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What is a Computer System ?

A group of interconnected 
components that exhibits 
an expected collective 
behavior observed at the 
interfaces with its 
environment.

2

System
Environment

Interface



George Candea Principles of Computer Systems

Examples of Systems

• Examples of systems
• a smartphone or tablet

• the Internet

• ticket reservation system

• shared calendaring system

• air traffic control

• an e-commerce site

• smart home

• self-driving cars
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What Is A Computer System ?

• Three parts
• system components

• surrounding environment

• interface

• Litmus test of good system
• predict system behavior from

component-level behaviors ?
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• A system is ...
• a group of interconnected components that exhibits an 

expected collective behavior observed at the interfaces 
with its environment

• Good system design ⇒
• predict system behavior from component-level behaviors

• Elemental components are often complex
• a component is itself a (sub)system
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Component vs. System

• Four distinguishing characteristics
• emergent properties

• propagation of effects

• incommensurate scaling

• inevitable trade-offs
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#1: Emergent Properties

Properties that are not evident in the components,
but appear when the components are combined.
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#2: Propagation of Effects
The transitivity of component interconnections causes a local 
phenomenon to propagate to large parts of the system.
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#3: Incommensurate Scaling

• Reason
• Scalability of each component is described by a function

• The order of these functions is not the same for each 
component ⇒ as system grows, components scale 
disproportionally to each other

As a system increases in size or speed, different parts scale 
unequally, causing the system as a whole to stop working.
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#4: Trade-Offs
Designing a system consists of trading off properties against 
each other so as to maximize the system’s overall utility.
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• every system property has a utility curve

• a given design ties utility curves to each other

• configurations, implementations, and inputs each fix a 
point along the utility curve

Quality [%] Availability [%] Security [EAL]

Max. Latency [sec] Min. Throughput [ops/sec] TCO [$/year]

0 100 100980 0 74321 5 6

1 11

0 1180.1

1

0 1000 2000

1

0 1M 3M

1

Figure 1. Normalized utility functions for an example online banking application.

Other possible quantifications of security include a sim-
ple set containment approach, in which higher levels of se-
curity incorporate a larger set of security precautions in-
cluded in the system. Another approach, depending on
the application, is to quantify security according to cryp-
tographic key sizes [17]. [20] proposes a way to evaluate
and quantify the security of storage systems.
Performance is usually viewed as an expression of the

throughput and latency of access. For a general banking ser-
vice we may want to consider both read and update through-
put/latency and perhaps even differentiate based on the par-
ticular data set being accessed. However, in this example
we will only look at a general measure of overall through-
put and latency. The performance axes have a continuous
value set; throughput is measured in operations/second, and
latency in seconds.
Total cost of ownership (TCO) includes hard-

ware/software costs, training, maintenance, technical
support, network connectivity, etc. In this example we use
the per-year amortized cost, with the TCO axis quantified
in dollars/year.
When choosing values and metrics for points on any

of the design axes, system designers will generally choose
units specific to the applications that will use the state repos-
itory they are building.

4. The Requirements Specification

The requirements specification is a collection of utility
functions, one for each axis of the design space, along with
a formula for combining individual utilities into an over-
all utility. It is acceptable for points on the axes to not be
quantified with absolute metrics; what really matters is that
values can be compared to each other. The units used for
measuring utility need to be uniform across all five axes, to

be able to correctly compare utilities throughout the design
space.
Utility functions can be specified at various levels of de-

tail, from qualitative graphs to precise quantitative func-
tions. The right level of detail is generally obtained at the
end of an iterative process, in which utility functions are
successively refined. The general approach we propose for
building these utility functions is to choose salient points
and then qualitatively interpolate between them.
In this example, the formula for combining utilities is

simply a multiplication.
Quality: Certain applications, such as large search en-

gines, routinely reduce completeness of their answers [5],
that, however, would be unacceptable in the case of a bank-
ing application, where consistency between the reported
balances/payments/etc. with the true bank account is cru-
cial. Therefore, the only salient point in this case is the
100% quality point, and Figure 1 shows one of the simplest
utility curves possible: a step function. Any quality below
100% is useless, hence utility 0; once the quality is 100%,
it perfectly meets the requirement of the application.
Availability of the service is the percentage of requests

