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Announcements

* PA2: Released yesterday, due end of next week (Sunday, Feb 23 @ 23:59)

 Submit on Gradescope via your GitHub Classroom repository

* WA2 due at the end of this week (Sunday, Feb 16 @ 23:59)



Recommended Reference Material

| will refer to several

references extensively in the coming lectures

cppreference.com

Page Discussion

C

C reference

€89, C95, €99, C11, C17,C23 | Compiler support C99, C23

Language Program utilities
Basic concepts Variadic functions
Keywords Diagnostics library
E;ep;?gosc;iegggr Dynamic memory management
Declaration Strings library
Initialization Null-terminated strings:
Functions byte — multibyte — wide
Statements Date and time library
Headers Localization library
Type support Input/output library

Create account || Search |

Standard revision: Diff ¥ View View source History

Algorithms library
Numerics library
Common mathematical functions
Floating-point environment (co9)
Pseudo-random number generation
Complex number arithmetic (ces)
Type-generic math (cag)
Bit manipulation (cz23)
Checked integer arithmetic (c23)
Concurrency support library (c11)

NI1570 Committee Draft — April 12, 2011

ISO/IEC 9899:201x

INTERNATIONAL STANDARD ©ISO/IEC

ISO/IEC 9899:201x

Programming languages — C

ADCTIY AT

A mp2099@ilab4: ~/cs211fexpe X +

MAN(1)

NAME

Manual pager utils

man — an interface to the system reference manuals

Manual page man{1l) line 1 (press h for help or g to quit)

|

MAN(1)




Shout-out to Related Material

«“Cfor Java Programmers” guides

 George Ferguson (University of Rochester), “C for Java Programmers,” 2016.
* Jason Maassen (VU Amsterdam), “C for Java Programmers.”

» Tomasz Muldner (Acadia University), “C for Java Programmers,” 2000.
 Charlie McDowell (UC Santa Cruz), “C for Java Programmers,” 2000.

* And many more...

* Other versions of CS211
* Profs. Gavva, Menendez, Huang, Nagarakatte, Nath (+ others before my time)

* Some related courses with public materials
» UC Berkeley’s CS 61C
* CMU’s CS213
e Harvard’'s CS5o



https://www.cs.rochester.edu/u/ferguson/csc/c/c-for-java-programmers.pdf
https://www.cs.utexas.edu/~ans/classes/cs439/docs/dictaat.pdf
https://www.amazon.com/C-Java-Programmers-Tomasz-Muldner/dp/0201702797
https://www3.cs.stonybrook.edu/~youngkwon/cse320/C_for_Java_Programmers_A_Primer.pdf
https://cs61c.org/sp25/
https://www.cs.cmu.edu/~213/schedule.html
https://cs50.harvard.edu/x/2025/

C-Related Topics Survey

*168 / 210 responses (80%)

[C/ASM Toolchain] Are you familiar with:

B Unfamiliar @@ Slightly familiar 9% Familiar [l Very familiar

| [ LLLLL

C/ASM Compilers C Preprocessor (cpp) Assemblers (for any Linkers (e.g., Id) Loaders (e.g., Id) Binutils (e.g., nm, Make (or CMake, C/ASM Debugger Binary profiling tools Different binary
(GCC, Clang, llvm, icc, ASM language) readelf, strip, objdump, SCons, etc.) (e.g., GDB, LLDB, (e.g., Valgrind, gprof, formats (e.g., ELF, S-
ccl, etc.) objcopy) OpenOCD) etc.) Record, ihex)



Agenda

Platforms and Compilers
*“Hello World” Analysis
*Compiling C Code



Executable Program Representations

*Programs have different binary representations on each platform

x86_64 aarché4 powerpc riscvé64
amd intel qualcomm apple ibm sifive
linux windows android ios Xbox 0S linux

L]
ilab My laptop Smartphones Xbox 360 Single-Board
Jimmed Computer
https.//mtmedla— https://www.apple.com/newsroom/20 https://m.media- p
https://dlcdnwebimgs.asus.co https://www.ultrabookreview. amazon.com/lmages/l/61§ 20/06/apple-reimagines-the-iphone- amazon.com/images/|/8i+lz2g6bJL https;//www.sifive.com/boards
m/gain/d47ac467-7878-47b7- com/64501-asus-vivobook- QRrPsSTL._AC SlL1ooo_j experience-with-ios-14/ ._SL1500_jpg
a29a-cgadfb8obgbd/ pro-16x-oled-review/ P9 - -



Myriad Platforms

enum EnvironmentType {

enum ArchType enum OSType UnknownEnvironment
Unknow%chﬁ, Unkngﬂnog, ’
GNU

arm, // ARM (little endian): arm, armv.*, xscale Darwin, GNUT64,
armeb, // ARM (big endian): armeb DragonFly, GNUABIN32,
aarché4, // AArch64 (little’ endian): aarché4 FreeBSD, GNUABI64,
aarch64_be, // AArché4 b;% endian): aarch64_be Fuchsia, GNUEABI,
aarch64_32, // AArch64 (little endian) ILP32T aarché64_32 I0S, GNUEABIT64,
arc, // ARC: Synopsys ARC KFreeBSD, GNUEABIHF,
avr, // AVR: Atmel AVR microcontroller . . Linux, GNUEABIHFT64,
bpfel, // eBPF or extended BPF or 64-bit BPF (little endian) Lv2, // PS3 GNUF32,
bpfeb, // eBPF or extended BPF or 64-bit BPF (big endian) MacOSX, GNUF64,
csky, // CSKY: csky NetBSD, GNUSF,
dxil, // DXIL 32-bit DirectX bytecode OpenBSD, GNUX32,
hexagon, // Hexagon: hexagon Solaris, GNUILP32,
loongarch32, // LoongArch (32-bit): loongarch32 UEFI, CODE16,
loongarché4, // LoongArch (64-bit): loongarché64 Win32, EABI,
m68k, // M68k: Motorola 680x0 family Z0S EABIHF,
mips, // MIPS: mips, mipsallegrex, mipsr6 Halku, Android,
mipsel, // MIPSEL: mipsel, mipsallegrexe, mipsréel RTEMS, . . Musl,
mipsé4, // MIPS64: mips64, mips64r6, mipsn32, mipsn32r6 NaCl, // Native Client MuslABIN32,
mipsé4del, // MIPS64EL: m1g564e1, mipsé4réel, mipsn32el, mipsn32réel AIX, MuslABI64,
msp430, // MSP430: msp430 CUDA, // NVIDIA CUDA MuslEABI,
ppc // PPC: powerpc . . NVCL,  // NVIDIA OpenCL Mus1EABIHF,
ppcie, // PPCLE: powerpc (little endian) AMDHSA, // AMD HSA Runtime Mus1lF32,
ppc64 // PPC64: powerpc64, ppu PS4, Mus1SF,
ppc64ie, // PPC6ALE: powerpcb4dle PS5, Mus1X32,
r60o0, // R600: AMD GPUs HD2XXX - HDEXXX ELFIAMCU, LLVM,
amdgcn, // AMDGCN: AMD GCN GPUs TvOSﬁ // Apple tv0S
riscv3z, // RISC-V (32-bit): riscv32 Watchos,  // Apple watchOS MSVC,
riscvé64, ;; EISC-V 64-bit): riscve4 lI%rJ,dgeE%,c ;4 ﬁpp%e Br;dge2$t Itanium,
sparc, parc: sparc riverkit, pple DriverKi Cygnus
sparcv9, // Sparcv9: Sparcv9 . , .. . XROS, // Apple XROS ngeCLﬁ, . .
sparcel, // Sparc: (endianness = little). NB: ‘'Sparcle' is a CPU variant Mesa3D, . Simulator, // Simulator variants of other systems,
systemz, // SystemZ: s390x . AMDPAL , // AMD PAL Runtime . e.g., Apgle's i0os . .
tce // TCE httg://tce.cs. ut.fl/%: tce . HermitCore, // HermitCore Unikernel/Multikernel MacABI, // Mac Catalyst variant of Apple's i0S
e 77 Toiab L eeSeena, S0 PG Shum £1/)7 eeete WS ) BbiMninear webnssenoay os deploypent target.

