Convex and Conic Optimization

Amir Ali Ahmadi

Lecture 1




What is this course about?

*"The mathematical and algorithmic theory of making optimal decisions
subject to constraints.

sCommon theme of every optimization problem:
=You make decisions and choose one of many alternatives.
"You hope to maximize or minimize something (you have an objective).

=You cannot make arbitrary decisions. Life puts constraints on you.

= This pretty much encompasses everything that you do when you
are awake. But let’s see a few concrete examples...
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Examples of optimization problems

="|n what proportions to
invest in 500 stocks?

®To maximize return.

»To minimize risk.

=No more than 1/5 of
your money in any one
stock.

®Transactions costs <
S70.

mReturn rate > 2%.

"How to drive an
autonomous vehicle
from A to B?

=*To minimize fuel
consumption.

»To minimize travel
time.

mDijstance to closest
obstacle > 2 meters.

=Speed < 40 miles/hr.

=Path needs to be
smooth (no sudden
changes in direction).
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Examples of optimization problems

="How to play a strategic
game?
=To maximize payoff.

= To maximize social welfare.

=Be at a (Nash) equilibrium.

sRandomize between no more
than five strategies.

"How to assign
likelihoods to emails
being spam?

=To minimize probability
of a false positive.

=To penalize overfitting
on training set.

=Probability of false
negative < .15.

»Misclassification error
on training set < 5%.




=So the question is not

="\Which problems are optimization problems?
(The answer would be everything.)

="A much better question is

= Which optimization problems can we solve?

=This is what this course is about.
=\We will formalize what we mean by “solve”.

=\We'll see some of the most successful modern optimization tools available
to solve a broad class of problems.

=\We will also see problems that we simply cannot solve.

=Nevertheless, we’ll introduce strategies for dealing with them.

=There will be a number of applications...
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Prerequisites

"Linear optimization (e.g., at the level of ORF 522)

=Familiarity with modeling, linear programming, and basic
concepts of optimization.

"linear algebra
" Multivariate calculus
=Familiarity with MATLAB or similar software (e.g., Python)

=Easy to pick up
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Tentative list of topics

=Optimality conditions in nonlinear programming
=Convex analysis (a good dose)
=Duality and infeasibility certificates
=Computational complexity
=Focus on complexity in numerical optimization
=Conic programming
=" More in depth coverage of semidefinite programming
=*A module on combinatorial optimization

=Selected topics:
=Robust optimization
=Polynomial optimization
=Sum of squares programming
=Optimization in dynamical systems

=Conic-optimization based approximation algorithms
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Agenda for today

" Meet your teaching staff & classmates
=Get your hands dirty with algorithms
"Game 1
"Game 2

=Course logistics and expectations

[ PRINCETON ——
UNIVERSITY mm.



PRINCETON ==7
UNIVERSITY mmc

Meet your teaching staff

=»Amir Ali Ahmadi (Amir Ali, or Amirali, is my first name)
http://aaa.princeton.edu/
=| am a Professor at ORFE, and affiliated faculty at COS, ECE, MAE, PACM, CSML

=] came to Princeton from MIT, EECS, after a fellowship at IBM Research

=Joah Macosko (UCA) =Yixuan Hua (Al)

*Physics senior =ORFE third-year grad student

Office hours:

* Yixuan: Mon 5-7pm, Sherrerd 122

e Joah: Tue 5-7pm, Sherrerd 122

 AAA & Yixuan: Wed 3-6pm, Sherrerd 122

* Please also use Ed Discussion via Canvas



Meet your classmates!

= Your name?
= Department?
= Year?

" Maybe a bit of
background?
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Let’s get to the games!
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Doodle

20 participants

Woodrow Wilson
F. Scott Fitzgerald
Richard Feynman
Michelle Obama
Paul Volcker
John Nash
Terence Tao
Ben Bernanke
Paul Krugman
Andrew Wiles
Steve Forbes
John Milnor
Kazuyo Sejima
Albert Einstein
George A Miller

/ Alan Turing
Jeff Bezos
Meg Whitman
Donald Rumsfeld

Eugene O'Neill
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Meet vour fellow Princetonians!

