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Figure 1.3 The compilation system.



Preprocessing

tinclude <stdio.h>

e ‘4’ Directives

int main () {

e Include Files printf("HELLORD\n");

return 9;

* gcc -E -o hello.l hello

wc -1 hello.1l

751 hello.1

head hello.1

® "hello.c"

0 "<built-in>"

@ "<command-line>"

1 "/usr/include/stdc-predef.h" 1 3 4
4]

1

1

HOoH = H H

"<command-line>" 2
"hello.c"

"/usr/include/stdio.h" :
27 "Jusr/include/stdio.h" 3 4
"/usr/include/bits/1libc-header-start.h” 1

oy

33 "/usr/include/bits/libc-header-start.h” 3 ¢

H OH = H

++



ompilation (Assembly)

Preprocessor output is targeted to hardware

gcc -S hello.1 -o hello.s

Defaults to host hardware  EEESE—..

t
tion .rodata

Note structure of ASM L

.globl main
.type main, @function

Last human readable step

def_cfa_offset 16

.cfi_offs 6

movq
.cfi
movl
call
movl
popq
.cfi
ret
.cfi_endproc
.LFE@:
.size main, .-main
.ident "GCC: (GNU) 11 2 (Red Hat 11.5.8-11)"
.section .note.GNU-stack, rogbits




Machine Code Comparison
RISC-V

cat hello.s
file "hello.c"
.option pic
.text
.section .rodata

.

.align 3

file "hello.c"
.text
.section .rodata

.string "HELLORD"

.text

.globl main

.type main, @function

.string "HELLORD"
.text

.align 1

.globl main

. .type main, @function
pushq

.cfi_d
.cfi_offse
movq
.cfi_def_cfa_|
movl $.LCO,
call puts
movl $0
popq

.cfi_def cfa
ret
.cfi_endproc

addi sp,sp,-16

sd ra,8(sp)

sd s0,0(sp)

addi s@,sp,16

1la

call

11

my

1d

1d s0,0(sp)

addi S ,16

jr

.size main, .-main

.ident "GCC: (Ubuntu 11.4.0-1ubur 22, 11.4.0"
.section .note.GNU-stack,"",@progbits

.LFE@:
.size main, .-main
.ident "GCC: (GNU) 11.5.0 20240719 (Red Hat 11.5.0-11)"
.section .note.GNU-stack,"’ rogbits




Modern Computer Architecture

* Layout focused on PC.
« Common layout.
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Disk as network adapters
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- hello executable
w stored on disk



HELLO execution

CPU

¢ USB ContrO”er Register file

ALU
- ./hello from keyboard

Bus interface

- ./hello echoed to display I
e Command sentto “TTY” nd T

usB Graphics Disk as network adapters
controller adapter controller

Mouse Keyboard  Displayy () nello executable
T w stored on disk

ansion slots for

0




HELLO Execution Continued

CPU

_—TY iS a program. Register file
ALU

-TY SendS da,ta tO She” System bus  Memory bus

R PSS
Shell asks kernel to run. aa

IO bus

Kernel loads program.

controller adapter

zie] (5 o
Program executes. oo DY (5] M



/O Paths: Bus and Bridge

CPU

* Bus and Bridge

ALU
* PCI-E most common Sriemiue Meneye

i ] Bus interface | “ D | ain.
 USB is bridged to PCI-E Pl
IO bus DDD

Expansion slots for

other devices such

usB Graphics Disk as network adapters
controller adapter controller

Mouse Keyboard Display () hello executable
w stored on disk




Main Memory

CPU

 Actual location of data
ALU

 Constrains performance Sriemiue Meneye

. Bus interface i - E. mﬁ“r?,i?w
* Its why your PC is $$$ | 0

ansion slots for

other devices such

usB Graphics Disk as network adapters
controller adapter control

r
Mouse Keyboard Display () hello executable
w stored on disk




CPU: Structure

* PC: Program Counter
* ALU: Arithmetic Logic Unit

CPU

ALU




CPU: Basic Operations

 DMA: Direct Memory Access
* Load, Store, Operate, Jump

CPU

Register file

PC ALU




CPU: Layers of Caching

* Cost and Locality
e Caching is hard
* Page tables.

Smaller,
faster,
and
costlier
(per byte)
storage L2:
devices

}

L2 cache
(SRAM)

(per byte)
storage Ls: Local secondary storage
devices (local disks)
L6: Remote secondary storage
(distributed file systems, Web servers)

Figure 1.9 An example of a memory hierarchy.

|

CPU registers hold words
retrieved from cache memory.

L1 cache holds cache lines
retrieved from L2 cache.

L2 cache halds cache lines

} retrieved from L3 cache.

L3: L3 cache

Larger, RN} ] L3 cache holds cache lines
slg;vder. L4: Main memory

cheaper (RRAM)

retrieved from memory.

Main memory holds disk blocks
retrieved from local disks.

Local disks hold files
retrieved from disks on
remote network server.



A nod to K&R

* Bell Labs =
- David Richie
- Brian Kernighan

- Ken Thompson PROCRAMMING
| LANGUAGE
* Monopolies are bad(?)

BRIAN W KERNIGHAN
DENNIS M.RITCHIE

SOFTWARE SERIES




The Kernel: Processes

e Time Slices

* Context Switches Te Pmc;%wmssﬂ
| User code
* Process Schedulers TN endoute |0

o | + User code
Disk interrupt - r Context
Retum i Kemel code g ich
I |
|

from read + User code




The Kernel: Threads

Shared Structures

Share Context
Fun debugging

https://en.wikipedia.org/wiki/Pthreads
- Single file example of execution


https://en.wikipedia.org/wiki/Pthreads

The Kernel: Virtual Memory

e Process Stack

* Process Heap

* Mapping Tricks

- Ma
- Ma
- Ma

D
D

D

peC
peC

peC

to disk
to DRAM
to CACHE

Kernel virtual memory

User stack
(created at run time)

v
?

Memory-mapped region for
shared libraries

1

Run-time heap
(created by malloc)

Read/write data

Read-only code and data

Memory

printf function

l Loaded from the
J hello executable file



The Kernel: File Systems

* Types and targets
- Linux: EXT4, ZFS, VFAT
- Windows: NTFS
- OS/X: APFS, HFS+

* https://en.wikipedia.org/wiki/File system

* https://en.wikipedia.org/wiki/Computer data_stor
age


https://en.wikipedia.org/wiki/File_system
https://en.wikipedia.org/wiki/Computer_data_storage
https://en.wikipedia.org/wiki/Computer_data_storage
https://en.wikipedia.org/wiki/Computer_data_storage

The Kernel: Networking

e Just another I/O Device

* Network Stacks e e
- TCP/IP e [

Expansion slots
_ U D P 1O bus DD
USB Graphics Disk Networ k
. ! I A controller adapter controller adapter
* W. Richard Stevens UNIX & = =

Mouse Keyboard ~ Monitor )

NETWORK " = [Nt
PROGRAMMING 2 —

Networking APls: Sockets and XTI



https://en.wikipedia.org/wiki/Computer_data_storage

Amdahl's Law: Performance

* Thought Experiment 1
S

- alpha :{l—ﬂf}—l—&fﬂ;

- K factor improvement
- S Total Speed Up

* Improvement to a part of system can have
negligible impact depending on alpha.


https://en.wikipedia.org/wiki/Computer_data_storage
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