CS 310: Algorithms

Instructor: Naveed Anwar Bhatti




Who am I? Dr. Naveed Anwar Bhatti
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Hometown: Islamabad

Senior Researcher

Postdoc: 2019 RISE, Stockholm, Sweden

Computer Science
PhD  Politecnico di Milano, Italy
2018 System Support for Transiently
Powered Embedded Systems
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Computer Science
MS FAST-NUCES, Islamabad, Pakistan —
2013 Long range RFID System: Decoupling sensing and & "4,
energy in sensor networks using energy transfererig

Education:

BS Telecom

FAST-NUCES, Islamabad, Pakistan
2011 Internet Controlled Unmanned Ground Vehicle




‘ Long range RFID-like System
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@ Long range RFID-like System




‘ Other Sensor Deployments
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@ How to reach me?

Email: naveed.bhatti@lums.edu.pk

Room: 9 - G23A

Office Hours: Thursday, 11:00 am - 12:00 pm
Webpage: naveedanwarbhatti.github.io

Class page and slides: LUMS LMS


mailto:naveed.bhatti@lums.edu.pk

@ Why are YOU here? - Outline

Introduction to Algorithms, Analysis and

Week 1 and 2 Asymptotic growth
Week 3 Graphs

Week 4 and 5 Greedy Algorithms
Week 6 and 7 Divide and Conquer
Week 8, 9 and 10 Dynamic Programming
Week 11 and 12 Network Flow

Week 13 and 14 NP Completeness



) GRADING BREAKUP AND POLICY

Assessment Weight (%)
Assignments 10%
Quizzes 25%

(We will have N - 1 policy for quizzes. 1 quizzes will be
dropped. No petition for makeup quizzes will be
accepted if you have missed only 1 quiz. If you have
missed more than 1 quiz for genuine reasons, you may
file a petition for the 2nd and subsequent missed
quizzes. However, the petition may not be accepted if

there is no substantial reason.)

Mid-term 27%

Final 38%

Related CLOs

CLO1- CLO4
CLO1 - CLO3

CLO1 - CLO3

CLO1 - CLO4



@ Lecture slides

* Bad experience from previous courses

* Lecture slides are not the course content
* Discussions and explanations in between are equally important
* To extract maximum benefit, take notes (like the good old days!).
* | will selectively show/use slides



@ Algorithm Definition

“An algorithm is a finite, definite, effective procedure,

with some input and some output. "

— Donald Knuth
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@ Why study algorithms?

To become a proficient programmer.

“I will, in fact, claim that the difference between a bad
programmer and a good one is whether he considers his
code or his data structures more important. Bad
programmers worry about the code. Good programmers
worry about data structures and their relationships. ”

— Linus Torvalds (creator of Linux)
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‘ Why study algorithms?

For intellectual stimulation.

“For me, great algorithms are the poetry of computation.
Just like verse, they can be allusive, dense, and even
mysterious. But once unlocked, they cast a brilliant new
light on some aspect of computing.”

— Francis Sullivan

FROM THE
EDITORS

THE JOY OF ALGORITHMS

Francds Sulhan, Assalare Edlror-In-Chis?

Campnitaniensl slpneithies sre prohably s old 2 dvilizszion.
Sumerian cunei s, one of the mos ancienr wrine reocds,
ennsists ity of stponithe deseripoions for reckoning in hee
e, And 1 suppose we coubd claim thar the: Druid alpoithm for
estinenng the st of summer is embodied in Sionchenge.
{ Thar’s really hard hardware])

Like s many oaher things thar nechnalogry affoers, slgo
rithees have advanced i sranding and unespecred ways in the
Mk cenuiry—ar lesss i books that way o s now. The slgo
rithiees we chise far this issue have beem etemial for progress
in eosmmuisications, health care, manofeeoaring, coomomics,
weather prediction, defense, snd fundamentsl science. Con
wersely, profres in these sreas has stimulaved the sesrch for
ever hener lganithams. 1 recsl] ane: kae-nigha hull sesicn on
thee Maryland Share when somenne asked, “Wha st ane s
erahe After all, they don't ok very sppenizing.™ Afier the wsal
specularions shout the observed hehawior of ses golls, somene
wave what must bethe right anseer—namely, “A very hungry
persom first se & crah.”