February 2016

Mon 1

3:.00 PM - 315PM - 3:30 PM - 3:45PM - 3:00 PM - 315PM - 3:30PM - 345PN - 3:00 PM - 3:15PM - 3:30PM - 345PM - 3.00 PM - 3:15PM- 3:30PM- 3:45PM - 3:00 PM - 3:15PM - 3:30 PM - 3:45PM -
3:15PM 3:30PM 3:45PM 4:00PM 3:15PM 3:30PM 345PM 4:00PH 3:15PM 3:30PM 3:45PM 4.00 PM 3:15PM 3:30 PM 3:45PM 4:.00 PM 3:15PM 3:30PM 345PM 4:00PH

=The green check marks tell you when your visitors are available.

=You want to meet as many of them as you can, for 15 minutes each.

== =20 visitors, 20 time slots. How many can you meet? 12

[



=| et me start things off for you. Here is 15 meetings:
Doodle . -

February 2016
Mon 1 Toe 2 Wed 3 ™hud ms
00PN 2l 0 M 14 ! 00 P oM L] 0 21 2P Y45 (a¥] ' ] } 0PN 445 m 00 PN ) - 3NN 35N
ZOM(WH JsPu 1 30 Py J45 PN 40P Ji5P 30 J45 PN 4007 ISP JNM Ja5 P 400PN J15 PN INMN ) &% PV 4009 %M 1NN 4t PN

Woodrow Witson

F Scon Frzgerald O

Richard Feynman Q
Michele Obama Q

Paut Voicker

st )

Terence Tao

Ben Bernanke Q

Paul Krugman Q
Andrew Wikes

Steve Forbes D

John Minor i ’

Kazuyo Sepma

Albert Ensten D

George A Mdder D

’ Aan Turng

Jeff Bezos

Meg Whtman O

Donald Rumsfeld

2 S

=Can you do better? How much better?

mmcmN - *You all get a copy of this Doodle on the handout. You have 5 minutes! ;3
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20 participants

\ Woodrow Wilson

i F. Scott Fitzgerald
! Richard Feynman
| Michelle Obama

| Paul Volcker

.‘ John Nash

Terence Tao

. || Ben Bernanke

Paul Krugman
Y Andrew Wies
‘ Steve Forbes
: & John Milnor
Kazuyo Sejima

Albert Einstein

George A. Miller
4. " Alan Turing

'Y Jeff Bezos

Meg Whitman
Donald Rumsfeld
Eugene O'Neill
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You tell me, | draw...

e account | Signir

February 2016

Mon 1

3:00 PM - 315PM- 3:30 PM - 3:45PM - 3:00PM- 3:115PM - 3:30PM - 3:45PM - 3:00 PM - 3:115PM - 3:30 PM - 345PM - 3:00 PM - 3:115PM - 3:30PM - 3:45PM - 3:00 PM - 3:15PM - 3:30PM - 3:45PM -
315PM  330PM  345PM  400PM  315PM  3:30PM  3:45PM  400PM  315PM  330PM  345PM  400PM  315PM  3:30PM  345PM  400PM  315PM  3:30PM  345PM  4:00PM
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A good attempt

=18 meetings!

Doodle

20 participants
'Y Woodrow Wison
| F Scot Fragerald
Richard Feynman
L 1 Michele Obama
TS Paul Volcker
¥ John Nash
o Terence Tao
{ Paul Krugman
Andrew Wies
£ 5 Steve Fordes
4 Kazuyo Seyma
_____ Albert Einsten
L § George A Miler
. Alan Turing
TS Jeff Bezos
| & Meg Whitman
Donalkd Rumsfeld
Euvgene ONed
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February 2016
Mon ) Toe 2 Wed 3 ™ud ms
I 15 I Jétou J00 PN I5Pu I 14 100PN 15 INPN P J00PM I INMN Yt J00 M I I 345
J15P Joru Jai 400 Ji15Pu 3N M Jas A0 J15P0 10PN Jarbu 400 P JisrN 1NN Ja4PN 400PN 5P 10PN J45P0 400 P

(i

= —

)

=Can you do better?

