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1 Linear Programming

1.1 Introduction to LP

Consider real variables z1,...,x,, € R and an objective function z. Suppose we want to maximize the following

written in canonical form}

maxz=cla subjectto Az <b (canonical form)
where
c1 a1, a1, by
C=|: and A= : S b=
Cn am,1 *° Omn bm
One simple example of this could be
-1+ T2 < 4
1+ Iy < 8
max 2z + Ta subject to 211 — 25 < 8 (@)
1 <5
x1,29 2 0.

Of course, we can also express our optimization problem in a noncanonical form, and the transformation is natural:

minz =c'z < max-z = —CT:Z:,

n n
> i 2 b = =3 aijz; < by,
j=1 i1

n

n n
Zaivjxj :bi <~ ( Qa; ;T <bz) and (— Zai-jxj S_bi),
7=1 =1 7j-1

J
and the list goes on. We can also decompose any number z ¢ R into z = z7 — z; with =} := max(z,0) and

x; = —max(-x,0) to get rid of the concerns of signs.

One of the earliest motivations of LP is as follows.

Consider a bipartite graph G = (Au B, E') with |A| = r|B| = s, and |[An B| = 0. Let A denote the warehouse and B the
retail stores. Each node a; has a supply s;, i € [n]ﬂ and each b; has a demand d;, j € [s]. For each (¢,j) € [r] x [s],
an edge ¢; ; describes the cost of transporting unit good from warehouse «; to retail store b;. Given that supplies

and demands equal, ¥, s; = ¥J; d;, the goal is to compute the cheapest way of transporting goods.

Solution. To convert this question into LP, let z; ; denote the amount of goods transported from warehouse a;
to store b;. Our goal naturally is to minimize the total cost ¥, ; ¢; ; - @; ;. Since the total supply equals the total

demand, the constraint is that each warehouse is fully emptied and each store is at its loading capacity. Thus

IThe reason why this is “canonical” will be explained later as we introduce duality.
2i € [n] abbreviates 1 <4 < n (or 0 < 4 < n, whichever is appropriate.)

2
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our question can be formulated as such:

Z;:l Ti5 =54 1€ [’/‘]

(zn};gE CijTij SUb_]eCt to Z;:l Tij = dj je [5]

xi,j 2 0

And of course, related questions include for example the maximization of profits: max; ; P; ; - z; ;, and so on.

The Geometry of LP

Let us revisit the example (*) shown above

—x1+x0=4

i) $1=5

2%1—LE2:8

Z1

$1+$2:8

Note that the highlighted region, called the feasible region F' =N g;, is conve)ﬂ where g;s is obtained by taking

the intersections of each constrained halfspace
n
gi - Z am-bj < bz
j=1

Finally, under the feasible region, we want to maximize 2z; + x5. To visualize this we consider a line orthogonal
to the vector (2,1) (which gives us any line of slope —2), since this line has form 2x; + x5 = ¢ for some ¢. The
hyperplane (or in this case line) intersecting the region F' with highest ¢ will therefore give us the optimizer of

2561 + 9.

3A region S is convex if for all a, b € S, any linear combination Aa + (1 — X\)b,0 < X < 1, lies in S. Alternatively the line segment connecting a
and b is contained in S.
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€2

T
221 + 19 =13

In our case we obtained a unique solution, but note that a different objective function may yield infinite many
solution, two solutions, or none. (In the linear case these are all possibilities.)

If the feasible set F' = & then there is no solution. On the other hand, if F' # @ but F' is unbounded in the direction
of the vector corresponding to our objective (in this case (1,2)), then our LP is unbounded. These are trivial cases

that we want to disregard. Otherwise, if our LP is feasible and bounded, there exists an optimal solution, and
* there exists an optimal solution that is a vertex of F’, and

* the set of optimal solutions is a convex set.

Beginning of 08/28/2024

1.2 LP Algorithms (Simplex & Others)

Recall from last time that our canonical form LP assumes the following form:

T . Az <b
maxc' subject to

20,

and we assume the problem is feasible (with feasible region F) and bounded (so it admits an optimal solution).
We convert the feasible region F into a directed graph G = (V, E') (with matching edges and vertices), where there
exists an edge u — e if cTu < cTe.

To retrieve the maximum, a simple greedy algorithm would be as follows: for an arbitrary vertex v in V, we can
follow a path in GG until it reaches a sink, and we return the sink. Unfortunately a naive approach would easily lead

to an exponential runtime, so we need to work “smarter.” This leads to the simplex method.

To use the simplex method we will use the standard form LP. We will introduce additional variables, called the

slack variables, and convert each constraint as follows:
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n n
Z Q; ;T < bj — Z Q; j T+ Tpyi = bi, where Tp+i = 0.
J=1 J=1

For example, we can rewrite z; + xo < 1 as x1 + xo + x3 = 1, where x3 > 0 is a slack variable. The former is a
triangle in the first quadrant on R?, and the latter is the plane in R?® going through (0.5,0.5,0) normal to (1,1,1).
Geometrically the slack variable introduces one additional region, and the feasible region can be recovered by taking

the intersection of the resulting polyhedron and the plane with new dimension = 0.