umb), um ittle endian): umb, thumbv. ) xperimental WebAssembly
thumbeb, // Thumb big endian): %humbeb Emscripten X // Shader Stages
x86, // X86: 1[3- 386 ShaderModel, // DirectX ShaderModel // The order of these values matters, and must be
x86_64, // X86-64: amd64, x86_64 LiteOS, kept in_sync with the X . X
xcore, // XCore: xcore Serenity, / language options enum in Clang. The ordering is
xtensa, // Tensilica: Xtensa Vulkan,  // Vulkan SPIR-V enforced in
nvptx, // NVPTX: 32-bit LastOSType = Vulkan // static_asserts in Triple.cpp and in Clang.
nvgt{64, ;4 XMBI{: 64-bit }; 51x$l,
amdil, . . . ertex,
amdilé4, // AMDIL with 64-bit pointers enum VendorType { Geometry,
hsail, // AMD HSAIL . . Unk Vond Hull,
hsailé4, // AMD HSAIL with 64-bit_pointers . X nknownvendor, Domain,
spir, // SPIR: standard portable IR for OpenCL 32-bit version Appl Compute,
spiré4, // SPIR: standard portable IR for OpenCL 64-bit version pEp-es Library,
spirv, // SPIR-V with logical memory layout. SCET RayGeneration,
spirv32, // SPIR-V with 32-bit pointers Freescal In¥ersection,
ipirvg4, ;; EP{B-X with 64;b1E ngters IBH et AnyHit,

alimba, alimba: generic kalimba 2. : : ClosestHit
shave, // SHAVE: Mosidius vector VLIW processors %mag%naﬁloETeghnologles, Miss, ’
lanai, // Lanai: Lanai 32-bit . N&ESIKC nologies, Callable,
wasm32, // WebAssembly with 32-bit pointers CSR. Mesh,
wasmé4, // WebAssembly with 64-bit pointers AMD’ Amplification,
renderscript32, // 32-bit RenderScript Mes OpenCL,
renderscript64, // 64-bit RenderScript . SSgE’ OpenHOS,
Xe’tA hT // NEC SX-Aurora Vector Engine OpenEmbedded

astArchType = ve Intel ’ PAuthTest,
4 )

b };LastVendorType = Intel } LastEnvironmentType = PAuthTest
B

https://llvm.org/doxygen/Triple_8h_source.html



Compiling to Machine Code

* The machine only understands executable binaries (i.e., machine code
* All other languages must be translated to machine code

Human Readable

C Source Code
(Platform-Independent)

#include <stdlib.h>
#include <stdio.h>

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

puts("Hello World!");

return EXIT_SUCCESS;

Sort-of Human Readable
Assembly Source Code

Machine Readable

Executable Binary (C Compiler)
(Platform-Dependent)

& mp2089@ilab: ~/cs211/exper X v - (]
6_6u-linux-gnu-gee | hea
o~ d ..S
- 00000000: 0000 .ELF. Q
o 00000010: 0000 -
c 00000020: 0008 S
o 80000030: 38 2100
000000U0: 0000 (o)

00000050 oeee
00000060 :
00000070:
00000080:
000eee90:

Machine Readable

(Platform-Dependent)

. .string "Hello World!"
main:
addi sp,sp,-32
sd ra,24(sp
sd s0,16(sp
addi 50,58,32
mv as,a -------')
sd al,-32(s0
sw a5,-20(s0
1la a0, .LC
call puts
1i a5,0
mv a0, a5
1d ra,24§sp;
1d s0,16(sp
addi sp,sp,32
jr ra

Executable Binary (Assembler)
(Platform-Dependent)

A& mp2099@ilabl: ~/cs2N1/exper X+

L g
?; : s | head >
00000000: 7FUS Ucli 0201 Q.
Q. 00000010: 0300 3¢00 0100 &=
(] 00800020: LIOBO 0600 OO S
o 00008030: GO0 0600 OO ')
008006L0: BEE0 0600 BLBO

00000050: UOBD OO0 BOee
00000060: d802 00EO 0000
00000070: 0800 OO0 0OEe
00000080: 1803 00OO 00OO
00000090: 1803 0000 00O

Machine Readable

Executable Binary (Your App)
(Platform-Dependent)

A& mp2099@ilab; ~/cs2Mfexper X+~ - o

$ x86_64-linux—gnu-gcc —o hello hello.c

8 $ xxd hello | head
00000000: 745 Ucls 0000 0000 0ERe 0000
00000010: 0300 3e00 6010 0000 OOOO 0O
0PEEEO20: LA EEEO 9836 0000 BEOO 0P
00000030: 00D 0OER 3800 04O 4EOO 1f00 1ledd
00e00OUD: 600 BEEO Ueee ©EEO BEBE 0O
00OEOOS5O: L BEEO 4eee 0000 DOBO 0RO
00000060: d862 BOEO dse2 0600 6RO 0000
00eEEAT7O: B8P0 EEEO 0300 0000 BUBE e
00000080: 1803 000 1803 0000 00R0 0000
00000090: 1803 0EEO 1cO@ 0000 OOBO 0O

$ |

Machine Readable

Executable Binary (Your App)
(Platform-Dependent)

A mp2099@ilabl: ~fcs2M/exper X+ v - o

$ x86_6U4-linux—gnu-gcc -o hello hello.c
$ head

00000000 e2e1 oeee 0000 .ELF.

eeeeesl1s: elee 6010 eeee .

