S ! . X
printf(sizeof(box1) = %ld\n", sizeof(box1)); & int numBoxes = sizeof(boxes) / sizeof(boxes[0]);

inti, w, h, sumAreas = 0;

for (i=0, w =3, h =4;i<numBoxes; i++, w+=2, h+=3) {
! boxes[i].width = w;

hc1gh_t x7fffffcdde90 boxesli].height = h;

printf("& = %p\n", &i);
printf(*&box1 = %p\n", &box1); box2 [width x7fffffcdde94

printf("\t&box1.height = %p\n", &box1.height);
printf("\t&box1.width = %p\n", &box1.width);

printf("&box2 = %p\n", &box2); J xTtfftfeddeSc
printf("\t&box2.height = %p\n", &ox2.height); Notes for (i = 0; < numBoxes; i++) .
printf(*\t&box2.width = %p\n", &box2.width); The members are placed esiaOs stack the sumAreas += boxes[.width * boxesli] height;
printf("& = %p\n", &j); orderin which they are declared. printf("Sum of areas: %d\n", sumAreas);
return O; p—— -

Y ,:am “ The address of the structure and the address of return O;

its Prst member are tisame }1* main */
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Structure Basicécontinued):

* Structures can contain elements of any combination of types. Example (for a serial communication cabl

struct SerialCable {
double length;
int conductors;
char ends[2]; // 'M' or 'F'
char *manufacturer;
}i
* One way to create and initialize a SerialCable:

struct SerialCable sc;
sc.length = 5.5;
sc.conductors =
sc.ends[0] = 'M’'
sc.ends[1l] = 'F'
sc.manufacturer

9;

= "Cables 'R Us";

* If we add up the sizes of the elements&fialcable, we get 22: double 8 + int 4 + char 1 + char 1 + char
* But, sizeof (sc) Will produce 24 (on lectura, seeuct3.c in ~cs352/fall07/Cexamples).

¢ Padding is done to satisfy data alignment requirements.
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Nested Structures
e Structures can contain other structures:

struct Point {
double x;
double y;
i
struct Size {
double width;
double height;
i
struct Rectangle {
struct Point origin;
struct Size size;

}i
struct Rectangle square = { {7.5, 8.0}, {3.5, 3.5} };

struct Rectangle box;
box.origin.x = 9.5;
box.origin.y = -2.5;
box.size.width 19.0;
box.size.height = 3.75;

box.origin = square.origin; // What does this do?
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struct SerialCable {
double length;

Structure Initialization : int conductors;
L L char ends[2]; // 'M' or 'F'
e \Very similar to array initialization syntax. char *manufacturer;
® Aninstance can be debned and initialized like this: ¥i
struct SerialCable cablel = { 1.5, 3, {'M', 'M'}, "Patrick's Cables"};
e Here is arincorrectone:
struct SerialCable cable3 = { 5.0, 9, 'M', "Wally's Cables" };
warning: initialization makes integer from pointer without a cast
e |f an initializer is incomplete, the corresponding member is initialized wifpeappropriate zerdhe
following two examples are equivalent:
struct SerialCable cat5 = { 5.0, 9, {'M', 'F'} };
struct SerialCable cat5 = { 5.0, 9, {'M', 'F'}, NULL };
e An array of structures can be initialized with a series of initializers:
struct SerialCable cables[] = {
{1.5, 3, {'M', 'M'}, "Wally's Cables"},
{ 2.5, 9, {"M', 'F'}, "Dilbert's Cables"},
{ 4.0, 3, {'F', 'F'}, "Alice's Cables"}
}i
o Incomplete specibcations are possible for an arrayafctOs:
struct SerialCable wires[] = {
{ 1.5, 3},
{ 2.5, 9},
{ 4.0, 3}
}i
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Nested Structuregontinued):

e More examples:

struct Point {
double coord[2];

}i

struct Size {
double width;
double height;

}i

struct Rectangle {
struct Point origin;
struct Size size;

}i

struct Rectangle square = {
{{7.5, 8.0}}, // Note the extra set of {}'s
{3.5, 3.5}

}i

struct Rectangle box;

box.origin.coord[0] = 9.5;

box.origin.coord[1] = -2.5;

box.size.width = 19.0;
box.size.height = 3.75;

box.origin = square.origin; // Does this still work?
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Nested Structuregontinued):
e Structures can contain other structures:

struct Point {
double x;
double y;

}i

struct Size {
double width;
double height;

}i

struct Rectangle {
struct Point origin;
struct Size size;

}i

struct Rectangle squares[] = {
{{7.5, 8.0}, {3.5, 3.5}},
{{2.5, 1.0}, {4.9, 4.9}},
{{0.0, 2.5}, {9.3, 9.3}}