T2 T2
(0,1) (0,1,0)
1 +To+x3 = 1
xr1+ X9 < 1
(1,0,0)
T T
(1,0)
(0,0,1)
z3
An example of converting constraints to standard form:
1 <3 1 +x3=0
. To <2 To+Ty=2
maxxi + To subject to —
—I1+I2§1 —I1+I2+.’1’5=1
$1,$2>0 :Cl,---,(EE,ZO.

Essentially the constraints, after introducing n slack variables, can be written as Ax = b,z > 0 where A is now
m x (m+n). With an abuse of notation we denote the number of equations after introducing slack variables by just

n, so A is m x n This matrix has rank at most m, so the solution has at most m nonzero entries.

Let basis B c {1, ...,n} be a subset of size m, and let 2:5 be the set of variables (called basic variables) corresponding
to B, i.e., zg = {z; : i € B}, and likewise define Ap to be the m x m matrix where each column (m total now)

corresponds to a basis.

Let N := {1,...,n}\B and define z -, Apr likewise. (z is called the set of non-basic variables.) Also define cz and

¢ analogously.

Then Az = b becomes

AB:L‘B +AN$’N = b,

where we set z; = 0 for each j € NV, so in essense we have Agzp = b, or 25 = (Ag)~'b, since Ap is assumed to be

invertible. This solution is called the basic solution. If also x5 > 0 then it is further called a basic feasible solution.
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Proposition

(1) For a fixed B, the basic solution is unique, and

(2) xpis feasible (i.e. z > 0) if and only if (x3,0) (the m + 1-dimensional point) is a vertex of F.

The simplex method, as we will see, jumps from one vertex to another.

The simplex method will “jump” between adjacent matrices whenever the objective c5 x5 can increase:

Algorithm 1: The Simplex Algorithm

1 initialization: B < initial basis of {1,...,n} with |B| = m.

2 while B is not optimal do

w

4 where B’ = Bu {j}\{i} (swap i for j)
5 BB
6 return B

find a pair (4, 5) such thati e B, ¢ B, with cap < chap

Rule of thumbs when swapping in/out indices for B:

* Write every indexed equation in B in terms of variables in x5 (e.g. if B = {3,4,5}, express x3, x4, x5 in terms

of z1,z2, and constants). Write basic variables in terms of non-basic variables. This way when all non-basic

variables are zero, we get one objective value.

 Start by setting all slack variables as basic variables and original variables as non-basic.

* Check the objective function. Bring in a non-basic variable (currently in A) with positive coefficients (so it

contributes to the objective).

* Check the existing constraints, and see check the maximum value by which the new variable can increase

without causing adverse effect. Remove the bottleneck constraint.

Let us now take a look at simplex in action on the following problem. Our first step is to convert the problem into

standard form.

max i + 2xs

subject to

T1+29<8
IL’Q—IE1<4
1 <5

2x1 -T2 <8

T1,T2 > 0

T +$2+.’1‘3:8
—$1+$2+ZE4:4
(E1+(L‘5=5
201 - 2x+ 16 =8

21,26 > 0.

Our original unknowns are {1,2}, so we set them to be non-basic, i.e. N = {1,2} and B = {3,4,5,6} (in this case

m =4,n =4+ 2) since we introduce one slack variable for each inequality. And we ask, what would be a reasonable

choice in N to swap into B, and what to evict form B? Well, to maximize z = 0 + x; + 2x2, we want to increase

both z; and - since their coefficients are positiveﬂ If we want to swap index 2 into BB, what should we evict? This

4Normally we would first increase xo because its coefficient is larger. But here I'm following the notes and start by swapping ; into non-basic.

6
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is equivalent to asking the question, what is the bottleneck that prevents us from increasing x1 too much? The first
equation suggests x; can be increased by at most 8 before the constraint 3 > 0 risks being broken. The second
equation doesn’t care since if x4 = 4+ 1 — x5 and we increase 1, x4 always remains nonnegative. The third equation
requires that the increment be bounded from above by 5, and the last equation requires the increment to be < 4. So
the last equation is the bottleneck, meaning we want to swap out z¢. So the new B discards 6 and gains 1, namely

B« {1,3,4,5} and N < {2,6}. Next up we rewrite x1, z3, x4, 5 in terms of xs and x.

T3 =8-—x1 -T2 ATmax = 8 x1 =4+x9/2—16/2
Ty =4+x1-T9 AZmax = 00 x3 =4-3x2/2 +x6/2
(1 in, 6 out)
r5 =H-121 AZpax =5 - x4 =8-mz9[2-14/2
T =8-2x1+ T AZpax =4 x5 =1-mx9/2+ xg/2
z :0++2x2 z =4+5x9/2 - x6/2.