that are satisfactorily fulfilled by the bank’s web site. Ac-
cording to various surveys, the true availability of the best-
of-breed web sites today is on the order of 98%, so we
choose that as one salient point. For competitive reasons,
we would expect the online bank to find a system with
poorer availability than 98% to be totally useless. The util-
ity of availability rapidly increases until it reaches the order
of 3 nines, after which any further improvements in avail-
ability become rather worthless, as we can count on users
to retry a failed request. This yields a second salient point
at 99.9%. We interpolate and show the resulting curve in
Figure 1.
Security of the service is defined in terms of how useful

the different assurance levels would be, so it is is natural to
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Properties of Computer Systems

• Four characteristics
• emergent properties

• propagation of effects

• incommensurate scaling

• inevitable trade-offs

• Synthesize a system from requirements
• Road ahead:

• representations, abstractions, and design ideas

• combat the ad-hoc nature of system design

• take a principled approach to the design process

8



Prof. George Candea

School of Computer & Communication Sciences

The Complexity Challenge



George Candea Principles of Computer Systems

gear = gear+1
rpm = 0.5*rpm

autoShift (int rpm) 

   if (rpm > 1000)

      gear = gear+1

      rpm = 0.5*rpm

   if (rpm < 700)

      gear=0

   return rpm < 700 rpm < 700

rpm > 1000

TrueFalse

return gear=0
return

TrueFalse

return gear=0
return

TrueFalse

rpm > 1000

rpm < 700rpm < 700

2



George Candea Principles of Computer Systems

autoShift (int rpm) 

   if (rpm > 1000)

      gear = gear+1

      rpm = 0.5*rpm

   if (rpm < 700)

      gear=0

   return

gear = gear+1
rpm = 0.5*rpm

rpm > 1000

TrueFalse

return gear=0
return

TrueFalse

return gear=0
return

TrueFalse

rpm=1200

rpm < 700

rpm=1800

rpm < 700 rpm < 700

3



George Candea Principles of Computer Systems

gear = gear+1
rpm = 0.5*rpm

autoShift (int rpm) 

   if (rpm > 1000)

      gear = gear+1

      rpm = 0.5*rpm

   if (rpm < 700)

      gear=0

   return

rpm > 1000

TrueFalse

return gear=0
return

TrueFalse

return gear=0
return

TrueFalse

rpm ∈ {0,350,944,1200,1800}

rpm < 700rpm < 700

4

Software Testing



Software Testing

George Candea Principles of Computer Systems

paths ≃ 2 
program size
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paths ≃ 2 
program size

>5,000,000 lines of code1 (LOC) ⇒ ~2500,000 paths

1 Black Duck Software, Inc. Mozilla Firefox Code Analysis, http://www.ohloh.net/p/firefox/analyses/latest

Can we test  2 500,000 paths?
• 30 picoseconds/test ⇒ 2 

499,968 years to finish
• planet Earth is ~2 32 years old

• 1 bit/test ⇒ 2 
499,957 Terabytes to store the answer

• Universe contains ~2 266 atoms in total
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• Testing
• most basic form of software verification

• naive approach does not offer a lot of confidence

• Correct by construction ?
• mathematical view of software engineering

• Proofs of correctness ?
• write code and prove it correct before running it
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Many Requirements ⇒ Complexity

3
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Quest for Efficiency ⇒ Complexity
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Desired efficiency

Complexity



George Candea Principles of Computer Systems

Quest for Efficiency ⇒ Complexity

4

Desired efficiency

Complexity



George Candea Principles of Computer Systems

Quest for Efficiency ⇒ Complexity
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System Evolution ⇒ Complexity

• Changes in requirements
• same system design, different environments

• users want new things, but replacing the system is costly

• Changes to address these = Evolution
• changes introduce complexity

5
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Legacy Systems = Complex Systems

6

• Evolution
• is a process of satisfying new requirements

• successful systems evolve fast

Android codebase size
(in millions of lines, over its first 4 years)

5.0

2.5

0
2009 2010 2011 2012



George Candea

2/3 profile view
of instructor

Principles of Computer Systems

Sources of Complexity

• Exponential path/state explosion
• Large number of requirements
• Quest for high efficiency
• System evolution
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Building Bridges

• Observation
• bridges are normally on-time, on-budget, and don’t fall

• software projects rarely ship on-time, are often over-
budget, and rarely work exactly as specified

• Blueprints for bridges must be approved...
• for structural integrity, earthquake and flood safety, etc.