EORFE 15



An even better attempt

=19 meetings!
Doodle . i

February 2016
Mon 1

20 participants

Toe 2 3 . ms
100 PM Y15 3 0P ] ) 00 PM Y15 330 P ) 45 Pu 100 PH 315 1IN ) 45 P 300 P 14 PM 1 0P Y45 P 00 PM 1% M
315 P 330 P 345 PM 400PU 315 PU 30 PM 345 P $00PM 315PU 30PM 345PM $00PH 315PU 30PM 145PU 400 PU 215PM 30PN
Woodrow Wison O
F Scott Ftzgerald Q
Richard Feynman Q
Michele Obama Q
Paul Voicker O
e o
Terence Tao Q
Paul Krugman Q
Andrew Wies Q
Steve Forbes Q

John Minor

Kazuyo Seyma Q

Abert Ensten Q

George A Miler Q
Do .

Jeff Bezos

= a ©

Donald Rumsfeld

Eugene O'Nedl D

=Can you do better?

"How would you convince someone that it’s impossible to do better? 16
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19 is the best possible!

=Proof by magic:

I0PV 219 » P Y4 ™ 10Q P 115 3 RS Lot 300 Pu 35PN N ) gl 109 J15M 0 PU &M o9 P J15Pu 1 e J4 P
zo”ﬂkwﬂ“ R IWrv Jas P 4 - Rl P 30PN b >4 Qo 1 J15P NP NG gt ¥ - INMN Je5PN 400PM 9 ¥l INPMN I8N 4 '

Woodrow Wison
F Scott Fazgerald—==>p
Richard Fc.m\-r\-—’
Michelie Obama
Paul Volcker
John Nash
Tevence Tao
Ben Bernanke
Paul Krugman
Andrew Wies
Steve Forbes
John Mdnor
Kazuyo Seyma

Albert Ensten

il

George A Mdler
’ Aan Turnng
Jeff Bezos
Meg Whneman
Donald Rumsfeld

Eugene O'Nelt
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mmcmN mar ="Do you see what’s happening? 17



19 is the best possible!

"There are 19 red arrows.
"Each green checkmark “touches” at least one of them (by going either up or left).

=|f you could choose 20 green checkmarks, at least two of them would have to touch the
same arrow.
Wi B =And here is the magic: such a proof is always possible! 18



A related problem: shipping oil!

Before we get to our second game, let’s look at another problem which may look more

familiar to you.
4
ANy O
1 2

10

12

; 6

e 4
5 Image credit: [DPV08]

=Rules of the problem:

10

mCannot exceed capacity on the edges.
=For each node, except for S ant T, flow in = flow out (i.e., no storage).

PRINCETON = mGoal: ship as much oil as you can fromSto T. 19

UNIVERSITY mmc



A couple of good attempts

G444 =12

—

e (Canyou do better?

S+4+4=13

¢ (Canyou do better?

e How can you convince
someone thatit's
impossible to do better?

PRINCETON ==y 20

UNIVERSITY mmc



13 is the best possible!

=Proof by magic:

6—rl+9.+1f=]g

*The rabbit is the red “cut”!
="Any flow from S to T must cross the red curve.

=So it can have value at most 13.
"And here is the magic: such a proof is always possible!