Now increasing x¢ would cause z to decrease, so that is bad. We only want to increase x» now, so 2 in. What out?
The AZpax are co0,4/(3/2),8/(1/2), and 1/(1/2), respectively, so we would swap the last equation out, i.e., 5 out.
We repeat this process until all coefficients in the bottom equation of z become negative, at which point we realize

we can no longer jump to any neighboring vertex to optimize the value. So we are done. Below is a summary:

r1 =5-x5 r1 =5-x5 x1 =2-x3/2+x4/2
To =2-2x5+ T4 To =3+x5-1I3 X2 :6—I3/2—$4/2
(2 in, 5 out) (6 in, 3 out) (5 in, 4 out)
- r3 =1+3x5 - x4 - Ty =6-2x5+ 13 Eand Ts :3—x3/2—x4/2
Ty =7+l’5—$6 Te =1+3$5—l‘3 Te =6+IL‘3/2—3.’L‘4/2
z =9-5x5+2xg z =11+xz5-2x3 z =14-3x3/2 — 14/2.

By this point we see that the maximum possible value of z is < 14. And this value is attained because we can
simply set 3, x4 = 0 and easily verify that the non-negativity constrainst of every other variable are simultaneously

satisfied. So we conclude that max z = maxx; + 2z = 14.
Simplex Runtime

Our simplex runs in weakly polynomial time:

* The input size (x) is the number of bits to represent x, which is logz. The input size would be L = 3 {¢;) +

Y Aaij) + X (bi).

* The algorithm runs L®) numbers of arithmetic operations. Since this runtime is polynomial with respect
to the input length, the algorithm is weakly polynomial. (A strongly polynomial algorithm would have its

runtime independent from L, only m and n.)

Some Other LP Algorithms

We will also introduce a few other known LP algorithms below:

Ellipsoid algorithm (works for convex optimization):

* The idea behind this is that we generate a sequence of “decreasing” ellipsoids that are guaranteed to contain
an extrema. The main idea is that in each iteration, we use a hyperplane to discard a side that is infeasible,

therefore allowing us to “zoom in” on the other side.

7
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» We begin with an ellipsoid F, centered at z(°) that contains the feasible region F. In each iteration we

compute a subgradient ¢(*) of #(¥), the center of E,, and note that
Epn{z: (g(k), (z- m(k))) <0}

is the half ellipsoid that contains a minimizer of f. This means we can “discard” the other “bad” half, and

compute a smaller ellipsoid that contains this “good” half. It can be shown that

Vol(E;+1) <ex ( B 1 )’
Vol(E;) 2(n+1)

which is a decent convergence measure.
Interior point method:

* The high-level idea of the interior point method is that we start inside F' and walk our path towards an optimal
solution. In the process we try to avoid reaching the boundary 0F of F. This is done by introducing barrier
functions in addition to the objective:

fu(@) =c"z+ B(x)
~——

barrier function

and a common choice is the “log barrier,”

fu(@)=cz+p 7271: log(b; — a;x).

=1

When our value is close to the boundary, one of the term blows up to —oco. The closer we are to our barrier,

the more negative B(x) becomes, and hence more punishment.
* When p = 0 we recover the standard LP. The other extreme, when . = oo, we recover the analytic center of F.

* We follow the path {z}, | u > 0}. Starting from a large value of ;s we slowly decrease p by p;1 < (1~ m™ ),
and stop when p ~ 27L. This takes O(\/mL) steps. If we use Newton’s method at each step to compute z,,

(which takes cubic time), the total complexity is around O(m?*°L).

Beginning of 09/04,/2024

1.3 Duality

Consider (again) the following LP in canonical form

Azy +8ry <12 (1)

. 21‘1 + 29 < 3 (2)
z* =max z = max 2z + 32> subject to )
3%1 + 21’2 <4 (3)

T1,29 2 0.

Can we infer something about the optimal solution by directly manipulating the constraints? Well, we know one
thing for sure: 2z; + 3z5 < 4x1 + 84, so the first constraint, without doing any arithmetic, tells us z* = 12, and
dividing (1) by 2 tells us z* < 6. Similarly, [(1) + (2)]/3 tells us 221 + 3z2 < 5, so z* < 5, and 5/4 - (1) + (3) tells us
8x1 + 12x4 < 19, so dividing by 4 gives z* < 19/4.
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More generally, for any y1, y2, ys,

y1- (1) +y2-(2) +ys3- (3) = y1 (4dx1 + 8x2) + y2 (271 + T2) + y3(371 + 272)
= (4y1 +2y2 + 3ysz)x1 + (8y1 + Y2 + 2y3) T2

< 12y7 + 3y2 + 4ys.
Therefore, to maximize 2z, + 3z, we are essentially transform the original LP into another with respect to the y;’s:

4:[/1 + 2y2 + 3y3 > 2 (1,)
min 12y; + 3y2 + 4y3 subject to Sy +y2+2y3 23 (2) (%)

Y1,%2,y3 > 0.