• Foundations are inspected
• you don’t just build a pillar and test if it stands

• Fundamental difference:
• laws of physics  vs.  laws of human intellect ...

2

A RTlClES 

A COMPUTER SCIENCE PERSPECTIVE 
OF BRIDGE DESIGN 

What kinds of lessons does a classical engineering discipline like bridge 
design have for an emerging engineering discipline like computer systems 
design? Case-study editors Alfred Spector and David Gifford consider the 
insight and experience of bridge designer Gerard Fox to find out how strong 
the parallels are. 

ALFRED SPECTOR and DAVID GIFFORD 

AS Gerry, let’s begin with an overview of 
bridges. 
GF In the United States, most highway bridges are 
mandated by a government agency. The great major- 
ity are small bridges (with spans of less than 150 
feet) and are part of the public highway system. 
There are fewer large bridges, having spans of 600 
feet or more, that carry roads over bodies of water, 
gorges, or other large obstacles. There are also a 
small number of superlarge bridges with spans ap- 
proaching a mile, like the Verrazzano Narrows 
Bridge in New Yor:k. 

AS What are the requirements for a bridge? 
GF There are several categories of requirements. 
For instance, there are funcfionalify requirements: 
The lanes should be sufficiently wide, the bridge 
should have safe barriers to deflect cars back onto 
the roadway, and the lighting should be sufficient. 
There are serviceability requirements: We don’t want 
the bridge to vibrate excessively and scare people, 
and we don’t want large cracks in concrete bridges. 
Of course, there is the ultimate strength requirement: 
We don’t want the bridge to fail. Then there is an 
aesthetics requirement: The bridge should be pleas- 
ing to the eye. There’s also a long-term maintainability 
requirement, which involves corrosion protection of 
various elements. For example, cables tend to be 
very susceptible to stress corrosion, and therefore 
their protection is ‘very important. Finally, there is 
the cost-effectiveness requirement: The finished prod- 
uct should meet all of the above requirements at the 
best possible cost. 
01986 ACM OOOl-0762/66/0400-0268 7511 

THE DESIGN PROCESS 

AS What is the procedure for designing and con- 
structing a bridge? 
GF It breaks down into three phases: the prelimi- 
nay design phase, the main design phase, and the 
construction phase. For larger bridges, several alter- 
native designs are usually considered during the 
preliminary design phase, whereas simple calcula- 
tions or experience usually suffices in determining 
the appropriate design for small bridges. There are a 
lot more factors to take into account with a large 
bridge: aesthetics, method of construction, cost of 
materials, etc. The preliminary design report for a 
large bridge usually describes three or four alterna- 
tive bridge types, estimates their costs, and provides 
a rendering of what the bridge will look like. Usu- 
ally, the designer recommends one of the alterna- 
tives to the client. There would also usually be hear- 
ings to get the public’s reaction. 

DG Do you estimate both the initial cost and the 
life-cycle cost for each of the alternatives? 
GF Life-cycle costing is not in wide use for bridges, 
although I think it should be. For example, consider 
the life-cycle cost of a bridge’s deck, the portion of 
the bridge that comprises the riding surface. One 
alternative is to design an orthotropic steel deck, 
which can support traffic and also help to carry the 
weight of the bridge itself. The alternative is a con- 
crete slab deck, which costs a lot less initially, but 
does not last nearly as long as a steel deck. Since the 
initial cost is the primary thing that clients look at 
today, most new bridges in this country are being 
built with concrete decks. At the same time, many 

