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Announcements and Agenda

Announcements

Next week is reading week.

Our second guest lecture will be given this Froday, October 24 by
Professor Chris Maddison on the subject of quantum computers.

I have posted the first two questions for Assignment 3. Hopefully by
the end of today’s class , these will be understandable questions.

Today’s Agenda

Polynomial time Turing reductions and polynomial time
transformations. NP complete decision problems. The P 6= NP
conjecture and its importance. Examples of NP complete sets. The
Karp tree of polynomial time transformations. The transformation
3-SAT ≤poly

trans Independent Set.
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Two types of reductions
The general version of reduction A ≤poly

T B means that there is a poly
time algorithm ALG that can call a subroutine for B (as often as it likes)
and ALG computes A. Here we count each call to the subroutine as 1
step. It is not difficult to see that if A ≤poly

T B and B is computable in
polynomial time, then A is computable in polynomial time.

The ≤poly
T reduction is what Cook used in his seminal 1971 paper.

The more restricted transformation (which we call a polynomial time

transformation) A ≤poly
trans B means that there is a polynomial time function

h (transforming an input instance of A to an input instance of B) such
that x ∈ A if and only if h(x) ∈ B. Note that |h(x)| ≤ p(|x |) for some
polynomial p. Why?

It is easy to see that A ≤poly
trans B and B ∈ P implies A ∈ P.

Following Cook’s paper, Karp provided a list of 21 combinatorial and
graph theoretical problems that are NP complete. Karp used the more
restrictive ≤poly

trans . If you like names associated with these reductions then
we can denote ≤poly

T as ≤Cook and ≤poly
trans as ≤Karp.
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NP-completeness wrt reductions ≤poly
T and ≤poly

trans
Let’s first explicitly give the definition NP-complete.
Definition: A language (or decision problem) L is NP complete if

1 L ∈ NP.
2 L is NP-hard with respect to some polynomial time reduction, for

example with respect to either ≤poly
T , or ≤trans poly . That is, if we

are using ≤poly
trans , then L is NP-hard if for every A ∈ NP, there is a

polynomial time computable function h such that w ∈ A if and only if
h(w) ∈ L.

It is not difficult to show :

Fact: B ∈ NP and A ≤poly
trans B implies A ∈ NP.

However, we do not believe that B ∈ NP and A ≤poly
T B implies A ∈ NP.

That is, we do not believe that the class NP is closed under ≤poly
T but is

provably closed under ≤poly
trans .

If I do not say otherwise, when only considering decision problems, I will
use the more restrictive ≤poly

trans .
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The importance of NP-completeness

To personalize the notation, we can sometimes use ≤Cook (respectively,
≤Karp) for general poly time reductions (respectively, polynomial time
transformations).

Basic Fact:

One thing we want in any science (or engineering) is for concepts to be
related and organized so as to understand things better. We also wants
concepts to have impact and insight.

This is what NP completeness gives us. At some level of generality, we
can understand an important class of problems (almost all combinatorial
decision and optimization problems, many problems in number theory, and
much more) in terms of one NP complete problem. We have:

If L is NP-complete (wrt to either ≤Cook or ≤Karp), then L ∈ P if and only
if P = NP.
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Some examples of NP complete decision problems
In our examples we always assume some natural way to represent the
inputs as strings over some finite alphabet. In particular, integers are
represented in say binary or decimal. Polynomial time means time bounded
by a polynomial p(n) where n is the length of the input string.

I will explain each of the following decision problems as we introduce
them. Some problems are naturally decision problems. Others are decision
variants of optimization problems and other relations or functions. Each of
these decision problems are easily seen to be in NP (i.e. it is easy to
provide a verification proedicate and succinct certificate). We will soon
define completeness and indicate why each of these problems is NP
complete.

LHC as defined previously; i.e., the set of graphs that have a
Hamiltonian cycle.
SAT = {F |F is a propositional formula that is satisfiable}
PARTITION = {(a1, a2, . . . , an)|∃S :

∑
ai∈S ai = 1

2

∑n
i=1 ai}

VERTEX -COLOUR = {(G , k)|G can be vertex coloured with k
colours}
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A example of a language in NP language that is
believed to not be NP complete and believed to not
be in P
FACTOR = {(N, k)|N is an integer that has a proper factor m ≤ k}

It is not difficult to see that FACTOR is in NP.

Suppose FACTOR ∈ P. Can you then see how to factor a number N (i.e.
provide the prime factorization) in polynomial time? That is, in time p(n)
for some polynomial P where n = logN is the length of the encoding.

We may have mentioned before that it is widely believed that we cannot
factor integers in polynomial time and we use that assumption for some
cryptographic applications.

The problem of efficiently factoring goes back at least two centuries to
Gauss. We will soon see some evidence that FACTOR is not complete.
Note: To determine if an interger is prime or composite is computable in
polynomial time while we believe FACTOR is not computable in
polynomial time.
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NP hardness
A decison problem (or any problem, like say an optimization problem) F is
NP-hard if every problem L′ ∈ NP (equivalently, any NP complete
decision problem) can be “efficicently reduced” to F . While for decidsion

problems ≤poly
trans is usually sufficent, we will need ≤poly

T when L is not a
decision problem.