We call (*) the primal LP and (**) the dual LP. The duality lies in the sense that the constraints become the
coefficients, and vice versa. More concisely, in linear algebraic notations,

(Primal) max{c’z | Az < b,z >0} <= (Dual): min{d"y | ATy > ¢,y > 0}.

Why duality? In a nutshell the power of duality can be summarized in the weak and strong duality theorems:

Theorem: Weak duality theorem

If x is a primal (maximization) feasible solution and y is a dual (minimization) feasible solution, then

cTx < bTy. Therefore, max ¢’ 2 < minb7y.

Proof. Direct by assumptions.
< (AT e =yT Az <yTb=0"y. O

Theorem: Strong duality theorem

There are four cases for a primal-dual LP. The first three are trivial, and the last one is interesting:
(1) Both primal and dual are infeasible.

(2) Primal is infeasible and dual is unbounded.

(3) Dual is infeasible and primal is unbounded.

(4) Both primal and dual are bounded and feasible, and in this case, the optimal values equal:

max ¢’z = min bTy.

Proof sketch. (2) If D is unbounded, the value goes all the way to —co. But if ¢’z < b7y and b7y is un-

bounded, then the only explanation is that the primal is infeasible.

(4) Technical details omitted. If a primal LP has a feasible solution and satisfies certain conditions (like con-
vexity and closedness), then the corresponding dual LP also has a feasible solution such that the objective

values match; here one invokes the separating hyperplanes theorem. O

9
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How do we use this theorem for an optimization problem? We want to find x, y such that (i) constraints are satisfied,

and (ii) the duality gap is closed, i.e., finding x,y such that

Az <b
(feasibility) { ATy > ¢ and (optimality) by < ¢’ .

z,y20

This gives us the optimal solution because the weak duality theorem already guarantees that ¢’z < bTy. Two

inequalities combined and we obtain equality.

Below is a general recipe that one may follow when converting primal to dual (and note that since this is symmetric,

the dual of dual is the primal itself.)

(Primal) max{c’z | Az < b,z >0} <= (Dual): min{b’y | ATy > ¢,y >0}.

primal dual
variables T1-Ty, 1 total Y1-+Ym, M total
constraints m total n total
matrix A AT
objective function max ¢z min b7y
constraints i constraint < | > | = | ¥ >0]y; <0|yieR
variables 2;>0|x;<0|z;eR | j® constraint > | <|=

1.3.1 The Optimal Transport Problem

Let’s now consider again the optimal transport problem. We use the same setup: given a graph G = (Au B, E), we
have Y s; = ¥, d; (total supply and demand equal), and we let z; ; model the amount of goods transported from a;

(supplier ¢) to b; (consumer j5), with unit cost ¢; ;. Our objective:

Z?:l X5 =84 1€ [n]

3 .. .. 1 m —_ y
(anll);lgleE Ci jTi subject to Yiwi;=d; ie[m]
LRV}

x5 2 0.
What would our dual look like?

* The dual will be a maximization problem.

* For every primal constraint s;, we will have a dual variable u;. Similarly a dual variable v; for each primal

constraint d;.
- Since the primal constraints are =, these variables just need to be real values, i.e., u;,v; € R.
* What about dual constraints? These correspond to primal variables, which are edges.
— The coefficients for x; ; in the primal LP are all 1’s. So will the coefficients for the u;,v;’s in the dual.

10
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Summarizing everything, the dual LP can be formulated as

m n u;+vj<cy; (4,7)€[n]x[m
max[Zsiui+Zdjvj:| subject to ! i (G3)en]x{m]

i=1 Jj=1 u;,v; € R.

How do we interpret this result? Shadow prices. Think of this as the answer to “how much is the value perceived by
others?” Suppose we are approached by a shippelﬂ, saying they are willing to transport goods from a; to b;, only
charging us, per unit price, u; for loading and v, for unloading. For us, it seems reasonable that we only accept this
deal if u; + v; < ¢; 5, i.e., it’s actually cheaper to hire this shipper than shipping the goods ourselves. On the other

hand, the shipper also wants to maximize their profit, so the objective is max(s;u; + d;v;).

More generally, the primal-dual LP can be interpreted as resource allocation versus price valuation.

(1) (Resource allocation) You are a factory owner, and you want to maximize profit of producing n types of goods.
Your goal? maxc’ 2, where ¢ models the profit vector and z the quantity vector. “How many units of each

item should I make to maximize overall profit, subject to the following constraints on raw meterials?”

* b is the “total resources” vector: b; is the total available amount of raw material j.
* A is the “ingredient matrix:” a; ; measures the amount of i resources needed to produce one unit of
item j.
(2) (Price valuation) Goal: you are a buyer and you directly go to factories to buy raw materials. The quantity you

need is measured by the vector b (i.e. b; units for item j), and you offer unit price y;. Your goal? Minimize

your total cost, i.e., min b7y.