268 Conmunications of fhe ACM April 1986 Volume 29 Number 4 
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Four Symptoms of Complexity

• Large number of components
• Large number of interconnections
• Many irregularities and exceptions
• High “Kolmogorov complexity”

3
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Symptom #1: Many Components
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Symptom #2: Many Interconnections
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libebml
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libxevie

libxfce4menu
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linux_logo
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lucene
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mpck
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mysql-python

naim
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opengl-man-pages
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oxygen-gtk
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pdksh

pdns-recursor
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perl-digest-hmac perl-email-date-format

perl-event

perl-exiftool
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perl-string-shellquote

perl-test-pod

perl-text-iconv

perl-tie-simple

perl-time-hires

perl-unicode-string

perl-xml-simple

phonon-vlc

php-apc

php-suhosin

pkgstats

pm-quirks

poppler-data

potrace

printproto

procmail

pulseaudio-alsa

purple-plugin-pack

putty

pwgen

pyatspi

pycups
pypgsql

pyrex

pysmbc

python-beaker

python-fpconst

python-gdata

python-logilab-common

python-markupsafe

python-mpd

python-urwid

python-wpactrl

qt-doc

qt3-doc
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randrproto

re2c

recordproto
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scim-pinyin
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setserial
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sip

slim-themes
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sound-theme-freedesktop
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source-highlight

spassgen

speedtouch

srcpac
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ssmtp
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texlive-genericextra

texlive-htmlxml
texlive-langcjk

texlive-langcyrillic

texlive-langextra
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texlive-plainextra

texlive-pstricks texlive-publishers

texlive-science

tiacx-firmware

time

tomcat6tomcat7

tree

umfpack
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vi

videoproto

vim-buftabs

w3c-mathml2

watchdog

wesnoth-data

windowmaker-extra

wv2

x2x
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xbill

xbitmaps

xcb-proto

xclip

xerces2-java

xf86-input-acecad

xf86-input-aiptek

xf86-input-joystick

xf86-input-keyboard

xf86-input-mouse

xf86-input-synaptics

xf86-input-vmmouse

xf86-input-void

xf86-video-apm

xf86-video-ark

xf86-video-ast

xf86-video-chips

xf86-video-cirrus

xf86-video-dummy

xf86-video-fbdev

xf86-video-glint

xf86-video-i128

xf86-video-i740

xf86-video-mach64

xf86-video-mga

xf86-video-neomagic

xf86-video-nv

xf86-video-r128

xf86-video-rendition

xf86-video-s3

xf86-video-s3virge

xf86-video-savage

xf86-video-siliconmotion

xf86-video-sis

xf86-video-sisusb

xf86-video-tdfx

xf86-video-trident

xf86-video-tseng

xf86-video-unichrome

xf86-video-v4l

xf86-video-vesa

xf86-video-vmware

xf86-video-voodoo

xf86-video-xgi

xf86-video-xgixp

xf86dgaproto

xf86vidmodeproto

xfce4-taskmanager

xfwm4-themes

xineramaproto

xkeyboard-config

xmahjongg

xorg-apps

xorg-bdftopcf

xorg-setxkbmap

xorg-xcalc
xorg-xcmsdb

xorg-xdriinfo
xorg-xev

xorg-xkbcomp

xorg-xkbevd

xorg-xlsatoms

xorg-xlsclients

xorg-xlsfonts

xorg-xmodmap

xorg-xrefresh

xorg-xset

xorg-xwd

xorg-xwininfo

xorg-xwud

xpdf-arabic

xpdf-chinese-simplified

xpdf-chinese-traditional

xpdf-cyrillic

xpdf-greek

xpdf-hebrew

xpdf-japanese

xpdf-korean

xpdf-latin2
xpdf-thai

xpdf-turkish

xsnow

yasm

yelp-xsl

zd1211-firmware

zile

zope-interface

konq-plugins

tidyhtml

python-nose

python-pip

python-virtualenv

gnome-python-desktop

apache-ant

junit

perl-xml-namespacesupportperl-xml-sax
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Symptom #2: Many Interconnections

spamassassin
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Symptom #3: Irregularity and Exceptions
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Symptom #4: High “Kolmogorov Complexity”