A decision problem L is NP-complete if it is both in NP and NP-hard.
Here again are the immediate consequences of a problem being
NP-complete.

If L is NP complete, and L ∈ P, then every L′ ∈ NP is in P

Equivalently, if any L′ ∈ NP is not in P, then every NP-complete
problem is not in P.

There are hundreds (and really thousands) of problems that are
NP-complete and since we “religously” believe P 6= NP, we believe
that none of these complete problems can be decided in polynomial
time. I emphasize that this is in terms of worst case complexity and
optmality for optimization problems.
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Why the religious belief

Why do we believe so strongly that P 6= NP. It is simply that many very
talented people over literally centuries have tried to efficiently solve
problems that are in NP (and believed to not be in P and especially those
that are NP-complete) and failed to do so.

Even so, there have been surprises in complexity theory and one still has to
keep in mind that P 6= NP is still a conjecture and not a proven result.

Our confidence in this conjecture is strong enough that modern day
cryptography makes this assumption and indeed makes even stronger
assumptions. For example, cryptographic protocols usually assume that
there exist one-way functions f for which it is easy (i.e. poly time) to
compute f (x) for any x but given y , it is difficult to find an x such that
f (x) = y .

For cryptography we also need assurance that a problem is not only hard
in a worst case sense but also hard in some “average case ” sense.
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What would happen if someone solves the P vs NP
question?

A frequent question that is asked is the following: What would be the
consequences if someone resolves the P vs NP question

While the mathematical and scientfiic impact will be enormous,
mathematics and science will not end.

If someone proves that (as we do not believe) P = NP, then the “practical
impact” will depend on how efficiently we can solve NP complete
problems; that is, what are the polynomial time bounds.

If someone proves P 6= NP, then the “practical impact” will depend on
whether or not a given problem can be solved efficiently “in practice” (i.e.
for most inputs or for “the inputs we care about”). More about worst case
vs “practical application” later.
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But how do we prove that a decision problem is
NP-complete?

Suppose we know that some problem (for example, SAT ) is NP-complete.
Then if we can show SAT can be poly time reduced or transformed to (for
example) VC = vertex-cover , then VC must also be NP-complete.

Fact: Polytime reductions and polytime transformations are transitive
relations. That is, for example, A ≤Karp B and B ≤Karp C implies
A ≤Karp C .

In this way, thousands of decision problems L have been created by a tree
of polynomial time transformations. We will show a portion of Karp’s tree
of NP complete problems. But we have to start the tree with some NP
problem that we prove is NP-complete. This “root problem” will be the
SAT problem which was the original problem Cook that showed was
NP-complete. He also showed that the IndependentSet (equivalently, the
Clique problem) was NP complete by reducing SAT to IndependentSet.
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Showing SAT is NP complete

Cook showed that SAT is NP complete by showing how to efficiently
encode any polynomial time Turing machine computation of a verification
predicate R(x , y) and a “guess” for a certificate y within propositional
logic. (We usually discuss this in more detail in CSC373.) Recall what we
said about validity in predicate calculus (1st order logic).
Steve Cook won the Turing Award in 1982.

FUTURE STUDENTS CURRENT STUDENTS ALUMNI FACULTY AND STAFF DONORS VISITORS
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Award-winning researcher Stephen Cook, who has made fundamental
contributions to computational theory, algorithm design, programming
languages and mathematical logic, is currently teaching an undergraduate
course (photo by NSERC)

U of T computer
scientist receives
international award for
pushing frontiers of
knowledge
Stephen Cook showed what problems computer
should not try to solve

Published: January 12, 2016

By Arts & Science Sta! with files from BBVA, Faculty of Arts & Science Sta!

Stephen Cook has won the prestigious BBVA Foundation Frontiers of Knowledge

Award in the Information and Communication Technologies category for his

pioneering and influential work on computational complexity.  

A University Professor Emeritus, Cook said he is “astonished” and “delighted” by the

award. In his long career, he has been fascinated to see how “computer science has

advanced in leaps and bounds.” 

World-renowned research
• Cook expanded on Turing’s concept of computability – what a computer can

and cannot solve – to include e"ciency, so we can ascertain which problems

are worth trying to solve and which are not 

• He defined a class of “hardest problems”, termed NP-complete, such that

solving one e"ciently would mean all other NP problems were similarly

solvable. “If you can show that a problem is NP-complete, then very likely you

should give up trying to solve it,” Cook said.

• Cook is author of one of the Millennium Problems; one, concretely, whose

solution touches on the encryption and security systems underpinning the

digital economy

“Steve’s contributions to research and teaching are exemplary, to say the least,” said

Professor Ravin Balakrishnan, chair of the department of computer science. “His

work has had global impact and the fundamental results of his decades of research

continue to be at the absolute forefront of theoretical computer science.” 

Seminal Paper presented in 1971
Cook’s seminal paper on the complexity of theorem-proving procedures was

presented in 1971, soon after he joined U of T’s newly created department of

computer science.  
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A simple polynomial time transformation

Let G = (V ,E ) be a graph. An independent set of nodes in G is a subset
I ⊆ V if for all u, v ∈ I , (u, v) /∈ E .