* Your main challenge, of course, is to actually convince the factory owner to directly sell you the raw
materials. This is analogous to thinking “hiring a shipper saves money” above. The factory owner earns a
unit profit of ¢; by making item j themselves, so what you offered for the same amount of ingredients to
produce one unit of item j must not be below that. Recall a; ; is the amount of i™ raw material needed
to produce one unit of item j. Therefore, [a; j,a2, ,@m ;][¥1,Y2, - Ym] > ¢;. And more generally,
ATy > e

1.3.2 Two-Player Zero-Sum Game

Consider a game with two players. Player A can make m moves, and B can make n moves. Let M = [m, ;] be
an m x n matrix such that m; ; describes the amount B pays to A if A makes move ¢, and B makes move j. An
optimization naturally arises: A wants to maximize the money they earn from B, and B wants to minimize the

money they pay to A. Question: what strategy should they follow?

We let = € [0,1]™ denote the probability distribution of A's next move, and let y € [0, 1]™ model B’s next move. What
is the expected payoff? This quantity can be modeled by

> m; ; - P(A makes move i) - P(B makes move j) = Y. a;m; jy; =z My.
,j 0,J

The worst-case optimal strategy from A’s perspective is

max (z) = maxminz’ My. )
T T Y

SWhich is why sometimes this dual is called a Shipper’s problem.

11
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Why? Assuming they play rationally, B always tries to minimize x? My assuming they know As next move prob-
ability distribution, so 5(x) models As gain from a certain strategy x assuming an optimized adversary. Taking
maximum over all z, this gives A the “best worst-case outcome,” guaranteeing at least a certain amount of money,

regardless of what B plays. On the other hand, B’s perspective is to optimize the following:
min a(y) = minmax z” My. )
Y Yy x

The Nash equilibrium is attained in this case, meaning (z*) = a(y*).

The question is, how do we compute z* and y*? Not surprisingly we convert the problem into LP.

LP for Two-Player Zero-Sum Games. First fix a strategy x picked by A. In B’s perspective, the goal is to minimize
min, 7 My, where y is a probability distribution, i.e. 37", y; = 1 and y > 0. Unfortunately, this is one step behind

(**) since the strategy previously chosen by A is allowed to vary, and we have no control over max, z* My.

For now, keep x = (21, "+, 7,,) fixed. To dualize min, 7 My, we note that it can be written as
minb’y subject to ATy>c,y>0 @)
Y

where
b=MTz, A=1, andc=1.

So the dualization (or the table) gives the dual for this particular = = (z1,--, 7, ):
maxxg € R subject to 1rg < MTz = MTz -1z >0. (@)

Therefore, consider this LP over all valid strategies x, we allow x1,--, z,, to vary by modifying the constraints

and treating each x;, > 1 also as variables:

) MTz 1220
maxxg € R subject to 3
Z:’Q xT; = 1,I’i > 0.

The duality theorems tell us (2) < (1) for each instances of « = (x4, -+, 2,,,) and strong duality tells us the optimal

values match. Hence, when taken all possible probably distributions =,
max myin by = argmax, (3).
In other words, if ¢ is the optimal value of (3), which is attained by (x4, ...,x,) = Z, then
Zo =max(3) = m;xx(l) = mjxnbinxTMy = mﬁxﬂ(m).

Using the same approach we can find gy and § = (y1, -+, y») such that gy = min, a(y).

12
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2 Network Optimization

Beginning of 09/09/2024
2.1 Max-Flow, Min-Cut, and the Ford-Fulkerson Algorithm

Note: a significant portion of the following section (on Max-Flow, Min-Cut, Ford-Fulkerson, etc.) is a combination of
532 lecture content and what I wrote previously for an undergrad algorithm class at USC [link]. I decided to do so,

since due to the fast pacing of 532, some intuitions (e.g. why residual graph? what does it do?) were inevitably skipped.

In this section we are back dealing with graphs, but instead of assigning a weight/cost to each edge, we introduce
the notion of edge capacities. We will be using graphs to model transportation networks. For example, think of a
highway system, where the edges, represented by highways, can each tolerate a specific amount of traffic (edge
capacities), and they intersect at interchanges, represented by nodes, that serve the purpose of merging or diverting
traffic.

There are several main components of such network models: (i) a graph representing the entire system, (ii) edge
capacities representing the width of each road, (iii) a source node that only generates traffic (think of an arrival-
only airport), (iv) a sink node that only absorbs traffic (think of an departure-only airport), and (v) the actual flow

(traffic) traversing through the graph via the edges.

Formally, we define the flow as follows:

[ Definition: Flow |

Let G = (V, E) be a directed graplﬂwith edge capacities c¢(e) be given. Pick a source vertex v € V and a sink
teV.As-tflowis a function f: F — R satisfying

* (Conservation) For each node v € V\{s,t},

Z C('U,,’U) = Z c(v,u),
(u,v) (v,u)

i.e., for any non-source, non-sink vertex, the flow into into it equals the flow leaving it.
* (Capacity constraints) For each edge (u,v), 0 < f(u,v) < c(u,v).