Wi =What does any of this have to do with the Doodle problem? 21



From Doodle to Max-flow

February 2016

Mon 1

3:00 PM - 315PM - 3:30PM- 345PM - 3:00PM- 315PM - 3:30PM - 3:45PM - 3:00 PM - 315PM - 3:30PM- 345PM - 3:.00 PM -
20 participants 315PM 3:30PM 345PM 4:00PM 315PM 3:30PM 3:45PM 4:00PH 315PM 3:30PM 345PM 4:00PM 315PM

Woodrow Wilson
F. Scott Fitzgerald
Richard Feynman
Michelle Obama
Paul Volcker
John Nash
Terence Tao
Ben Bernanke
Paul Krugman
Andrew Wiles
Steve Forbes
John Milnor
Kazuyo Sejima
Albert Einstein
George A Miller
14 Alan Turing
Jeff Bezos
Meg Whitman
Donald Rumsfeld

Eugene O'Neill

*The idea of
reductions

*"They’ll come up
often

[ PRINCETON
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A real-world instance of max-flow

J ORIGINS
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"How long do you think an
optimization solver would
take (on my laptop) to find
the best solution here?

"How many lines of code
do you think you have to
write for it?

"How would someone
who hasn’t seen
optimization approach
this?

=Trial and error?

( v g
Y 1 BLACK K ~—"y

22N ORIGINS

e fYS

=Push a little flow here, a little there...

="Do you think they are likely to find the best solution?

"How would they certify it?

[ PRINCETON -
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A bit of history behind this map

*From a secret report by Harris Myf/{ P WO
and Ross (1955) written for the LR

Air Force.

=Railway network of the Western
Soviet Union going to Eastern
Europe.

mDeclassified in 1999.

= ook at the min-cut on the map
(called the “bottleneck”)!

=There are 44 vertices, 105 edges,
and the max flow is 163K.

{

4 ! ,1-;"“-‘-:oarcms
1 = BLACK } ~vn R AW

=Harris and Ross gave a heuristic which happened to solve the problem optimally in this case.

=L ater that year (1955), the famous Ford-Fulkerson algorithm came out of the RAND
corporation. The algorithm always finds the best solution (for rational edge costs).

PRINCETON H More on this history: [Sch05] 25
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Let’s look at our second problem

...and tell me which one you
thought was easier

26



Robust-to-noise communication

=You are given a set of letters from an alphabet.

=\Want to use them for communication over a noisy channel.

mSome letters look similar and can be confused at the
receiving end because of noise. (Notion of similarity can be
formalized; e.g., think of Homming distance.)

EC JI S

= et’s draw a graph whose nodes are our letters. There is an
edge between two nodes if and only if the letters can be
confused.

=\We want to pick the maximum number of letters that we
can safely use for communication (i.e., no two should be
prone to confusion).

= What are we looking for in this graph?

mmcmm e =The largest “stable set” (aka “independent set”)!

UNIVERSITY mmc
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" et me start things off for you. Here is a stable set of size 3:

=You all get a copy of this graph on the handout.

Wi S = You have 5 minutes! 28



You tell me, | draw...

v
vo 3
vb Y2
v/ < vl
V3 v12
v3 v11
v10
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B

A couple of good attempts

=
X

N
—

N

v10

=Can you do better?

Size 4

30



A couple of good attempts

v

G V2 Size 5

oy
K ‘5“

=Can you do better?

31




A couple of good attempts

v

) V3
L B Size 5
VB v12

v3 vl1

v10

=Tired of trying?

Wit B =|s this the best possible? 32



"Proof by magic?

[ PRINCETON -
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5 is the best possible!

=Unfortunately not ®

=*No magician in the world has pulled out
such a rabbit to this day! (By this we
mean a trick that would work on all
graphs.)

=Of course, there is always a proof:
=Try all possible subsets of 6 nodes.
"There are 924 of them.
®Observe that none of them work.

=But this is no magic. It impresses nobody. We want
a “short” proof. (We will formalize what this means.)
Like the one in our Doodle/max-flow examples.

=l et’s appreciate this further... 33



What our graph can look like with 32 letters

w10 Ve ]

=Maximum stable set anyone? ;)
s there a stable set of size 167
=\Want to try all possibilities? There are over 600 million of them!!