The Bip side 1o “necessiry is the mosher of invension™ is “in
el CTESNis: (15 o ety Ohar noed fior powerfil mas
chines always esconts their svailshiling. Fach significant com
putarian brings insights thar sugges the near, usaslly much
barger, compuranion e be done. New alponithms ane an amenspo
iy hridpe the gap berween the demand for cycles and the avad
able supply of them, We've hevome aceusinmed v gaining the
Moore’s Law Bactor of reoevery 18 monthe. In effect, Moares
law changes the: comsznt in frone of the: czimaie of runsing
tinee 354 fencrion of problem siee. Imporant new al porithims
oy ot o along every 1.5 years, but when they di, they can
change the expanent af the complesing!

F <, preat algenithms are the peeory of compurarion.
wverse, ey cam be perse, allusive, dense, and even

r'} LECTED *THE TOP 10 ALGORITTIMS OF THE CE

L THEME OF THIE FIRST-OF THE-CENTURY IS5UE OF COMPUTING IN

I I
ACTENCE & ENGINEERING 15 ALGORITTIMS. IN FACT, WE WERE BOLD

ENOUGT AN PERTIAPS FOCHLISTT EMOUGTE - TOCALL THE 10 EXAMPLES WEVE SE

TURY.”

mysierious. B once unlocked, they essna brilliane mew ligha
o s axpect of compating. A collesgue recentdy claimed
ahar he'd done only 15 minuies of productive waork in his
whade ife. Tle wasn't joking, hecause he was referming 1o the
15 mirounes during whech he'd shenched oo 2 fundsmeneal op
wimizatian alperithm. [e reparded the previous pears of
aheughe and invemigation 5 5 sunk o thar mighe o migha
it hawe: i ol

Reseanchers have ersched msny hard probless since | Jan
wary 1900, Bt wee se pecsing some even farder ones on 1 the
near cenrury. Im spive of & kot of good work, the questan of
how 1o exmract information from exwemely larpe nmsses of
dans is =il bmase uneooched. There are sulll very big chal
lenges coming frons mare “madivons™ tsks, wo. For caam
ple, we need efficient methods s vl when the resalt of 3 large
Mrning pesion caleubacian is likely 1 be comrecr. Think of the
wiy thar chedk sums funerion. The sdded computarionl oo
is wery small, b the sdded confidence in the answer is lage.
ks there an snsbag fr things sech s huge, molndisciplinary
aprmizarins? Auan even deeper level is the issue of resan
able methods for solving specific cases of *imposahle” prob
lems. Instsnces of NP-complete problems crop up inac
TEplnE 1o sewer many practical quesrions. Are there
eflicient ways 1o stack thems

1 suspect thar in the 215 cenrury, things will be ripe for an
ather revalurion in our underseanding of the foundstions of
eomputarions] thenry. Questions slready arising from quan
e conypaing and profdems sssecared with cthe generacian
of random numshers seem o require that we somehow tic re
peaher theonies of compuring, logic, snd the moure of the
phiysieal warld.

The new century & mot going e be very restful for ws, bun
s ot oings 10 b il citheer! B
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@ Why study algorithms?

For fun and profit. ’ Clscu SYSTEMS
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@ Why study algorithms?

Internet.
Biology.
Computers.

Web search, packet routing, distributed file sharing, ...
Human genome project, protein folding, ...

Circuit layout, databases, caching, networking, compilers, ...

Computer graphics. Movies, video games, virtual reality, ...

Security.
Multimedia.
Social networks.
Physics.

Cell phones, e-commerce, voting machines, ...
MP3, JPG, DivX, HDTV, face recognition, ...
Recommendations, news feeds, advertisements, ...
Particle collision simulation, n-body simulation, ...