00000020 : 0008 9836 0008

0eeeessn: 4pee 3800 edee 1e00@
Lclelclelcl il euee upee [clelcle]

00000050 : oeee ueee oeee

000eeR68 : eeee dsez eeee

Loyl 0000 8300 BEOO 0000

0peeesse: eeee 1803 eeee eeee

00066898 : 0000 ch‘B 0000 0000
: $




Compilers vs.... Other Ways to Run Code

C Source Code
(Platform-Independent)

#include <stdlib.h>
#include <stdio.h>

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

puts("Hello World!");

return EXIT_SUCCESS;
}

Assembly Source Code
(Platform-Dependent)

) .string "Hello World!"
in:

addi Sp,sp,-32

sd rg,%ggsp;

sd s8;16(s
addi 50,3p,38
v
sd
W
la
all f
i
d
d
ddi

r

s
1
c
1
mv
1
1
a
bl

Java Source Code
(Platform-Independent)

Executable Binary (C Compiler)
(Platform-Dependent)

input
output

Executable Binary (Assembler)
(Platform-Dependent)

class HelloWorld
{

public static void main(String[] args)

{

}
}

System.out.println("Hello World!");

input

Python Source Code
(Platform-Independent)

Executable Binary (Your App)
(Platform-Dependent)

Executable Binary (Your App)

(Platform-Dependent)
"é_ :?‘.l- ' - o x
£ S
= o
: . ava Bvtecode Executable Binary (JVM)
Executable Binary (javac) J y (Platform-Dependent)

(Platform-Dependent)

output

import os

if __name__ == “__main__”

print(“Hello World!")
exit(os.EX_OK)

(Platform-Independent)

input

input

Executable Binary (Python Interpreter)
(Platform-Dependent)
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“Libraries” are Executable Code

Numpy Source Code
(Platform-Independent)

#include <stdlib.h>
#include <stdio.h>

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

puts("Hello World!");

return EXIT_SUCCESS;
}

NumPy Source Code

(Platform-Dependent)

.string "Hello World!"
add sp,sp,-32
sd ra,24(sp
sd $0,16 sg
addi 50,58,3
mv as, al

sd al,-32(se
sw a5, -20(se
1la ae, . LCl
call

main:

mv ,a5

1d ra,24(sp
1d 50,16(s|
addi sp,sp,3
jr ra

Python Source Code
(Platform-Independent)

Executable Binary (C Compiler)
(Platform-Dependent)

input

Executable Binary (Assembler)

(Platform-Dependent)

output

import numpy as np

if __name__ == “__main_ :
print(np.array(1))
exit(os.EX_OK)

Executable Binary (NumPy Library)
(Platform-Dependent)

Executable Binary (NumPy Library)
(Platform-Dependent)

Executable Binary (Python Interpreter)
(Platform-Dependent)

input

1



ompiler “Targets”
Executable Binaries

Source Code (Platform-Dependent)
(Platform-Independent)

#include <stdlib.h>
#include <stdio.h>

Running on x86_64-1inux

int main(int argc, char *argv[])

put S ( " Hello wor\ld | n ) ; A mp2099@ilabl: ~/cs211/expel A
return EXIT_SUCCESS; 7 $ x86_6U-linux-gnu-gcc —o hello hello.c
- 3 $ xxd hello | head
} 00EEEREO: TFUS5 0000 PREE PREE BREO

0000RR10: 8380 6010 PEEE BEEE BREO
0000RE20: Ueee 9836 0EEE BEEE 8OO
00000030: 880 3800 0dOG LEEO 1f0O 1ledd
0000R0UE: BE660 Leee eEEe Beee B8
00000050: Uee0 LHeee 0EEe 0ee0 008
000EEB60: dBe2 ds62 0Oee DO BOOE
0000R070: 0800 0300 0EEO BuUeO
00000080: 1803 1803 0OOE 0G0
00000090: 1863 lcO‘G 0eee eeee
3 $

Compiling on x86_64-1inux

Executable Binary (C Compiler)
(Platform-Dependent)

A mp2099@ilabi: ~fcs21/exper X+ v - o

$ xxd /usr/bin/x86_64-linux-gnu-gcc | hea

t

d

00000000: 7fUS Ucl6 ©201 ©103 0000 PEEE PEEO AR .ELF
00000010: 9200 3e00 0100 0RO UOLf U300 PEEO PEEO .
00PEEE20: LEEO BEEO OOEO BOBO c822 PebO DOOO DOOO
00EEEE30: OOEO BEEO UBE® 3800 BeBO UBOO 2200 2180 .
000PEELE: 0600 BOE OUER 0POO 4EEO 0RO 00D 00D
00PEERS50: 4OOP UEEe ©PEe 00O 4eeO 4EEO 0000 000
00EEEEEO: 1003 OOEO 0OOO 6666 1003 GOOO 0000 0OOO
00EEEE70: G80O PEEO PEEe BAEO 0300 POOO OUGD BOBD .
00EEEE80: 5003 PEEO PEEe POEO 5003 UEEO 0OOO POBD P
00EEEE90: 5003 LEEO OEEe BOEO 1cHO POOO DOOO 0OBD P

$ |

inpu

output

A mp2099@ilabl: ~/cs211/exper X + v - o

$ riscvbl-linux-gnu-gcc -o hello hello.c

: $ xxd hello | head
0eEEORAO: TFUS 0ee0 GEEE PEEe 8068
00000010: 8380 bee5s BEEE BEEE BOOE
00000020: UE80 10la 0EEO 0EEO OO
00000030: 0500 38 0at0 4O 1co® 1boe
000000U0: B600 Leee eEEL 0eEe BEee
00000050: Ueee Leee eEEL 0eEe BEee
00000060: 3002 3002 0EOO 0EEO BEEO
00000070: 0800 0300 0EEO OUEe BEEe
00000080: 7002 7002 0EEE PEEO B0
00000090 7082 210‘0 0000 PEEE BEe.

: $




Cross-Compilation Example

Android Studio
Compiling on x86_64-windows

N} My Application ~ 72 master - E 34_extension_|... - - g x O &

Running Devices [

[CRCORC N i I ]
e —

Changes

Commit Commit &
Logcat Logcat

[& Pixel 3a API 34 e: ion 7 (emulator-55¢ V- package:mine

Mobile App
Running on aarch64-android

Tuesday, May 7 | @ 68 °F

RN/

o

Smartphone

https://m.media-
amazon.com/images/l/61eQRr
P5STL._AC_SL1000_.jpg
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ilab: Three Different Compilers

- O

A mp2099@ilab4: ~/cs211fexpe X 4

$ x86_6U-Linux—gnu-gcc -c —o hello.o hello.c Targeting
$ file hello.o .
able, x86-6U4, version 1 (SYSV), not stripped X86_64-11nux

s |
This Class

helleo.o: ELF &4-bit LSB relocat

A mp2099@ilab4d: ~fcs211fexpe X A — O
Complllng on ] $ riscvél-linux—-gnu-gcc —c -o hello.o hello.c Targeting
xX86 64-1inux : : $ file hello.o 1 . ¢
— hello.o: ELF 6U-bit LSBE relocatable, UCB RISC-V, RVC, double—float ABI, versi riscvée4-1inux

on 1 (SYSV), not stripped

$ |

A mp2099@ilab4: ~fcs211fexpe X S - O

$ aarchél-linux-gnu-gcc -c -o hello.o hello.c .
$ file hello.o TargEtlng

hello.o: ELF 6U-bit LSB relocatable, ARM aarchéd, version 1 (SYSV), not strip aar‘ch64-linux
ped |

$ |

14



Agenda

Platforms and Compilers
*“Hello World” Analysis
*Compiling C Code



C vs. Java “Hello World”

hello_world.c

HelloWorld.java
#include <stdlib.h>
#include <stdio.h> zlass HelloWorld
TNt main(int argc, char *argv[1) FUbllc static void main(String[] args)
{ . n |y .
outs("Hello World!™); System.out.println("Hello World!");
return EXIT_SUCCESS; ) }

Functions live alone in C files
(no classes or encapsulation)



Preprocessor Directives

“#include’ is a preprocessor directive

#includefZstdlib.h>

#tinclude <stdio.h>

{
puts("Hello World!");

return EXIT_SUCCESS;

int main(int argc, char *argv[])

Tells the C compiler (specifically, the preprocessor) to
copy/paste the entire contents of stdlib.h into this file
That way, we can use functions/variables in stdlib.h

InPrivate Preprocessor - cppreferencecom X+

‘en.cppreference.com

. o .
cppreference.com Create account Search a

Page Discussion Standard revision: Diff w| view Edit History

C  Clanguage Preprocessor

Preprocessor

The preprocessor is executed at translation phase 4, before the compilation. The result of preprocessing is a single file
which is then passed to the actual compiler.