=|f the graph had 100 nodes, there would be over 108 possibilities to try!

[ PRINCETON H
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But there is some good news

=Even though finding the best solution always
may be too much to hope for, techniques

from optimization (and in particular from the -
area of convex optimization) often allow us to v _ :
find high-quality solutions with performance w A= OOk : \
guarantees. ) SR

=For example, an optimization algorithm may
quickly find a stable set of size 15 for you.

w31

=You really want to know if 16 is impossible.
Instead, another optimization algorithm (or
sometimes the same one) tells you that 18 is
impossible.

=This is very useful information! You know you got 15, and no one can do better than 18.

=We sill see a lot of convex optimization in this class!

PRINCETON ==y ‘ 35
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A related problem: capacity of a graph

*Suppose instead of single letters, we wanted to send k-tuples o ERT ‘
of letters. How many k-tuples can we collect such that no two ‘g
among them can be confused? 7

*Two k-tuple can be confused if foreach 1 < i < k, their i-th
letters can be confused (or are equal).

*The answer is the stability number of the “k-th power of the
graph”, in the sense of strong graph products (k-th Kronecker
power of the adjacency matrix).

(-
*Example: k=2. G/ .

S

k/f"(r ::/f}G@ Jq’G,

[ PRINCETON 1
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Capacity of a graph

B O (0)= m V(65 (o size of max stable sef)

G3

| .. A
e e v, (Cg):J’S— O (¢7)=? (open)
% PRINCETON mm" i

U');nba Se\n\;le‘f(r\l}t Pfo?l’ﬂning (Hm’i’oma'}l‘( “H“ in ORF 52.5) 37
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Which of the two problems was harder for you?

wd

w5 W3

=) %11

)

=Not always obvious. A lot of research in optimization and computer science
goes into distinguishing the “tractable” problems from the “intractable” ones.

*The two brain teasers actually just gave you a taste of the problem. (If
you haven’t seen these concepts formally, that’s OK. You will soon.)

=The first problem we can solve efficiently (in “polynomial time”).

*The second problem: no one knows. If you do, you literally get S1M!

= More importantly, your algorithm immediately translates to an efficient
algorithm for thousands of other problems no one knows how to solve.

PRINCETON mm~
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Modelling problems as a
mathematical program

39



nnnnnn

Albert Eistein

000000000
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Let’s revisit our first game

=\What were your decision
variables?

=\What were your constraints?

=\What was your objective
function?




Let’s revisit our second game

=\What were your decision
variables?

=\What were your constraints?

=\What was your objective
function?

\er{qlallti: UL (f}he ptv MJE)
(5 [v,6) max LA

Wi+Ky g\ if Gg)ek
i ()= VeV

PRINCETON == 41
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Why one hard and one easy? How can you tell?

Jariables - Xe (ore per eei?c) yor, gbles. Uy (bha pev mJe)
(':(VJE) Moy S;E?lt BL‘“JQ b & X 'i*:t,;
Z}lg Si. VU‘EV
eow Ni+Hy <l it G3)<E

- —o HE'E
Ye (1-1¢) ‘ Wi (-Ta)=e YieV

=Caution: just because we can write something as a
W nceron g mathematical program, it doesn’t mean we can solve it. 42
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Fermat’s Last Theorem

=Can you give me three positive integers x, y, z such that

sSyre: (3,4,5) (5,12, 13) (8, 15, 17) (7, 24, 25)
(20,21,29)  (12,35,37)  (9,40,41) (28, 45, 53)

And there are infinitely many more...
"How about  x3 + y3 = 237
*How about  x* + y* = z*?

"How about x> + y° = z°?

[ PRINCETON -
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For n = 3, the equation x™ 4+ y™ = z™ has no
solution over positive integers.

"Proved in 1994 (357 years later!) by Andrew Wiles.

(Was on the faculty in our math department until a
few years ago.)