• Kolmogorov complexity
• computation resources needed to specify an object

• minimal length of a description of the object

• K(object) >= |object| => complex
K(object) << |object| => simple

8

|ABDAGHDBBCAD...| = 106+1

|AAAAAAA ... AAAAB| = 106+1
K(AAAAAAA ... AAAAB) =
       |“1 million As followed by 1 B”|
⇒ simple

K(ABDAGHDBBCAD...) = 106+1
⇒ complex
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Front view
of instructor

Principles of Computer Systems

Symptoms of Complexity

• Four symptoms of complexity
• large number of components

• large number of interconnections

• many irregularities and exceptions

• high “Kolmogorov complexity”
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Symptoms of Complexity (Recap)

• Large number of components

2

• Large number of interconnections
• ⇒ small disturbance can have chaotic consequences

• Irregularities and exceptions

K(object) >= |object| => complex
K(object) << |object| => simple

• High Kolmogorov complexity
• ⇒ large # of brains required to understand the whole
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MAIN0001* PROGRAM TO SOLVE THE QUADRATIC EQUATION
MAIN0002        READ 10,A,B,C $
MAIN0003        DISC = B*B-4*A*C $
MAIN0004        IF (DISC) NEGA,ZERO,POSI $
MAIN0005   NEGA R = 0.0 - 0.5 * B/A $
MAIN0006        AI = 0.5 * SQRTF(0.0-DISC)/A $
MAIN0007        PRINT 11,R,AI $
MAIN0008        GO TO FINISH $
MAIN0009   ZERO R = 0.0 - 0.5 * B/A $
MAIN0010        PRINT 21,R $
MAIN0011        GO TO FINISH $
MAIN0012   POSI SD = SQRTF(DISC) $
MAIN0013        R1 = 0.5*(SD-B)/A $
MAIN0014        R2 = 0.5*(0.0-(B+SD))/A $
MAIN0015        PRINT 31,R2,R1 $
MAIN0016 FINISH STOP $
MAIN0017     10 FORMAT( 3F12.5 ) $
MAIN0018     11 FORMAT( 19H TWO COMPLEX ROOTS:, F12.5,14H PLUS OR MINUS,
MAIN0019        F12.5, 2H I ) $
MAIN0020     21 FORMAT( 15H ONE REAL ROOT:, F12.5 ) $
MAIN0021     31 FORMAT( 16H TWO REAL ROOTS:, F12.5, 5H AND , F12.5 ) $
MAIN0022        END $
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Edsger Dijkstra

Structured Programming

5

The competent programmer is fully aware of 
the strictly limited size of his own skull and 
therefore approaches the programming task 
in full humility.
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Structured Programming

• Three basic constructs
• single-entry / single-exit control constructs

• sequence, selection, iteration

• Structured program
• ordered, disciplined, doesn't jump around unpredictably

• can read easily and reason about ⇒ higher quality

6
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Structured Programming

• Three basic constructs
• single-entry / single-exit control constructs

• sequence, selection, iteration

• Structured program
• ordered, disciplined, doesn't jump around unpredictably

• can read easily and reason about ⇒ higher quality
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include/linux/fs.h

2651 #define DEFINE_SIMPLE_ATTRIBUTE(__fops, __get, __set, __fmt)            \
2652 static int __fops ## _open(struct inode *inode, struct file *file)      \
2653 {                                                                       \
2654         __simple_attr_check_format(__fmt, 0ull);                        \
2655         return simple_attr_open(inode, file, __get, __set, __fmt);      \
2656 }                                                                       \
2657 static const struct file_operations __fops = {                          \
2658         .owner   = THIS_MODULE,                                         \
2659         .open    = __fops ## _open,                                     \
2660         .release = simple_attr_release,                                 \
2661         .read    = simple_attr_read,                                    \
2662         .write   = simple_attr_write,                                   \
2663         .llseek  = generic_file_llseek,                                 \
2664 };

fs/debugfs/file.c:

 65 DEFINE_SIMPLE_ATTRIBUTE(fops_u8, debugfs_u8_get, debugfs_u8_set, "%llu\n");
 66 DEFINE_SIMPLE_ATTRIBUTE(fops_u8_ro, debugfs_u8_get, NULL, "%llu\n");
 67 DEFINE_SIMPLE_ATTRIBUTE(fops_u8_wo, NULL, debugfs_u8_set, "%llu\n");

instead of

static int fops_u8_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                        
        return simple_attr_open(inode, file, debugfs_u8_get, debugfs_u8_set, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8 = {                         
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_open,                                     
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};
static int fops_u8_ro_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                     
        return simple_attr_open(inode, file, debugfs_u8_get, NULL, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8_ro = {                          
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_ro_open,                                 
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};
static int fops_u8_wo_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                        
        return simple_attr_open(inode, file, NULL, debugfs_u8_set, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8_wo = {                          
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_wo_open,                                     
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};

appears 23 times in file.c

appears in 90 places in the Linux kernel
 
drivers/mmc/core/debugfs.c
drivers/hwmon/asus_atk0110.c
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fs/debugfs/file.c

7



include/linux/fs.h

2651 #define DEFINE_SIMPLE_ATTRIBUTE(__fops, __get, __set, __fmt)            \
2652 static int __fops ## _open(struct inode *inode, struct file *file)      \
2653 {                                                                       \
2654         __simple_attr_check_format(__fmt, 0ull);                        \
2655         return simple_attr_open(inode, file, __get, __set, __fmt);      \
2656 }                                                                       \
2657 static const struct file_operations __fops = {                          \
2658         .owner   = THIS_MODULE,                                         \
2659         .open    = __fops ## _open,                                     \
2660         .release = simple_attr_release,                                 \
2661         .read    = simple_attr_read,                                    \
2662         .write   = simple_attr_write,                                   \
2663         .llseek  = generic_file_llseek,                                 \
2664 };

fs/debugfs/file.c:

 65 DEFINE_SIMPLE_ATTRIBUTE(fops_u8, debugfs_u8_get, debugfs_u8_set, "%llu\n");
 66 DEFINE_SIMPLE_ATTRIBUTE(fops_u8_ro, debugfs_u8_get, NULL, "%llu\n");
 67 DEFINE_SIMPLE_ATTRIBUTE(fops_u8_wo, NULL, debugfs_u8_set, "%llu\n");

instead of

static int fops_u8_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                        
        return simple_attr_open(inode, file, debugfs_u8_get, debugfs_u8_set, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8 = {                         
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_open,                                     
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};
static int fops_u8_ro_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                     
        return simple_attr_open(inode, file, debugfs_u8_get, NULL, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8_ro = {                          
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_ro_open,                                 
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};
static int fops_u8_wo_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                        
        return simple_attr_open(inode, file, NULL, debugfs_u8_set, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8_wo = {                          
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_wo_open,                                     
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};

appears 23 times in file.c

appears in 90 places in the Linux kernel
 
drivers/mmc/core/debugfs.c
drivers/hwmon/asus_atk0110.c
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fs/debugfs/file.c
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include/linux/fs.h

#define DEFINE_SIMPLE_ATTRIBUTE(__fops, __get, __set, __fmt)            \
static int __fops ## _open(struct inode *inode, struct file *file)      \
{                                                                       \
        __simple_attr_check_format(__fmt, 0ull);                        \
        return simple_attr_open(inode, file, __get, __set, __fmt);      \
}                                                                       \
static const struct file_operations __fops = {                          \
        .owner   = THIS_MODULE,                                         \
        .open    = __fops ## _open,                                     \
        .release = simple_attr_release,                                 \
        .read    = simple_attr_read,                                    \
        .write   = simple_attr_write,                                   \
        .llseek  = generic_file_llseek,                                 \
};

fs/debugfs/file.c:

DEFINE_SIMPLE_ATTRIBUTE(fops_u8, debugfs_u8_get, debugfs_u8_set, "%llu\n");
DEFINE_SIMPLE_ATTRIBUTE(fops_u8_ro, debugfs_u8_get, NULL, "%llu\n");
DEFINE_SIMPLE_ATTRIBUTE(fops_u8_wo, NULL, debugfs_u8_set, "%llu\n");

instead of

static int fops_u8_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                        
        return simple_attr_open(inode, file, debugfs_u8_get, debugfs_u8_set, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8 = {                         
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_open,                                     
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};
static int fops_u8_ro_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                     
        return simple_attr_open(inode, file, debugfs_u8_get, NULL, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8_ro = {                          
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_ro_open,                                 
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};
static int fops_u8_wo_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                        
        return simple_attr_open(inode, file, NULL, debugfs_u8_set, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8_wo = {                          
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_wo_open,                                     
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};

appears 23 times in file.c

appears in 90 places in the Linux kernel
 
drivers/mmc/core/debugfs.c
drivers/hwmon/asus_atk0110.c
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include/linux/fs.h

2651 #define DEFINE_SIMPLE_ATTRIBUTE(__fops, __get, __set, __fmt)            \
2652 static int __fops ## _open(struct inode *inode, struct file *file)      \
2653 {                                                                       \
2654         __simple_attr_check_format(__fmt, 0ull);                        \
2655         return simple_attr_open(inode, file, __get, __set, __fmt);      \
2656 }                                                                       \
2657 static const struct file_operations __fops = {                          \
2658         .owner   = THIS_MODULE,                                         \
2659         .open    = __fops ## _open,                                     \
2660         .release = simple_attr_release,                                 \
2661         .read    = simple_attr_read,                                    \
2662         .write   = simple_attr_write,                                   \
2663         .llseek  = generic_file_llseek,                                 \
2664 };

fs/debugfs/file.c:

 65 DEFINE_SIMPLE_ATTRIBUTE(fops_u8, debugfs_u8_get, debugfs_u8_set, "%llu\n");
 66 DEFINE_SIMPLE_ATTRIBUTE(fops_u8_ro, debugfs_u8_get, NULL, "%llu\n");
 67 DEFINE_SIMPLE_ATTRIBUTE(fops_u8_wo, NULL, debugfs_u8_set, "%llu\n");

instead of

static int fops_u8_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                        
        return simple_attr_open(inode, file, debugfs_u8_get, debugfs_u8_set, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8 = {                         
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_open,                                     
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};
static int fops_u8_ro_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                     
        return simple_attr_open(inode, file, debugfs_u8_get, NULL, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8_ro = {                          
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_ro_open,                                 
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};
static int fops_u8_wo_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                        
        return simple_attr_open(inode, file, NULL, debugfs_u8_set, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8_wo = {                          
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_wo_open,                                     
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};

appears 23 times in file.c

appears in 90 places in the Linux kernel
 
drivers/mmc/core/debugfs.c
drivers/hwmon/asus_atk0110.c

include/linux/fs.h

2651 #define DEFINE_SIMPLE_ATTRIBUTE(__fops, __get, __set, __fmt)            \
2652 static int __fops ## _open(struct inode *inode, struct file *file)      \
2653 {                                                                       \
2654         __simple_attr_check_format(__fmt, 0ull);                        \
2655         return simple_attr_open(inode, file, __get, __set, __fmt);      \
2656 }                                                                       \
2657 static const struct file_operations __fops = {                          \
2658         .owner   = THIS_MODULE,                                         \
2659         .open    = __fops ## _open,                                     \
2660         .release = simple_attr_release,                                 \
2661         .read    = simple_attr_read,                                    \
2662         .write   = simple_attr_write,                                   \
2663         .llseek  = generic_file_llseek,                                 \
2664 };

fs/debugfs/file.c:

DEFINE_SIMPLE_ATTRIBUTE(fops_u8, debugfs_u8_get, debugfs_u8_set, "%llu\n");
DEFINE_SIMPLE_ATTRIBUTE(fops_u8_ro, debugfs_u8_get, NULL, "%llu\n");
DEFINE_SIMPLE_ATTRIBUTE(fops_u8_wo, NULL, debugfs_u8_set, "%llu\n");

instead of

static int fops_u8_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                        
        return simple_attr_open(inode, file, debugfs_u8_get, debugfs_u8_set, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8 = {                         
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_open,                                     
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};
static int fops_u8_ro_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                     
        return simple_attr_open(inode, file, debugfs_u8_get, NULL, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8_ro = {                          
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_ro_open,                                 
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};
static int fops_u8_wo_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                        
        return simple_attr_open(inode, file, NULL, debugfs_u8_set, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8_wo = {                          
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_wo_open,                                     
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};

appears 23 times in file.c

appears in 90 places in the Linux kernel
 
drivers/mmc/core/debugfs.c
drivers/hwmon/asus_atk0110.c

include/linux/fs.h

#define DEFINE_SIMPLE_ATTRIBUTE(__fops, __get, __set, __fmt)            \
static int __fops ## _open(struct inode *inode, struct file *file)      \
{                                                                       \
        __simple_attr_check_format(__fmt, 0ull);                        \
        return simple_attr_open(inode, file, __get, __set, __fmt);      \
}                                                                       \
static const struct file_operations __fops = {                          \
        .owner   = THIS_MODULE,                                         \
        .open    = __fops ## _open,                                     \
        .release = simple_attr_release,                                 \
        .read    = simple_attr_read,                                    \
        .write   = simple_attr_write,                                   \
        .llseek  = generic_file_llseek,                                 \
};

fs/debugfs/file.c:

DEFINE_SIMPLE_ATTRIBUTE(fops_u8, debugfs_u8_get, debugfs_u8_set, "%llu\n");
DEFINE_SIMPLE_ATTRIBUTE(fops_u8_ro, debugfs_u8_get, NULL, "%llu\n");
DEFINE_SIMPLE_ATTRIBUTE(fops_u8_wo, NULL, debugfs_u8_set, "%llu\n");

instead of

static int fops_u8_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                        
        return simple_attr_open(inode, file, debugfs_u8_get, debugfs_u8_set, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8 = {                         
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_open,                                     
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};
static int fops_u8_ro_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                     
        return simple_attr_open(inode, file, debugfs_u8_get, NULL, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8_ro = {                          
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_ro_open,                                 
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};
static int fops_u8_wo_open(struct inode *inode, struct file *file)      
{                                                                       
        __simple_attr_check_format("%llu\n", 0ull);                        
        return simple_attr_open(inode, file, NULL, debugfs_u8_set, "%llu\n");      
}                                                                       
static const struct file_operations fops_u8_wo = {                          
        .owner   = THIS_MODULE,                                         
        .open    = fops_u8_wo_open,                                     
        .release = simple_attr_release,                                 
        .read    = simple_attr_read,                                    
        .write   = simple_attr_write,                                   
        .llseek  = generic_file_llseek,                                 
};

appears 23 times in file.c

appears in 90 places in the Linux kernel
 
drivers/mmc/core/debugfs.c
drivers/hwmon/asus_atk0110.c
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Modularity Through Virtualization

• Server consolidation
• Reduce operating costs

• Reduce management costs

• Cloud computing
• On-demand VM provisioning

• VM migration

• VM replication
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George Candea Principles of Computer Systems

Modularity Outside Computer Science

• Cell = module used to build organisms
• Gene = unit (module) of evolution
• Cognitive activity (may be) modularized
• Division of labor = modularization
• Spare parts = modules
• IKEA ... modular furniture
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George Candea Principles of Computer Systems

Abstraction

• Abstraction
• specifies “what” a component/subsystem does

• together with modularity, it separates “what” from “how”

3

HOW
WHAT



George Candea Principles of Computer Systems

Examples of Abstractions in Operating Systems

• Virtual address space 
• Process
• Pipe
• Filesystem
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Examples of Abstractions in Programming Languages

• Routines
• function, procedure, thread, etc.

• Lambda functions
• a.k.a. anonymous functions

• Abstract data types
• Objects
• Duck typing
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