Directives
The preprocessing directives control the behavior of the preprocessor. Each directive occupies one line and has the
following format:

» # character
+ preprocessing instruction (one of define, undef, include, 1f, 1fdef, 1fndef, else, el1f, elaifdef, elifndefisince

c23), endif, line, embedisince c23), error, warningisince c23), pragma) (1]
+ arguments (depends on the instruction)
+ line break.
The null directive (# followed by a line break) is allowed and has no effect.

Capabilities
The preprocessor has the source file translation capabilities:
conditionally compile of parts of source file (controlled by directive #1f, #1fdef, #1fndef, #else, #elif, #elifdef.
#elifndefisince c23) and #endif).
replace text macros while possibly concatenating or quoting identifiers (controlled by directives #define and
#undef, and operators # and ##)
» include other files {controlled by directive #1nclude and checked with __has_1includetsince c231)
s Cause an error or warningsinc= c23) (controlled by directive #error or #warning respectivelyisince c23))

The following aspects of the preprocessor can be controlled:
+ implementation defined behavior {controlled by directive #pragma and operator _Pragmasince css))
+ file name and line information available to the preprocessor (controlled by directives #l1ine)

Footnotes
1. *+ These are the directives defined by the standard. The standard does not define behavier for other directives: they might be
ignored, have some useful meaning, or make the program ill-formed. Even if otherwise ignored, they are removed from the
source code when the preprocessor is done. A common non-standard extension is the directive #warning which emits a user-

defined message during compilation. (uneil c23)

Example

This section is incomplete
Reason: no example

References
» €23 standard (ISQ/IEC 9899:2024):
. =l (o T2l
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Preprocessor Directives

hello_world.c
#include kstdlib.h>

#tinclude <stdio.h>

int main(int argc, char *argv[])

{
puts("Hello World!");

returnf EXIT SUCCESS;

stdlib.h Source Code
(yes, they use Git too!)

D sourceware.org Git - glibc.git/ble. X

sourceware.org

git://sourceware.org / glibc.git / blob

[commit__v| 2 search: |

975f5aeb0b26717560ed7541bc54710f31a48e5
[glibc.git] / stdlib / stdlib.h
t (C) 1991-2825 Free Software Foundation, Inc.

t The GNU Toolchain Authors.
file is part of the GNU C Library.

PURPOSE. See the GNU

You should have rece d @ copy of the GNU Lesser General Public
i with the GNU C Library; if not, see
www. gnu. org/licenses/>. =/

IS0 (89 Standard: 7.28 General utilities <stdlib.h>

28
21 *s

L

23 #ifndef _STDLIB_H

25 #define _ GLIBC_INTERMAL STARTING_HEADER_IMPLEMENTATION
26 #include <bits/libc-header-start.h>

28 /* Get size t, wchar_t and MULL from <stddef.h>. */
29 #define _ need size t

30 #define __need_wchar_t

31 #define _ need NULL

32 #include <stddef.h>

ey git

| Ore

“#tdefine” is another

preprocessor directive

* Tells the preprocessor to replace all
instances of EXIT_FAILURE with 1

[define

o o Lo

XIT FAILURE

to the outside world should be done in

1 F* Failing exit stotus. */
% £* Successful exit status.

* Avoids magic numbers in the code!
preprocessor macro

18



C Preprocessing

Text File
(C Source Code)

v text-to-text

C Preprocessor .
(CPrep ]
‘ processin g

Text File
he I |0_W0r|d.C (Prep. C Source Code)

#tinclude <stdlib.h>

include <otdio. hello_world.c hello_world.i

& mp2099@ilabl: ~/cs21fex; X + -~ - | X A mp2099@ilabl: ~fcs211/ex; X +
. . . k : $ cat hello_world.c {
1nt maln(lnt apgc) Chap anV[]) #include <stdlib.h=> struct _reent *_ptr;
{ #include <stdio.h> _ptr = _impure_ptr;
return ((—(((_ptr)->_stdin))->_r < @ ? __srget_r
puts ( "He].].O wor.ld | n ) ; int main(int arge, char *argv[]) §5E§r|3+£§5|j:t.r)—>_stdi|1]] : (int)(*(((_ptr)->_stdin
. puts("Hello World!"); }
r‘etur\n EXIT—SUCCESS-’ return EXIT_SUCCESS; static __inline int
} } _putchar_unlocked(int _c)
] {

struct _reent *_ptr;
_ptr = _impure_ptr;

return (__sputc_r(_ptr, _c, ((_ptr)->_stdout)));
1
]

int main(int argc, char *argv[])
{
puts(4~110 World!");

returr 8;
h




C Preprocessing: Macro Bugs

*Be very careful with macros: text replacement ignores code correctness!

#tdefine PI 3.14
#define TWO _PI PI + PI

{
}

return 2 * TWO PI;

#define PI 3.14
#define TWO PI (PI + PI)

{
}

return 2 * TWO PI;

float four pi(void) | >

float four pi(void)
{

}

return 2 * 3.14 + 3.14;

float four pi(void) l >

float four_ pi(void)
{

}

return 2 * (3.14 + 3.14);
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C Preprocessing: Function-Like Macro Bugs

*Be very careful with macros: text replacement ignores code correctness!

#tdefine PI 3.14

#define PI_PLUS N(x) PI + x float four pi(void)

float four pi(void) | > { return 2 * PT + PI:

{ J
return 2 * PI_PLUS N(PI); !