A clique in G is a subset K ⊆ V if for all u, v ∈ K , (u, v) ∈ E .

We will let S̄ for a set of edges S ⊆ E denote the complement of the set.
That is (u, v) ∈ S if and only if (u, v) /∈ S .

NOTE: I is an independent set in G if and only if Ī is a clique in G .
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The Independent Set and Clique problems
The Independent Set (IS) problem is the decision problem for the language
L = {(G , k)} : there exists an independent set I in G such that |I | = k}

The Clique problem is the decision problem for the language
L = {(G , k)} : there exists a clique K in G such that |K | = k}
Claim: IS ≤poly

trans Clique. Does anyone see why?

For a graph G = (V ,E ), we let Ḡ denote the complement graph
Ḡ = (V , Ē ). That is, (u, v) ∈ E is an edge in G if and only if (u, v) /∈ Ḡ .

Then IS ≤poly
trans Clique by the transform h that converts (G , k) to (Ḡ , k). .

Clique ≤poly
trans IS by the same transformation (i.e., taking the complement

of the graph.

It is very unusual that thret same transformation would work for both
transformations. Some A ≤poly

trans B might be relatively easy while B ≤poly
trans

A is a difficult tranformation (even when we know that such a
transformation must exist). This is the case for some of the
transformations in the Karp tree.
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A tree of reductions/transformations

45

Scheduling With Release Times

SCHEDULE-RELEASE-TIMES.  Given a set of n jobs with processing time
ti, release time ri, and deadline di, is it possible to schedule all jobs on
a single machine such that job i is processed with a contiguous slot of
ti time units in the interval [ri, di ] ?

Claim.  SUBSET-SUM ! P SCHEDULE-RELEASE-TIMES.
Pf.  Given an instance of SUBSET-SUM w1, …, wn, and target W,

! Create n jobs with processing time ti = wi, release time ri = 0, and no
deadline (di =  1 + "j wj).

! Create job 0 with t0 = 1, release time r0 = W, and deadline d0 = W+1.

W W+1 S+10

Can schedule jobs 1 to n anywhere but [W, W+1]

job 0

Algorithm Design by Éva Tardos and Jon Kleinberg   •    Copyright © 2005 Addison Wesley   •    Slides by Kevin Wayne

8.9  A Partial Taxonomy of Hard Problems
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Polynomial-Time Reductions

3-SAT

DIR-HAM-CYCLEINDEPENDENT SET

VERTEX COVER

Dick Karp (1972)
1985 Turing Award

3-SAT reduces to

INDEPENDENT SET

GRAPH 3-COLOR

HAM-CYCLE

TSP

SUBSET-SUM

SCHEDULINGPLANAR 3-COLOR

SET COVER

packing and covering sequencing partitioning numerical

constraint satisfaction
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Defining 3-SAT

I now have to define the problems listed in Karp’s tree. I will just define a
few of these problems. Today, I will just define 3-SAT and Independent
Set.

I should then also define the transformations indicated by a → in the tree.
Some of these transformations are relatively easy but some are
complicated. Each transformation is given by a polynomial time
transformation h that is tranasforming one problem into another.

Let’s first define the 3-SAT and Independent Set problems.

3-SAT: A propositional formual F is in conjective normal form if F is
presented as C1 ∧ C2 ∧ . . . ∧ Cm where each Cj is called a clause. Each
clause is a disjunction of literals where a literal is a propositional variable x
or its complement x̄ .

Example: F = (x̄1 ∨ x2) ∧ (x̄2 ∨ x3) ∧ (x̄3 ∨ x̄1).
This is equivalent to (x1 → x2) ∧ (x2 → x3) ∧ (x3 → x̄1).
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Continuing the definition of 3-SAT

A truth assignment is a function τ : {xi} → {TRUE ,FALSE}.
That is, eaach propositional variable is given a truth value.

Given a truth assignment τ , we can evaluate the formula for this truth
assignment to obtain a value in {TRUE ,FALSE}. We denote this by F |τ .

Consider the previous example: F = (x̄1 ∨ x2) ∧ (x̄2 ∨ x3) ∧ (x̄3 ∨ x̄1).

If we set all propositional variables to TRUE , then the first and second
clauses are TRUE but the third clause is FALSE and thus the formula is
FALSE when evaluated at the truth assignment that sets all variables to
TRUE .

On the other hand, if we set τ(x1) = FALSE , τ(x2) = τ(x3) = TRUE then
F |τ = TRUE .
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Finishing the definition of 3-SAT

In the previous example, every clause has exactly 2 literals. We call this an
exact 2-SAT formula.

A 3-SAT formula is a formula in CNF in which every clause has at most 3
literal.

A formula F is satisfiable if there is at least one truth assignment for
which F |τ = TRUE .

The language 3-SAT = {3-SAT satisfiable formulas.}

The 3-SAT language (decision problem) is NP-complete.

However, the 2-SAT problem is computable in polynomial time.
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