Slide credit: Kevin Wayne. Theory of Algorithms (COS423)

www.cs.princeton.edu/courses/archive/spring18/cos423
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@ A First Problem: Stable Matching
* Nicely illustrates many of the themes we will be emphasizing

* Target Applications:
 Selecting teaching assistants (TA) for courses — TA-course matching problem
* Matching employers to applicants for job hiring
* College admission — matching students to colleges
* Content delivery networks — assigning users to web servers

16
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@ Stability Matching — Formulating the Problem

TA-course matching problem

* Suppose:
* n courses are being offered by the CS Department in the current semester

* Due to budget constraints only one TA can be assigned to each course —n TAs for n
courses

* Each course instructor ranks all the TA applicants in the order of his/her preference
(preference list of the course instructor)

* Each TA applicant ranks all the courses in the order of his/her preference
(preference list of TA applicant)

* |ssues

* An applicant accepting TAship offer for a course may later quit it for a different
course that is ranked higher in his/her preference list

* A course instructor may withdraw an offer accepted by an applicant to hire another
TA who is ranked higher in the instructor’s preference list

* Unstable matching

18



@ TA-course matching problem

Goal. Given a set of preferences among course instructors and TA
applicants, design a self-reinforcing TA selection process

Unstable pair. Course instructor ¢ and TA applicant a form an unstable pair
if both:

¢ prefers a to an already selected TA
a prefers ¢ to the already assigned course instructor

TAA Unstable Pair

/course instr A, TA B)

19




@ TA-course matching problem

Goal. Given a set of preferences among course instructors and TA
applicants, design a self-reinforcing TA selection process

Unstable pair. Course instructor ¢ and TA applicant a form an unstable pair
if both:

¢ prefers a to an already selected TA

a prefers ¢ to the already assigned course instructor

Stable assignment. Assignment with no unstable pairs.
Prevents TAs quitting the assighed courses
Prevent instructor withdrawing TAship offer
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@ TA course matching problem - Example

Input. A set C of n course instructors and a set A of n TA applicants

* Each course instructor ¢ € C ranks TA applicants
* Each TA applicant a € A ranks courses

15t 2nd 3rd 15t 2nd 3rd
CS 100 Alice Bob Charlie Alice C5200  CS 100 CS 300
CS 200 Bob Alice Charlie Bob CS100  CS200 CS 300
CS 300 Alice Bob Charlie Charlie CS100  CS200 CS 300

Course instructors’ preference list TA applicants’ preference list



@ Matching

* Def. A matching M is a set of ordered pairs c — a withc € Canda € A
such that:
* Each course instructor ¢ € C appears in at most one pair of M

* Each TA applicant a € A appears in at most one pair of M

CS 100 Alice Bob
CS 200 Bob Alice Charlie
CS 300 Alice Bob Charlie

Course instructors’ preference list

M = {(CS100 — Charlie)}

1st an 3rd
Alice CS200 €S 100 CS 300
Bob CS100  CS 200 CS 300
Charlie - CS 200 CS 300

TA applicants’ preference list
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@ Matching

* Def. A matching M is a set of ordered pairs c — a withc € Cand a €

A such that:

* Each course instructor ¢ € C appears in at most one pair of M
* Each TA applicant a € A appears in at most one pair of M

CS 100 Alice Bob
CS 200 - Alice Charlie
CS 300 Alice Bob Charlie

Course instructors’ preference list

M = {(CS100 — Charlie)}
M = {(CS100 — Charlie), (C5200 - Bob)}

1st ond 3rd
Alice CS 200 CS 100 CS 300
Bob CS 100 _ CS 300
Charlie CS 200 CS 300

TA applicants’ preference list
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@ Perfect matching
Def. A matching M is perfectif |M| = |C| = |A| = n

* Each course instructor ¢ € C appears in one pair of M
 Each TA applicant a € A appears in one pair of M

CS 100 Alice Bob Alice CS 200 CS 100

CS 200 Alice Charlie Bob CS 100

CS 300 - Bob Charlie Charlie CS 300
Course instructors’ preference list TA applicants’ preference list

A perfect matching M = {(CS100 - Charlie), (CS200 — Bob), (CS300 — Alice)}

24



@ Unstable pair

* Def. Given a perfect matching M, course instructor ¢ and a TA
applicant a form an unstable pair if both
» ¢ prefers a to the assigned TA
* a prefers c to the assigned course

M = {(CS100 — Charlie), (CS200 — Bob), (CS300 — Alice)}

CS 100 Alice Bob Alice CS 200
CS 200 Alice Charlie Bob CS 100
CS 300 Bob Charlie Charlie

Course instructors’ preference list

CS 100

CS 300

CS 200

CS 300

Can you find any unstable pair?