We define
af(v):=" > fle)= > fle).

e leaving v eintov

(The conservation constraint then says df(v) = 0 for all non-source, non-sink vertices.) The value of the flow
is defined as |f| = 9f(s), the amount of flow leaving s, which by conservation equals -9/ (s), the amount of
flow into ¢.

The Max-Flow aims to calculate max|f], i.e.:

) df(v) =0 forall v + s,t
max df(s) subject to

0< f(e)<c(e) foralleeFE.

SIf the graph is directed, (u,v) means the directed edge u — v.

13
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Naturally, we attempt a greedy-alike algorithm, using viewing a flow as sending various amounts of flow along

various s — t paths: while there is a s — ¢ path that we can “stuff” more flow into it, we do so. Put more formally:

Algorithm 2: Max-Flow: greedy approach

1 // initializations, etc.

2 while there is a s — ¢ path on which all edges have capacity remaining do

3 t pick one such path P, and put as much flow as possible on it (i.e. min remain capacity)

4 // return

It is clear that this greedy approach returns a valid flow, because nowhere in

the algorithm did we break the edge capacity constraints. However, as the

2 1 example on the left demonstrates, it does not necessarily return the maximum
@< 3 ;(D flow. There is only one valid s — ¢ path: s - u - v - t, so we send a 2
1\@5/2 units of flow along it. But then there is no path left, even though the following

diagrams show that it is possible to construct a flow with |f| = 3.
27 N Q/QD\
& s O+ @ B oQEH
2 1 L\é/z

Greedy: |f| =2 Augment Max-Flow: |f| =3

The problem in this specific example is that the edges s — v and u — ¢ are never used, because greedy considers
u — v as a unidirectional edge. We can solve this problem by “undoing” flows. Specifically, we push 1 unit of
flow along s — v because we want to increase |f|. But now, v is receiving more flow than its output capacity, so
we “undo” 1 unit of flow along v — v. But then u receives 2 units of flow from s and is only currently outputting
1 to v, so we send the other surplus unit of flow to ¢. In essence, we created an additional, hidden flow through

s - v - u — t, even though the directed edge v - u does not exist in the graph.

So far, I haven’t been able to find an intuitive explanation of the idea of “undoing flows” using real-life examples. Using
the highway example, it simply doesn’t make sense if we ask some cars to drive backwards. And I don’t think making
a one-way road two-way is a proper explanation either, as that essentially makes the directed graph undirected. Any
additional feedback would be appreciated. However, one thing for sure is that the resulting flow still satisfies both

flow properties.

To formalize these, we introduce residual graphs and two types of auxiliary edges: forward and backward edges.

[ Definition: Residual Graphs

Given a capacity-embedded graph G = (V, E) and an s - ¢ flow f on it, the residual graph G/ is defined as

follows:
* The nodes are set to be V, identical to G.
* For each edge e = (u,v) of G:

- If f(e) < c(e), there are c(e) — f(e) “leftover” capacity, so we add a forward edge (u,v) with

14
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capacity c(e) - f(e) to Gy.
- If f(e) > 0, then there are f(e) amount of flow that we can “undo,” so we add a backward edge

(v,u) [note the direction] with capacity f(e) to Gy.

With these definitions, we now look at our simple example again. The residual graph corresponding to the greedy

flow f is drawn below, with blue edges representing forward edges, and red edges representing backward edges.

Original graph G Greedy flow f Residual graph G

Here is an alternate way to explain how we improved our greedy f to Max-Flow. Notice that there is precisely one
s —t path remaining in this residual graph s - v - u — t, and we see that this path can transmit up to 1 unit of

flow. This is precisely how we updated the original graph G: we augmented 1 unit of flow along this path found

in the residual graph G;. Specifically, we pay attention to the unidirectional v — v path in the original graph G:

the augmentation process essentially un-sends 1 unit of flow from u — v, since the v — u path in the residual graph

Gy is an backward edge. Therefore, when augmenting G using G ¢, we need to pay attention to whether each

edge is a forward or backward edge in G.

Now we are ready to cook up the main algorithm for solving Max-Flow. This is known as the Ford-Fulkerson

algorithm, proposed in the 1950s.

(The algorithm has too many lines to be fit into the remaining space of this page lol.)

15
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Algorithm 3: Ford-Fulkerson Algorithm

1 Inputs: directed graph G = (V, E') with edge capacities ¢(e); source s, sink ¢

N

start with zero flow, i.e., f(e) = 0 for all edge

w

while residual graph G contains an s — ¢ path do

let P be one such s -t path

IS

(32}

augment( f, P), update flow
6 compute_residual_graph(Gy, f), update residual graph

N

return flow f

8 Function compute_residual_graph(Graph G = (V, E), flow f):

9 start with empty edge set G; = (V, @)

10 for each edge e = (u,v) € E do

11 L if f(e) < c(e) then add (u,v) to Gy with capacity c(e) - f(e)

12 if f(e) > 0 then add (v, u) [reversed order] to Gy with capacity f(e)

13 return residual graph G

14 Function augment (flow f, path P):
15 let e be the smallest residual capacity along path P in G

16 for each edge e = (u,v) € P do

17 if e is a forward edge then

18 | F(e) < f(e) +e

19 else

20 t f'(e) < f(e) —€// backward edge

21 return flow f’

In some sense, the augmentation is a variation of the simplex algorithm when viewing Max-Flow as a LP. The

following theorem establishes the correctness of the Ford-Fulkerson algorithm.