}

#tdefine PI 3.14

#define PI_PLUS N(x) (PI + x) float four pi(void)

float four_pi(void) | > { return 2 * (PI + PI);

{ J
return 2 * PI_PLUS _N(PI); )

}




<Std|ib.h> C Standard Library:

stdlib.h Documentation

.‘ InPrivate lim] #% cplusplus.com/reference/cstdlib/

~ o
(@] (] cplusplus.com

TUTORIALS ~ REFERENCE  ARTICLES  FORUM A
m cplusplus sign up (ELY
[ ] .com [Legacy version]

Reference : <estdlib>

hello_world.c wice oy

header
. <cstdlib> (stdlib.h)

#i NcC 1 u d e < St d 1 i b ° h > e C Standard General Utilities Library

<cerrno> (ermo.h)

# i n C 1 u d e < S t d i O R h > :;e:a:: ((fﬂe::;h:) This header defines several general purpose functions, including dynamic memory management,

<« s> (intiypes.h) rar::om m:jmber ge:eration, communication with the environment, integer arithmetics, searching,
<cisob4B> (iso646.h) sorting and converting.
<climits> (limits.h)

int main(int argc, char *argv[]) ot ()

f« Functions

String conversion

<csetjmp> (setjmp.h) atof Convert string to double (function)
<csignal> (signal.h)
<cstdarg> (stdarg.h) atoi Convert string to integer (function)
u t S ( [ 1] H e l l O WO r‘ 1 d | [} ) ° <cstdbool> (stdbool.h) atol Convert string to long integer (funciion)

p ° J <cstddef> (stddef.h) atoll Convert string to long long integer (function)
<cstdint> (stdint.h) - —

re t urn E X I T S U C C E S S , <cstdio> (stdio.h) strtod Convert string to double (function)

— J <cstdlib> (stdlib.h) striof Convert string to float (function)

} <estring> (string.h) strtol Convert string to long integer (function)
<ctgmath> (tgmath.h) . .
<ctimes (time.h) strtold Convert string 1o long double (function)
<cuchar> (uchar.h) strtoll Convert string to leng long integer (function)
<cwchar> (wehar.h) strtoul Convert string to unsigned long integer (function)
<cwelypes e.h

. pe> (weype.h) strtoull Convert string to unsigned long long integer (function)
* Containers:
* Input/Output: L
» Multi-threading: e
} Other: rand Generate random number (function)
srand Initialize random number generator (function)
~ functions
Exit Dynamic memory management

short calloc Allocate and zero-initialize array (function)

abs

at_quick_exit

atexit

s2nd




<stdio.h>

hello_world.c

#include <stdlib.h>
#include

int main(int argc, char *argv[])

{
puts("Hello World!");
return EXIT_SUCCESS;

Tutorials
Reference
Articles
Forum

« C library:
<cassert> (assert.h)
<cotype> (stype.h)
<cerrno> (errno.h)
<cfenv> (fenv.h)
<cfloat> (float.h)
<cinttypes> (inttypes.h)
<ciso646> (is0646.h)
<climits> (limits.h)
<clocale> (locale.h)
<cmath> (math.h)
<csetjmp> (setjmp.h)
<csignal> (signal.h)
<cstdarg> (stdarg.h)
<cstdbool> (stdbool.h)
<cstddef> (stddef.h)
<cstdint> (stdint.h)
<cstdio> (stdio.h)
<cstdlib> (stdlib.h)
<cstring> (string.h)
<ctgmath> (tgmath.h)

C Standard Library:

stdio.h Documentation

“ InPrivate im} #% cplusplus.com/reference/cstdio/ % +

cplusplus.com,
TUTORIALS  REFERENCE  ARTICLES  FORUM signup [

[Legacy version]

Reference : <cstdio>

header

<cstdio> (stdio.h)

C library to perform Input/Output operations

Input and Output operations can also be performed in C++ using the € Standard Input and Output
Library (cstdio, known as stdio.h in the C language). This library uses what are called streams to
operate with physical devices such as keyboards, printers, terminals or with any other type of files
supported by the system. Streams are an abstraction to interact with these in an uniform way; All
streams have similar properties independently of the individual characteristics of the physical media
they are associated with.

Streams are handled in the cstdio library as pointers to FILE objects. A pointer to a FILE object
uniquely identifies a stream, and is used as a parameter in the operations involving that stream.

There also exist three standard streams: stdin, stdout and stderr, which are automatically created
and opened for all programs using the library.

9 Stream properties

Streams have some properties that define which functions can be used on them and how these will
treat the data input or output through them. Most of these properties are defined at the moment the

<ctime> (time.h) stream is associated with a file (opened) using the fopen function:
<cuchar> (uchar.h) ReadWrite A
ea e Access
<cwehar> (wehar.h
. eb((wciy e]h) Specifies whether the stream has read or write access (or both) to the physical media they are
_1 P pe- associated with.
¥ Containers:
¥ Input/Output: Text / Binary
» Multi-threading: Text streams are thought to represent a set of text lines, each one ending with a new-line
} Other: character. Depending on the environment where the application is run, some character
translation may occur with text streams to adapt some special characters to the text file
specifications of the environment. A binary stream, on the other hand, is a sequence of
~ functions characters written or read from the physical media with no translation, having a one-to-one
clearerr correspondence with the characters read or written to the stream.
fclose Buffer
feol A buffer is a block of memory where data is accumulated before being physically read or written
:ﬂerrohr to the associated file or device. Streams can be either fully buffered, line buffered or unbuffered.
us PR S I TR SR TR .
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C Standard Libraries

* C Standard Libraries are... standardized

» Basic utility functions and macros

 Required by the C standard
hello_world.c Y

CStandard Library headers - cppr %

‘en.cppreference.com

cppreference.com

#tinclude <stdlib.h> —
#tincludefl<stdio.h>

C Standard Library headers

The interface of C standard library is defined by the following collection of headers.

Create account Search a

Standard revision:| Diff v| view Edit History

int main(int argc, char *argv[])

{
puts("Hello World!");
return EXIT_SUCCESS;

* Anything else is yours to implement ©
* Can use “external libraries” (beyond this class

<assert.h>
<complex. h= (since C9)
<ctype b=

<ermo.h=

<fenv.h> (since co3)
<float.h=
<inttypes.h> (since C93)
<150646 . h= (since C95)
<limits.h=

<locale.h=

<math.h>

<setjmp.h>

<signal.h=
<stdalign.hs (since C11)(deprecated in C23)
<stdarg.h>
<stdatomic.h= (since 11}
<stdbit.h=> (since c29)
<stdbool . h= (since C33)idepracatad in C23)
<stdckdint.h> (since c23)
<stddef.h=

<stdint.h= (since co9)
<stdio.h=

<stdlib.h=
<stdmchar.h= (since cas)
<stdnoreturn. h> (since C11)(deprecated in C23)
<string.h=

<tgmath.h> since c39)
<threads . h> (since c11)
<time.h=

<uchar.h=> (since c11)
<wchar. h> (since Ca5)

<wctype. h= (since C95)

Feature test macros (since €23)

Conditionally compiled macro that compares its argument to zero
Complex number arithmetic

Functions to determine the type contained in character data
Macros reporting error conditions

Floating-point environment

Limits of floating-point types

Format conversion of integer types

Alternative operater spellings

Ranges of integer types

Localization utilities

Common mathematics functions

Nenlocal jumps

Signal handling

alignas and alignef convenience macros

Variable arguments

Atomic operations

Macros to work with the byte and bit representations of types
Macros for boolean type

Macros for performing checked integer arithmetic

Common macro definitions

Fixed-width integer types

Input/output

General utilities: memory management. program utilities, string
conversions, random numbers, algorithms

Text transcode

noreturn convenience macro

string handling

Type-generic math (macros wrapping math.h and complex.h)
Thread library

Time/date utilities

UTF-16 and UTF-32 character utilities

Extended multibyte and wide character utilities

Functions to determine the type contained in wide character data

24



C Starter Code: main

hello_world.c

#include <stdlib.h>
##include <stdio.h>

int main(int argc, char *argv[])

puts("Hello World!");
return EXIT_SUCCESS;