PRINCETON ==7
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Fermat’s Last Theorem

Acrithmeticorum Liber I1. 61

meerualium numerorum 2. minor autem
1N. atque ideo maior 1N, —+ 2, Oportet
itaque 4 N. =+ 4. triplos efle ad 2. & ad-
huc fuperaddere 10. Ter igitur 2.adfcis
tis vnitatibus to. xquatur 4 N, + 4. &
fiti N. 3. Exit ¢rgo minor 3. maior 5. &
farisfaciune quaitioni.

¢t irée 6 dog wnilom Trmr ¢ i o Bk
oo dog desdung I povadug & rpeAagigar
D . e in Capixen @il }k deg
perddic B4 w0 Joey wivh 6 ugrday
d'.xy yiray o deabiud @ty Yo d wlr ings-
g @ 3L 6 I wider 1 T meize 1)
wpilraus. s K

IN QVAESTIONEM VII.

CO NDITIONIS appofitx eadom ratcio eft

aliud requirit quim vequadratas interualli

Canones iiden hic ctiam locam habebunt, ve manifeftum eft.

qux & appofitx prxcedenti quzltioni, nil eniin
fit mioor i llo quad;

X

. QVESTIO VIIL

Rovostrvu quadratum dividere
induos quadratos. Imperatum fic ve
16.dinidatur in duos quadratos. Ponatur
primus 1 Q.Oportetigitur 16 —1 Qaqua-
‘escﬂ'c quadrato. Fingo quadratum 4 nu-
metis quotquot libuerit, cum defe@u tor
vnitatum quod continet latus ipfius 16,
elto iz N.— 4. it igitur quadratus erig,
4 Q=+ 16.—16 N, hac xquabuntur vni-
tatibus 16 —1 Q. -Communis adiiciatur
verimque defedtus, & a fimilibus auferan-
wr fimilia , fiene s Q. xquales 16 N. & fic
1N, ¥ Eritigitur alter quadratorum .
alter verd 35 & viriufque fumma eft47* feu
16. & veerque quadeatus eft.

ON Fhrapfnererpdyury S0 oic

dio rerpyamons. immardlio dn ¥
dundiy i Io vrpxydnoue. xg) rerdbe &
@cgro; Juvdure was. Jikon deg upd-
dug 5 Ar’wl« Surdisws waf Trag 7) 14
rexlivg. Mdasw ¥ Tirpdyencr Yo ¢F. dow
Sit move Ael ot odror i Sowr B 8 T "

L W emadls Yo G B Ao i T awr

des & ndranee Ysw Puvduen & @ g
Mite f 5. i Y oppdor 5 Adye
Jundetes wag. xomn wesrxeBu ¥ A
% Yoo ouclar Busra, Pwvdue dex i Vowy
a2lusic i, %) Yivrey b aeadicdc i, wvpr-
Tan. Ysws 6 ol ov5” dixosomisenTn. & It pud

cirosommetTors @ of oo owndhry an

vexostmyenTz, P wrddug o5, xal tor irdrpx npdya G,

OBSERVATIO DOMINI PETRI DE FERMAT.

Vhum autem in duos cubes , ant quadratoquadratam in dues quadratoquadrates
G generilizer mullam ininfimisum itrs quadratum poteflatem in dues ciuf-
dem nominis fas off dinidere cuins rei demenfirarionem mirabilem [ane devexi,

Hame marginis exignitas non caperes,

QVESTIO 1IX.