Theorem

If there are no more s—t paths in Gy, then f is a max flow. Consequently, Ford-Fulkerson algorithm correctly

finds a maximum s — ¢ flow.

Without proving the theorem, we first analyze the runtime of Ford-Fulkerson, assuming all capacities are integers.

An immediate observation is that all augmenting paths are integral as well.

We know each iteration will take O(m) time since we can use pathfinding

algorithms like BFS to compute an s — ¢ path. But how many iterations? If we 2100 )@\ 2100
just pick any path to augment on, we can carefully construct “bad” graphs on <9< 1

which we can only slowly increase the capacity. Therefore the complexity is 2% \‘65/ 2%
O(m-|f*|). This is pseudopolynomial.

An easy example to visualize this is shown on the right. If Ford-Fulkerson

unfortunately chooses to start with s - u — v — ¢, then it will iterate between augmenting along s - u - v —> ¢
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and s - v —» u — t forever. Each time the flow can only increase by 1, since the residual edge (u,v) or (v,u) has

capacity at most 1. The input can be represented using around 100 bits, but the Max-Flow has value 2'°! and the

runtime is... astronomical.

What if capacities can be irrational? Even more problems arise.

Solutions? We mention two heuristics to fix this problem:

(1)

(2

Always use the widest path, i.e., path P with the largest minimum residual capacity among all s — ¢ residual
paths. This reduces the number of iterations to O(mlog|f*|), so the algorithm is now (weakly) polynomial.

(This works for rational capacities.)

Always pick the shortest path (known as Edmonds-Karp Algorithm), i.e., one with the minimum number
of edges. This leads to a total of O(mn) iterations with each iteration taking O(m), free of |f*|, making the

algorithm strongly polynomial. (This also works for irrational capacities.)

Proof of Ford-Fulkerson optimality. The proof involves a new concept known as a cut on graph, and under this
context specifically, s - ¢ cuts. It is defined as a partition (A, A°) of V such that s € A and v € A® (or equivalently
v ¢ A). The capacity of a cut is defined as the total capacity of edges leaving A:

co(A)=c(A, A% = > c(u,v).
(u,v)eE
ueA
v¢A

The intuition becomes immediately after proving the following two claims, for we can view cuts and flows as

duals, and a Max-Flow corresponds to a Min-Cut.
CLAIM 1. If f is an s — ¢ flow and (A, A°) an s - ¢ cut, then |f| < c(A).

Proof of claim 1. The proof is just a series of algebra. Let f and (A, A°) be given. Then by the conservation of

internal nodes,

[fl=0f(s)=0f(s)+ X of(w)= 3 [fle)- X fle)+ X ( IENIOEEDY f(e))- ey

veA\{s} ——— eleaving s einto s veA\{s} \eleaving v e into v
:0 h(_/
=0 since s is source

What is the double sum at the end? For an edge e = (u,v):

* If u e Ajv € A, then e appears twice in the sum, once as the “edge leaving u” with “+”, and the other as

“edge into v” with “-,” so they cancel each other.
e If u ¢ Abutwve A, only the negative term “e into v” appears.
e If ue Abutwv ¢ A, only the positive term “e leaving v” appears.
e Ifu,v¢ A, f(e) won't appear at all.

(Note these cases also apply to edges incident on the source s.) Therefore,

fl= X fle- X fle)

e leaves A e enters A

17
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and because flows are nonnegative,

fl= > fle- X fles X fles X cle)=c(4,A9. *)

e leaves A e enters A e leaves A e leaves A

>0

END OF PROOF OF CLAIM 1.
CLAIM 2. |f| = ¢(A) if and only if:

f is a max flow d flu,v) =c(u,v) for all edges (u,v) leaving A
an
c is a min cut flu,v)=0 for all edges (u, v) entering A.
Proof. Stare at (*) until this becomes clear. END OF PROOF OF CLAIM 2.

So we are done! Why? If there are no more s — ¢ paths in Gy, we naturally design a cut based on whether each

vertex is reachable from the source:
S :={v eV : there still exists a valid s — v path}.

For every edge e = (u,v) crossing the cut (S, 5¢) [i.e. u € S,v ¢ S], we must not have a forward edge v - v in Gy,
for otherwise appending the existing s — u path with v — v gives a path s — v, proving v € S. By the definition
of forward edges this means f(u,v) = ¢(u,v).