* Function “main”
* Where your program starts

|

£ ./hello_world 1 two Bx3

* Inputs from the command line

*int argc: number of program arguments
e char *argv[]: array of args as ASCII strings

* One output to the command line
*int: “return value” (here, EXIT_SUCCESS)

25



C Starter Code: main

*int argc: number of program arguments
*char *argv[]: list of arguments (ASCII strings)

hello_world.c

#include <stdlib.hs : £ ./hello_world 1 two @x3
#include <stdio.h> argv[e] = “./hello_world”
argv[l] = “1”
int main(int argc, char *argv[]) argc = 4 argv[2] = “two”
argv[3] = “ox3”
puts("Hello World!");
return EXIT_SUCCESS;
}

argv[0] = “./hello_world”
argv[1l] = “.?-3/1”

argc = 2

The CLI command is usually the first argument

26



C Starter Code: Objects in Memory

P

hello_world.c 160
#include <stdlib.h> argc
#include <stdio.h> . 104
objects

int mainEnt areq] <unused>
{

puts("Hello World!"); 112

return EXIT_SUCCESS;
} argv

“Pointer”
(64-bit unsigned integer)

Two’s complement

32-bit integer

ynoAe| Atowdw 3jdwexs
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C Starter Code:

hello_world.c

#include <stdlib.h>
##include <stdio.h>

{

routs("Hello World!"™);

return EXIT_SUCCESS;

int main(int argc, char *argv[])

4
4

]
[ ] ] cplusp_l;gnsj

Tutorials
Reference
Articles
Forum

= C library:
<casserts (assert.h)
<cetype> (ctype.h)
<cerrno> (errmo.h)
<cfenv> (fenv.h)
<cfloat> (float.h)
<cinttypes> (inttypes.h)
<ciso646> (is0646.h)
<climits> (limits.h)
<clocale> (locale.h)
<cmath> (math.h)
<csetjmp> (setjmp.h)
<csignal> (signal.h)
<cstdarg> (stdarg.h)
<cstdbool> (stdbool.h)
<cstddef> (stddef.h)
<cstdint> (stdint.h)
<cstdio> (stdio.h)
<cstdlib> (stdlib.h)
<cstring> (string.h)
<ctgmath> (tgmath.h)
<ctime> (time.h)
<cuchar> (uchar.h)
<cwehar= (weharh)
<cwetype> (wetype.h)

* Containers:

¥ Input/Output:

» Multi-threading:

» Other:

~ functions
clearerr
fclose
feof
ferror
fflush
foetc
fgetpos
faets

InPrivate im} #%  cplusplus.com/reference/cstdio/r X 4F

cplusplus.com 7

TUTORIALS  REFERENGE  ARTICLES  FORUM e g in

[Legacy version]

Reference : <cstdio=: puts

function

puts

<cstdio=

int puts ( const char = str );

Write string to stdout
Writes the C string pointed by str to the standard output (stdout) and appends a newline character
(*sn').

The function begins copying from the address specified (str) until it reaches the terminating null
character (*\@"). This terminating null-character is not copied to the stream.

Notice that puts not only differs from fputs in that it uses stdout as destination, but it also appends a
newline character at the end automatically (which fputs does not).

.. Parameters

str
C string to be printed.

# Return Value

an success, a non-negative value is returned.
0On error, the function returns EQF and sets the error indicator (ferror).

. Example

/* puts example : hello world! =/
#include <stdio.h=

int main ()

char string []1 = "Hello world!™;
puts (string);

1
& Edit & run on cpp.sh
¢ See also
fputs Write string to stream (functian)
printf Print formatted data to stdout (function)

— L L PR
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C Starter Code: puts

A mp2099@ilabl: ~fcs211, X + o~

$ man puts]

hello_world.c

A mp2099@ilabl: ~/cs211/exper X + - m}
PUTS(3) Linux Programmer's Manual PUTS(3)
#include <stdlib.h> ANE
#inC]_Ude < Std io . h S fputc, fputs, putc, putchar, puts - output of characters and strings
SYNOPSIS
#include <stdio.h>
int main ( int ar‘gC, Char\ *ar‘gV[ ] ) int fputc(int ¢, FILE *stream);

{

int fputs(const char *s, FILE *stream);

outs("Hello World!"™);

int putc(int ¢, FILE *stream);

return EXIT_SUCCESS; int putchar(int c);

} int puts(const char *s);

DESCRIPTION
fputc() writes the character ¢, cast to an unsigned char, to stream.

fputs() writes the string s to stream, without its terminating null byte ('\@').

putc() is equivalent to fputc() except that it may be implemented as a macro which evaluates stream
more than once.

putchar(c) is equivalent to putc(c, stdout).

puts() writes the string s and a trailing newline to stdout.
Manual page puts(3) line 1 (press h for help or g to quit)




C Starter Code: puts

hello_world.c

#tinclude <stdlib.h>
##include <stdio.h>

int main(int argc, char *argv[])

{
outs("Hello World!"™);

return EXIT_SUCCESS;

what is puts in c

In C, puts is a standard library function used to output a string to the console, followed by a newline

character (\n). It is declared in the stdio.h header file.

Syntax:

Parameters:

e str:A pointer to the null-terminated string you want to print.

Return Value:
* On success, puts returns a non-negative number.

e On failure, it returns EoF (End Of File).

Example:

https://chatgpt.com/
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Platforms and Compilers
*“Hello World” Analysis
*Compiling C Code



C Compilation

Platform-Independent

e LS

Platform-Dependent

Libraries

Text File
(C Source Code)

C Preprocessor

-———-

Text File
(Prep. C Source Code)

C Compiler

Text File
(ASM Source Code)

Assembler

Binary File
(Object File)

Binary File
(Object File)

Binary File
(Object File)

Linker

Binary File
(Object File)

Binary File
(Executable)

#tinclude <stdio.h>
#tinclude <stdlib.h>

int main(int argc, char *argv[])

{
print("Hello, World");

return EXIT_SUCCESS;
}

hello.c

[...ENTIRE CONTENTS OF “stdio.h” and

stdlib.h...]

int main(int argc, char *argv[])

{
print("Hello, World");

return 0;

hello.i

main:
addi sp,sp,-32
sd ra,24(sp)
sd s0,16(sp)
addi s0,sp,32
mv a5,a0
sd al,-32(s0)
sw a5,-20(s0)
11a ao0,.Lco
call puts@lt
1i a5,0
mv a0,as
1d ra,24(sp)
1d s0,16(sp)
addi sp,sp,32
jr ra

hello.s

00000070: 4865 6c6c 6f2c 2057 6f72 6c64 0000 4743 Hello, world..GC
00000080: 433a 2028 5562 756e 7475 2031 312e 342e C: (Ubuntu 11.4.
00000090: 302d 3175 6275 6e74 7531 7e32 322e 3034 0-lubuntul~22.04
000000a0: 2920 3131 2e34 2e30 0041 3200 0000 7269 ) 11.4.0.A2...ri
000000b0: 7363 7600 0128 0000 0005 7276 3634 6932 scv..(....rv64i2
000000c0: 7030 5f6d 3270 305f 6132 7030 5f66 3270 p0O_m2p0_a2p0_f2p
000000d0: 305f 6432 7030 5f63 3270 3000 002e 7368 0_d2p0_c2p0...sh
000000e0: 7374 7274 6162 002e 7465 7874 002e 6461 strtab..text..da