Vrsvs oportear quadratum 36
dimidere in duos quadratos, Pona-

tur rurfus primi latus ¢+ N, aleerius verd
quotcunque numerorum cum defe@u tot
vnitatuni, quot conftac latus dividendi.
Efto itaque 2 N. — 4. erunt quadraci, hic
uidem1 Q. ille vero 4 Q.+ 16.~16N.
?:.ﬂerum volo virumque fimul xquari
vnitatibus 16. Igitur § Q. =+ 16.—16 N.
quatur voitatibus 16, & fit 1 N, erit

ITQ Showide vl 5 mrpdyenor -
E).n'v 6, 85 rerpm arovt. Tercfe widm
W apuroy wAded ¢ ik, ¥ 5 7R iripe
& Smadimen Aol b B35 1 Naye
pudpn Ddpd. Gsw I of B rida i F,
Toorry ol renpdyanor % 1) Puvducrag g,
& Y Puvdirwr & & 5 Mo o5 R
Qousy Tie 803 2008 i FirmacTrove ) o
. dwwdis dap | Wb F e & I frg
W5, xe) Y § dedudc F mnan

H iii
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Fermat’s Last Theorem

For n = 3, the equation x™ 4+ y™ = z™ has no solution over positive integers.
=Consider the following optimization problem (mathematical program):

. N n n 2
mh. X _Z
x"’)%;" ( —]-y, )

st. Ay, Y7l 27 h nz3,

sin®(x t)

: . L . |
S|n27rn—|— Sih TA+ S;hQﬂ’?.—t szﬂ'i‘ = 0-

4

=lnnocent-looking optimization problem: 4 variables, 5 constraints.

=|f you could show the optimal value is non-zero, you would prove
Fermat’s conjecture!

[ PRINCETON —
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Course objectives

=The skills | hope you acquire:

=Ability to view your own field through the lens of optimization and computation

=To help you, we’ll draw basic applications from operations research, dynamical
systems, finance, machine learning, engineering, ...

="Comfort with proofs in convex analysis.
=Improved coding abilities (in e.g. MATLAB, Python, CVX/CVXPY, YALMIP)
=There will be a computational component on every homework
=Ability to recognize hard and easy optimization problems.
= Ability to rigorously show an optimization problem is hard.
=Solid understanding of conic optimization, in particular semidefinite programming.

=Familiarity with selected topics: robust optimization, polynomial optimization,
optimization in dynamical systems, etc.

[ PRINCETON -
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Software you need to download
=Right away:
MATLAB (available from the Princeton OIT website)

You are free to use any other programming language instead (e.g., Python).
The solutions that we provide will be in MATLAB (though, | am asking the Als
to add Python solutions).

"In the next couple of weeks (will likely appear on HW#2):

CVX http://cvxr.com/cvx/

(If you are comfortable with Python, you are free to use CVXPY instead:
https://www.cvxpy.org/)

=Towards the end of the course (for sum of squares optimization):

YALMIP (MATLAB-based) https://yalmip.github.io/

(There are alternatives in other languages such as Python, but not as well
tested: https://sums-of-squres.github.io/sos)

[ PRINCETON -
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http://cvxr.com/cvx/
https://yalmip.github.io/
https://www.cvxpy.org/
https://sums-of-squres.github.io/sos

Course logistics

=Course website: aaa.princeton.edu/orf523

=Your grade:

= 50% homework (5 or 6 total — biweekly, can drop your lowest score, no extensions allowed)

= Collaboration policy: you can and are encouraged. Turn in individual psets. Write the name of your collaborators.

= 20 % Midterm exam (in class — for duration of lecture, a single double-sided page of cheat
sheet allowed)

= 30% Final exam/assignment (think of it as a longer, cumulative homework that needs to be
done with no collaboration). Or solve one of our open problems instead.

mTextbooks

= What matters primarily is class notes. You are expected to take good notes. (I teach on the
blackboard (now aka iPad) most of the time.) Georgina Hall (former TA) has provided lecture
outlines which are posted on the website.

= Four references will be posted on the course website if you want to read further — all should
be free to download online.
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Image credits and references

- [DPVO0S8] S. Dasgupta, C. Papadimitriou, and U. Vazirani. Algorithms.
McGraw Hill, 2008.

- [SchO5] A. Schrijver. On the history of combinatorial optimization
(till 1960). In “Handbook of Discrete Optimization”, Elsevier, 2005.
http://homepages.cwi.nl/~lex/files/histco.pdf
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