TA applicants’ preference list
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@ Unstable pair

* Def. Given a perfect matching M, course instructor ¢ and a TA
applicant a form an unstable pair if both
» ¢ prefers a to the assigned TA
* a prefers c to the assigned course

M = {(CS100 — Charlie), (CS200 — Bob), (CS300 — Alice)}

CS 100 Alice Bob Alice CS 200
CS 200 Alice Charlie Bob CS 100
CS 300 Bob Charlie Charlie

Course instructors’ preference list

CS 100

CS 300

CS 200

CS 300

(CS100 - Alice) are unstable pair

TA applicants’ preference list
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@ Unstable pair — Through Bipartite Graph

* Def. Given a perfect matching M, course instructor ¢ and a TA
applicant a form an unstable pair if both

» ¢ prefers a to the assigned TA
* a prefers c to the assigned course

M = {(CS100 — Charlie), (CS200 — Bob), (CS300 — Alice)}

CS 100 Alice Bob

Alice

CS 200

CS 100

CS 200 Alice Charlie
CS 300 Bob Charlie

Bob

CS 100

Course instructors’ preference list

Charlie

CS 300

CS 200

CS 300

TA applicants’ preference list

(CS100 - Alice) are unstable pair
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Unstable pair — Through Bipartite Graph

CS 100 Alice

CS 200
CS 300

Bob
Alice Charlie
Bob Charlie

Alice CS 200

CS 100

Bob CS 100
Charlie

(CS100 - Alice) are unstable pair

CS 300

Alice

Bob

Charlie
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@ Unstable pair — How to resolve?

CS 100 Alice Bob Alice CS 200

CS 200 Alice Charlie Bob CS 100
CS 300 Bob Charlie Charlie

M = {(CS100 - Charlie), (CS200 — Bob), (CS300 — Alice)}

CS 300

Alice

an unstable pair
¢ — a could each
improve by joint

action
-

(CS100 - Alice) are unstable pair
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@ Unstable pair — How to resolve?

1st ond 3rd 1st ond 3rd
CS 100 Alice Bob Charlie Alice CS 200 CS 100 CS 300
CS 200 Bob Alice Charlie Bob CS 100 CS 200 CS 300
CS 300 Alice Bob Charlie Charlie CS 100 CS 200 CS 300

M = {(CS100 - Alice), (C5200 — Bob)}

Q Alice

Bob

e Charlie
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@ Unstable pair — How to resolve?

1st ond 3rd 1st ond 3rd
CS 100 Alice Bob Charlie Alice CS 200 CS 100 CS 300
CS 200 Bob Alice Charlie Bob CS 100 CS 200 CS 300
CS 300 Alice Bob Charlie Charlie CS 100 CS 200 CS 300

M = {(CS100 - Alice), (CS200 — Bob), (CS300 — Charlie)}

Q Alice

Bob

= e Charlie

No unstable pair
Perfect Matching and Stable Assignment
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@ Stable matching — Live Poll 1

Which pair(s) is unstable in the matching M =
{(CS100 - Alice), (CS200 — Charlie), (CS300 — Bob)}

A. (CS100 - Bob)
B. (CS200 — Alice)
C. (CS200 - Bob) vote or go to

https://forms.office.co

Scan the QR code to

D. None of the above

m/r/mwS1SuBX0B

CS 100 Bob Charlie Alice CS 200

CS 200 Bob Alice Bob CS 100
CS 300 Alice Charlie Charlie CS 100

Course instructors’ preference list TA applicants’ preference list

CS 200
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CS 100

Stable matching - Live Poll 1

Only pecple in my ocrganization can respond, Record name

1. Which pair(s) is unstable in the matching M=

{(CS100-Alice), (CS200-Charlie), (CS300-Bob)}

(CS100 - Bob)
(CS200 - Alice)
(CS200 - Bob)

None of Above

T2 responses

CS 200

Bob

CS 300

Charlie

Bob Alice
Alice Charlie

Course instructors’ preference list

Alice

0%

0%

0%

0%

11

Bob

CS 100

Charlie

CS 100

TA applicants’ preference list
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Thanks a lot

Lecture Over
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