000000f0: 7461 002e 6273 7300 2e72 6f64 6174 6100 ta..bss..rc
00000100: 2e63 6f6d 6d65 6e74 002e 6e6f 7465 2e47 .comment..r
00000110: 4e55 2d73 7461 636b 002e 7269 7363 762e Nu-stack..r
00000120: 6174 7472 6962 7574 6573 0000 0000 0000 attributes.

hello.o

00001050: 4743 433a 2028 5562 756e 7475 2031 312e GCC: (Ubuntu 11.
00001060: 342e 302d 3175 6275 6e74 7531 7e32 322e 4.0-lubuntul~22.
00001070: 3034 2920 3131 2e34 2e30 0041 3200 0000 04) 11.4.0.A2...
00001080: 7269 7363 7600 0128 0000 0005 7276 3634 riscv..(....rv64
00001090: 6932 7030 5f6d 3270 305f 6132 7030 5f66 1i2p0_m2p0_a2p0_f

000010a0: 3270 305f 6432 7030 5f63 3270 3000 002e 2p0_d2p0_c2p0.

000010b0: 7368 7374 7274 6162 002e 696e 7465 7270 shstrtab..interp
000010c0: 002e 6e6f 7465 2e67 6e75 2e62 7569 6c64 ..note.gnu.build
000010d0: 2d69 6400 2e6e 6f74 652e 4142 492d 7461 -id..note.ABI-ta

000010e0: 6700 2e67 6e75 2e68 6173 6800 2e64 796e ..
000010f0: 7379 6d00 2e64 796e 7374 7200 2e67 6e75 sym..

00001100: 2e76 6572 7369 6f6e 002e 676e 752e 7665 .version..gnu.ve
00001110: 7273 696f 6e5f 7200 2e72 656c 612e 6479 rsion_r..rela.dy
00001120: 6e00 2e72 656c 612e 706c 7400 2e74 6578 n..rela.plt..tex
00001130: 7400 2e72 6f64 6174 6100 2e65 685f 6672 t..rodata..eh_fr

00001140: 616d 655f 6864 7200 2e65 685f 6672 616d ame_hdr..

_fram

00001150: 6500 2e70 7265 696e 6974 5f61 7272 6179 e..preinit_array

00001160: 002e 696e 6974 5f61 7272 6179 002e 6669 ..init_array..fi

00001170: 6e69 5f61 7272 6179 002e 6479 6e61 6d69 ni_array..dynami

00001180: 6300 2e64 6174 6100 2e67 6f74 002e 6273 «c..data..got..bs

00001190: 7300 2e63 6f6d 6d65 6e74 002e 7269 7363 s..comment..risc h
ello

000011a0: 762e 6174 7472 6962 7574 6573 0000 0000 v.attributes..




GCC: Our C Compiler Toolchain

* GNU Compiler Collection (GCC): A set of compilers for many different
languages and platforms
* It's (mostly) written in C and itself needs to be compiled to actually run

GCC variants on ilab (for different targets):

A mp2099@ilabl: ~fcs211fexper X + >

$ which gcc

Jusr/bin/gcc
: $ which x86_6U-linux—gnu-gcc

/usr/bin/x86_6U-1inux-gnu-gcc
] $ which aarchéU-linux—gnu-gcc
fusr/bin/aarchél-1inux—anu—acc

: $ which riscvél-linux-gnu-gcc
hi l /usr/bin/riscvél-linux—gnu—-gcc
This Class : $ 1s /common/system/riscvi/bin/riscvét-unknown-elf-gcc
|

+ |

general usage:

netid@ilab2:~$% {optional prefix}gcc [flags] [filenames] 23



Useful GCC Flags to Try Out

Specify the output filename (default is a.out)

netid@ilab2:~$% riscv64-linux-gnu-gcc -o [output filename] [filenames]

Code optimization level -00: no optimizations on your code
-01, -02, -03:optimize for performance

-0s: optimize for small machine code size
-0g: don’t interfere with debugging

netid@ilab2:~$%$ riscv64-linux-gnu-gcc -0On [filenames]

Warnings ~Wal L: enable more warnings |
-Wextra: enable even more more warnings

Errors -Werror: treat warnings as errors

-Wfatal -errors: stop after the first error
netid@ilab2:~$% riscv64-linux-gnu-gcc -Werror [filenames]

Enable Debugging Metadata (e.g., for GDB)

netid@ilab2:~$% riscv64-linux-gnu-gcc -g [filenames]

https://gcc.gnu.org/onlinedocs/gcc/Option-Summary.html 34



Compiling the C Starter Code: Preprocessing

Text File

(CS°urieC°de) hello_world.c hello_world.i
C Preprocessor #include <stdlib.h> [Entire contents of stdlib.h: 355 lines]
‘ #include <stdio.h> [Entire contents of stdio.h: 308 lines]
Text File : . *
(Prep. C Source Code) int main(int argc, char *argv[]) | int main(int argc, char *argv[])
{ {
C Compiler // some comment here puts("Hello World!");
|| puts("Hello World!"); return @;
Text File return EXIT_SUCCESS; }
(ASM Source Code) }
Assermbler C Source Code C Source Code (Preprocessed)
T e.g., ASCII, UTF-8 e.g., ASCII, UTF-8
Binary File
(Object File)
v Preprocessor: gcc —-E [flags] [filenames]
Linker
‘ A mp2099@ilab4: ~/cs211/expe X + - — O

$ /common/system/riscvi/bin/riscvél-unknown-elf-gcc —-E -P hello_world.c > hello_world.i

Binary File ; |
(Executable)




Compiling the C Starter Code: Compilation

Text File .
<CS°urie Code) hello_world.i hello_world.s
C Preprocessor [Entire contents of stdlib.h: 355 lines] "‘F@: _string "Hello World!"
P [Entire contents of stdio.h: 308 lines] fadn: agdi sp,;z,-BZ
s ra,24(sp
Text File ) .. sdai 28:%?353
(Prep. C Source Code) int maln(lnt argc, char *ar‘gv[ ]) rgxé gi’%z s0
' { R
C Compiler puts("Hello World!"); 2311 §§t§5
T return 0; I 0
Text Fil ) o gt
(ASM Source Code)
Assermbler C Source Code (Preprocessed) Assembler Source Code
‘ e.g., ASCIl, UTF-8 e.g., ASCIl, UTF-8
Binary File
(Object File)
v Compilation: gcc -S [flags] [filenames]
Linker
‘ & mp2099@ilab4: ~fcs211/expe X + | = — O

$ /common/system/riscvi/bin/riscvét-unknown-elf-gcc =S —o hello_world.s hello_world.i

Binary File ; |
(Executable)