}i

Note the extrg }Os required around eagfruct.
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Structures as valugsontinued):

e Another example:
lectura-> cat struct5.c
#include <stdio.h>
struct Point {

double x;
double y;
h
struct Line {
struct Point end1;
struct Point end2;

h

struct Point Translate( struct Point pt,

double xdelta,
double ydelta);

double Slope(struct Line L);

int

main( int argc, char *argv[] )

struct Line A = { {}, {2, 4}};

printf("slope of A = %g\n", Slope(A));
A.endl = Translate(A.end1, 0, 10);
printf("new slope of A = %g\n", Slope(A));
return O;

} * main ¥/
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struct Point

Translate( struct Point pt,
double xdelta,
double ydelta)

struct Point newPoint;
newPoint.x = pt.x + xdelta;
newPoint.y = pt.y + ydelta;
return newPoint;

}/* Translate */

double
Slope(struct Line L)
{

return (L.end2.y - L.endl.y) /

(L.end2.x - L.end1.x);

}/* Slope */
lectura-> gcc -Wall -o struct5 struct5.c
lectura-> struct5
slope of A=2
new slope of A=-3

Identify the places whereszruct is treated as a value.
What is the effect ofranslate(a.end2, 3, 4);?
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Structures as values

e An entirestruct can be treated as a value. The contents aftthec:t are simply copied as a sequence of by

lectura-> cat struct4.c
#include <stdio.h>
struct Point {

double x;

double y;
b
void printPoint( char *label, struct Point pt);
int

main( int argc, char *argv[] )

struct Point ptl = { 3.1, 4.2}, pt2;

1l cop y sizeof(ptl) bytes from &ptl to &pt2
pt2 = ptl;

/I ptl is unchanged
pt2.x *= 2.0;

printPoint("pt1", ptl); // copies sizeof(pt1) bytes onto stack
printPoint("pt2", pt2);

return O;
}/* main */
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void
printPoint( char *label, struct Point pt)
/I Call by value for pt

printf("Point %s = ( %g, %g)\n",
label, pt.x, pt.y);
} /* printPoint */
lectura-> gcc -Wall -o structé4 structé.c
lectura-> struct4
Point pt1 = (3.1, 4.2)
Point pt2 = (6.2, 4.2)

How can we prove thatructOs are passed by value?
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Pointers to Structures

e Pointers can be created that contain the addresstehat:

struct Rectangle *rec_ptr;
struct Rectangle box = { 3, 9};

rec_ptr = &box;

struct Rectangle {
int width;
int height;

e The pointer can be used to refer (point to) the belds aftthe:t.

e Since we are using a pointer, werd use the OdotO operator.

e Use the-> operator:

printf("box width = %d, height = %d\n", rec_ptr->width, rec_ptr->height);

rec_ptr->width = 19;
rec_ptr->height = 2 * rec_ptr->width;

e The pointer can be de-referenced to produce an L-value. In this case, the L-valteuistaand can be

assigned to:
struct Rectangle other = { 42, 42};
*rec_ptr = other;

e The-> operator can be used as follows:

// produces the address of the width field that rec_ptr points to

int *i_ptr = &rec_ptr->width;
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Pointers to Structurggontinued):
e A npointer can iterate over an array of structures:

struct Rectangle rects[5];
int sumAreas = 0;

.. populate rects with widths and heights...

struct Rectangle *r_ptr;

for (r_ptr = rects; r_ptr < &rects[sizeof(rects)/sizeof(*r_ptr)]; r_ptr++)
sumAreas += r_ptr->width * r_ptr->height;

® Notes:
e r_ptr++ works by Oincrementinngtr by sizeof(struct Rectangle).

® Thetor loop terminates when ptr reachesrects[5], which is the address of the Pxsttangle past
the end of the array.
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Pointers to Structurggontinued):
e Can pass pointerto astruct to a function, rather than passing tadueof thestruct:

void
printPoint( char *label, struct Point *pt_ptr)
// call by value for pt_ptr, passes the address in pt_ptr
{

printf("Point %s = ( %g, %g)\n",

label, pt_ptr->x, p_ptr->y);

/* printPoint */ .
' ® ¥ Structures are commonly passed to functions
e Usage: using pointers to avoid the overhead of pushing
struct Point pl = { 3.1, 4.7}; the full contents of the structure onto the stack.

int_Point("pl", &pl);
print_Point("pl, &P1); ¥ Both are acceptable.

e Contrast with the value-passing version shown earlier:
¥ Pointers can provide better performance, when

void h
the structure is large.

printPoint( char *label, struct Point pt)
// call by value for pt

printf("Point %s = ( %g, %g)\n",
label, pt.x, pt.y);
} /* printPoint */

printPoint("pl", pl); // copies sizeof(pl) bytes onto stack
printPoint ("p2", p2);
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Pointers to Structurggontinued):

e There is a fundamental difference between a function that takes a value and returns a value vs. a funct
takes an address and changes what the address points to. For example, two vetsiaasatk:

® Takes astruct (the value of thetruct is copied intarranslate) and returns atruct. The return value
can be assigned as desiregans1ate itself doesot change anything in the callerOs data.
struct Point
Translate( struct Point pt,
double xdelta,
double ydelta)

struct Point newPoint;
newPoint.x = pt.x + xdelta;
newPoint.y = pt.y + ydelta;
return newPoint;

} /* Translate */

e Takes theaddresof astruct, then changes the contents at the provided address. Reduansn this case,
rranslate does changealues in the callerOs data.

void

Translate( struct Point *pt_ptr,
:°“:ie x:ei:a; Note the syntax needegtpt_ptr) .x
lou! e e. a .

¢ ¥ . has a higher precedence than

(*pt_ptr).x = (*pt_ptf).x + xdelta;
(*pt_ptr).y = (*pt_ptr).y + ydelta;
} /* Translate */
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Pointers to Structurggontinued):

e |tis common to see functions that initialize a structure using values passed as arguments:
void init_cable(struct SerialCable *sc_ptr, double len, int wires, char endl,
char end2, char mfr[])

{ struct SerialCable {
sc_ptr->length = len; double length;
sc_ptr->conductors = wires; int conductors;
sc_ptr->ends[0] = endl; char ends[2]; // 'M'" or 'F'
sc_ptr->ends[1l] = end2; char *manufacturer;
sc_ptr->manufacturer = mfr };

} /* init_cable */
e Usage:

Canstrcpy be used here?

struct SerialCable cablel;

char name[] = "connectem.com";

init_cable(&cablel, 2.0, 10, 'M', 'F', name);
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Pointers to Structurggontinued):

e Returning gointerto a structure that is a local variable is a mistake:
struct Line *make_Line(double x1, double yl, double x2, double y2)
{
struct Line L = { {x1, yl}, {x2, y2} };
return &L; // DO NOT DO THIS!
} /* make_Line */

® The lifetime ofL ends whemake_vrine returns, but the pointer will still, what? This iga@ugling pointer.

e Thismight depending on the C compiler, generate a warning (or not).

e Returning astructure(not a pointer to it) that is a local variable is okay:
struct Line make_Line(double x1, double yl, double x2, double y2)

struct Line L = { {x1, yl}, {x2, y2} };

return L; // This is okay
} /* make_Line */
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Adggregation choices
e In Java, the only choice for aggregation of objects is to tefédenceso objects:

class Line {
Point pl, p2;
}

e In C, there is a choice between an aggregate object thatduidsrsto objects:

struct Line {
struct Point *pl_ptr;
struct Point *p2_ptr;
}i

® And an aggregate thphysically contain®ther objects:

struct Line {
struct Point pl;
struct Point p2;
}i

e Which is better? Pros? Cons?
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Aggregation choice&ontinued):
e |f an aggregate holds pointers, then an item can be logically contained in more than one struct:

void

main( int argc, char *argv[] ) struct Line {

{ struct Point *pl_ptr;
struct Point a = {0, 0}; struct Point *p2_ ptr;
struct Point b = {3, 0}; };

struct Point c = {8, 0};

struct Line L1 = {&a, &b};
struct Line L2 = {&b, &c};

printf("Line: L1 = (%f, %f) to (%3f, %f)\n", Ll.pl ptr->x, Ll.pl_ptr->y,
Ll.p2_ptr->x, Ll.p2_ptr->y);

printf("Line: L2 = (%f, %3f) to (%3f, %f)\n", L2.pl_ptr->x, L2.pl_ptr->y,
L2.p2_ptr->x, L2.p2_ptr->y);

/The change to the value wthat results from the call to
Translate(&b, 0, 4); Translate, changes an end point in both lines.

printf("Line: L1 = (3£, %f) to (3f, %f)\n", Ll.pl ptr->x, Ll.pl_ptr->y,
L1.p2_ptr->x, L1.p2_ptr->y);

printf("Line: L2 = (3£, %f) to (3f, %f)\n", L2.pl_ptr->x, L2.pl_ptr->y,
L2.p2_ptr->x, L2.p2_ptr->y);

return 0;
} /* main */
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Aggregation choice&ontinued):
e When an aggregate contains pointers, we must be mindful of the lifetime of the referenced objects.
e Acommon error is to return a structure that contains pointer(s) to local object(s). Example:

struct Line make_Line(double x1, double yl, double s2, double y2)

{
struct Point pl = {x1, yl};
struct Point p2 = {x2, y2};

struct Line L = {&pl, &p2};

return L; // TROUBLE! !
} /* make_Line */

® There is nothing wrong with initializing with pointers to locaboints.
e There is nothing wrong with returningas a value.

® |t is thecombinationthat causes the problem!
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