Compiling the C Starter Code: Assembly

Text File
(c Sourie Code) hello_world.s hello_world.o
[ C P ] main: 'String "Hello World!" A mp2099@ilab4: ~fcs211/expe X + - d
reprocessor addi sp,sp,-32 . ] $ file hello_world.o
‘ sd ra,24(sp 1.1 hello_world.o: ELF 64-bit LSB relocatable, UCB RISC-V, RVC, double-
sd s0,16(sp float ABI, version 1 (SYSV), not stripped
° addi s0,sp,32 ° ] $ xxd hello_world.o
Text File mv a5,a0 mapplng 000EERRR: TUS UcU6 B201 0100 POOO HEEG BEGO HOOO
(Prep. C Source Code) sd al,-32(so 0EBEEE10: P10 300 1A AR BAEO PEAE BPAE 0AA
Sw a5,-20(so 0EEE0O20: DEEE OEEE POEO AEGE abB3 AEEE OOAO PAEO
1l1la ao, .LC 0000PE30: P500 0RO 4EEO OO BEEO LBEE OceO ObRe
call puts POBAAAELUD: B11l B6ec 22e8 BA1O aaB87 2330 blfe 2326
C Compiler 1i a5,0 000EER50: fufe b707 BEEO 1385 0700 9700 0OAE €780
P mv a0, ab POBORAEGH: BEAG B1U7 3e85 e260 U26L B561 8280 0ABO
1d ra,24(sp PEPEBRTO: UB65 6cbec 6F20 576f 726c 6421 0P UTU3  Hello World!..GC
1d s0,16(sp POEEEAESH: U33a 2028 2920 313U 2e32 230 68Ul 6500 C: () 14.2.8.Ae.
5 addi sp,sp,32 POPEOR90: BEEO 7269 7363 7600 B15b PEEE 00AU 1885 ..riscv..[......
Text F||e jr ra 0EEERRad: 7276 3634 6932 7031 5f6d 3270 305F 6132 rv6Ui2pl _m2p@_a2
0OPEEObE: 7031 5F66 3270 325f 6U32 7032 5F63 3270 pl_f2p2_d2p2_c2p

(ASM Source Code)

l

Assembler Assembler Source Code Object File
| e.g., ASCIl, UTF-8 ELF Format (Binary)

000000cO: 305f Ta69 6373 7232 7030 5f7a 6966 656e O_zicsr2pB_zifen

Binary File
(Object File)

—r ] Assembly: gcc -c [flags] [filenames]

‘ & mp2099@ilabd: ~fcs211fexpe X + o~ - O

Binary File - $ /common/system/riscvi/bin/riscvél-unknown-elf-gcc -c —o hello_world.o hello_world.s
(Executable) ;

$ |




Compiling the C Starter Code: Linking

Text File
(C Source Code) hello_world

v

[ C Preprocessor ]

v

.0 hello_world

4 +

A mp2099@ilab4: ~fcs211/expe X +

: $ file hello_world
hello_world: ELF 6U-bit LSB executable, UCB RISC-V, RVC, double—flo

ccosoes 355 oo at ABI, version 1 (SYSV), statically linked, not stripped
T F.I sian 66 s : $ xxd hello_world
ext File : 000P0P00: TFU5 UcU6 0201 0160 PAOO PO BOBO OHOO
(Prep. Csource COde) ety s 0OEEER10: 0200 300 0160 0EEE Uedl O1OO GEEE BOEBO
POPEEE20: LUOEO OOPO OPEO OEEE =857 OREO PEED OBLEO
‘ ° POEEER30: 0500 0EAA UABO 3860 AUAE URBE BfEE BedO
C Standard leral‘y e S e e e e e
[ C Compller ] N S— POPEPEGE: 6600 DERO OOPEO OEEE DOOE OREO PEED OBEO
— POPEEETE: PlEO OEPO OPEO OEEE PlOE OREO A500 AEEO
‘ POPEEEEE: POEO OELPO OPEO PEEP POGE 0100 PEED OBEO
N POPEEE90: POEO 9100 OPEO AEEE 3c26 OREO PEED OBEO
Text File 000P00ad: 3c26 HAOO AAOO PEAD 0O1O POEE POAO AOAO

0000ERbA: 0160 ORAG PEEG MEOE MA3P POAE AOEE AEEA
00000ECcH: 0B30 0160 0EEO 0OEE BE30 0100 GO 08GO

(ASM Source Code)

l

([ Assembler ) Object Files Executable Binary
ELF Format (Binary) ELF Format (Binary)

Binary File
(Object File)

v Linker: gcc -0 [exename] [flags] [filenames]

Linker

A mp2099@ilab4: ~/cs211/expe X +

v

Binary File
(Executable)

$ /common/system/riscvi/bin/riscvél-unknown-elf-gcc -o hello_world hello_world.o

$ |




Compiling the C Starter Code: All in One Step

Text File
(c Sourie Code) hello_world.c hello_world
3 3 ilabd: ~, X 4
CP #include <stdlib.h> L S
reprocessor ,
. o 3 $ file hello_world
‘ #1nClUde < Stdlo . h > hello_world: ELF 6U-bit LSB executable, UCB RISC-V, RVC, double—flo
at ABI, version 1 (SYSV), statically linked, not stripped
T F-I ] $ xxd hello_world
ext File . 000P0P00: TFU5 UcU6 0201 0160 PAOO PO BOBO OHOO
1 1 1 000AA010: 0200 300 0100 0PEE Uedl 0100 OAOO OHOO
(Prep. C Source Code) 1nt maln ( int argec, char ar‘gv) 000AA020: LINEG OPEO AP AP e857 AAOO BAOO OHOO
{ 000AAO30: 0500 OAAO LUPEO 3800 UG LEBO BFOO 0eBO
0POAAOUO: 0300 0A7O UG OREE d939 ARG BRB BABO
. " TR 0POAAO50: 0RO OPEO AP OPEO AAO BAOO BABO BAEO
[ C ComP"e" ] pUtS( Hello World! ) > 0POAA0GO: 6600 OAEO AP OPEE ARG BAOO BABO OAEO
0P0AAETO: 0100 GAEO AP OPEE 0100 AAGO 0500 OAAO
‘ return EXIT_SUCCESS; 00000080: 00G0 BEAO AAAO HAAE BEAO ©100 OAEO OOAD
- - 0P0AAE90: 0PEO 0100 AP 0RO 3c26 OAOO BABO OAAO
Text File } 000AARa0: 3c26 GAOO AP OPEO OA1O ARG BAOO OAAO

0000ERbA: 0160 ORAG PEEG MEOE MA3P POAE AOEE AEEA
00000ECcH: 0B30 0160 0EEO 0OEE BE30 0100 GO 08GO

(ASM Source Code)

l

- C Source Code Executable Binary
| e.g., ASCIl, UTF-8 ELF Format (Binary)

Binary File
(Object File)

v One-shot: gcc -0 [exename] [flags] [C filenames]

Linker

v

Binary File
(Executable)

A mp2099@ilab4: ~/cs211/expe X + o~ _ g

$ /common/system/riscvi/bin/riscvél-unknown-elf-gcc —o hello_world hello_world.c
$ ./hello_world

$ |

Hello WOrld!'




GCC Demo

*(Time Permitting)
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