On the other hand, for ever edge (u,v) entering S, we must have f(u,v) = 0, for we must not have a backward

edge u — v in G based on the same reasoning. Therefore the first claim implies

1= X flo- X fl= X ce)- > 0=c(8,59)

e leaves S e enters S e leaves S e enters S

and the second claim shows f is a max flow. O

Remark. A simple modification to the Ford-Fulkerson is that in each iteration, instead of updating the
residual graph Gy, we simply remove the saturated flow. Rinse and repeat. It can be shown that this
algorithm can be implemented in O(mnlogn) time. This is particularly good when n is small, with a

runtime of nearly O(n).

Beginning of 09/11/2024

2.2 The Push-Relabel Algorithm

The previous algorithms maintain a feasible flow f and terminates when no such feasible s — ¢ path in G exists. In
PUSH-RELABEL, however, we maintain a preflow, such that (i) there is no s — ¢ flow anytime during the algorithm,

and (ii) the algorithm terminates immediately when f becomes a flow. First, definitions.

[ Definition: Preflow |

A preflow is a function f : E - R>? such that:

* (Capacity constraint) For each edge (u,v), 0 < f(u,v) < c(u,v).
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e TFor each v # s, the excess (flow in minus flow out)

xr(v) = (Z)f(uvv)_(z)f(’l],UJ) > 0.

(Note this is -0 f(v).) This means there is a certain amount of congestion at each vertex.

For each vertex v € V, we should also assign a non-negative ineteger label 4 : V' — Z>° that represents the “height”
of a vertex. Whenever there is an excess, we adjust the label/height and push the flow forward. We initialize
h(s)=n=|V]and h(t) = 0.

Finally, we say an s — ¢ preflow f is compatible with label h, written f 1 h, if
* (Source and sink conditions) h(s) =n,h(t) =0

* (Steepness condition) For each edge (u,v) € E¢ (residual edges), h(v) < h(w) + 1. Namely, if an residual edge

is going downward, it must not be too steep (upward edges have no constraints).

The algorithm is based on the physical intuition that flow naturally finds its way downhill (and downhill only). The
height difference n can be interpreted twofold: it establishes sufficient difference between the source s and the sink
t so there will be enough “momentum” to reach the sink, while the steepness condition ensures that the momentum
is not too high (i.e. the flow shouldn’t flow downbhill via a path that is too steep) so it stops by the time it reaches ¢,
effectively making ¢ a sink. To associate a flow with a compatible label, we will need the following claim.

Claim. If f 1 h, then ¢ cannot be reached from s in G;.

Proof. By the steepness condition, along the edge edge, the height can decrease by at most 1. On the other hand,
any s — ¢ path is at most of length n - 1, so h(s) = n, h(t) = 0 makes the existence of a path impossible. O

Consequently, by the correctness of Ford-Fulkerson, if an s-t flow f is compatible with h, then f is a Max-Flow.
To get started with modifying a preflow, we need some initialization first. Since h(s) = n, one easy way to ensure
that f is compatible with h is by ensuring there are no edges in £ leaving s. That is, we saturate every single edge

leaving s a priori. Therefore, the following s — ¢ preflow and label h are compatible:

(2)

0 otherwise

c(e) for all edge e leaving s h(s)=n
fle) = and
h(v)=0 forv=s.

So now we have a starting point. How do we push and relabel? Intuitively, we want to send the flow “downward.”
Let us consider the push function first. Say we have an edge (u,v) in the residual graph E;. We should “push” it if
and only if (i) the starting node u has some excess, and (ii) u is “higher” than v, so the (pre)flow can indeed move
downwards. And we can push as much flow as we want until we can’t. What should our terminal condition be?
Well, we certainly should stop pushing when « runs out of excess. Alternatively, if the edge (u,v) disappears in Ey,
then we should stop too — for forward edges, this means saturating the edge, and for backward edges, draining it

to zero.

Observe that we are still missing a piece — by initialization, 4(v) = 0 for all non-source nodes. But we said the flow
should flow downward, not being trapped somewhere! This means we need some function to modify the “terrains.”
To this end, we define the relabel function: if v still has excess but the excess has nowhere to go because all of its

neighbors as as high as v, then we increase h(v).
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Now we covered everything to cook up the Push-Relabel Max-Flow algorithm.

Algorithm 4: Push-Relabel Max-Flow Algorithm

1 Inputs: directed graph G = (V, E') with edge capacities c¢(e); source s, sink ¢
2 Initialization: define preflow f and label 4 as in

3 while there exists v # ¢ with excess x¢(v) >0 do

4 choose one such vertex v

5 if there exists (v, w) € E; such that h(v) > h(w) then
6 L push(v,w, h, f)

7 else

8 L relabel(v)

9 return (f,h)

10 Function push (vertices v, w, flow f, label h):

11 # guaranteed: v has excess, and (v,w) is a downward edge w.r.t. i(+)
12 if e = (v, w) is a forward edge then

13 6 =min{xy(e),cs(e)} = min{xs(e),c(e) - f(e)}

14 fle) < f(e)+0

15 if e = (v,w) is s a backward edge then

16 0 =min{xs(e),cs(e)} =min{xs(e), f(e)}

17 flw,v) < f(w,v)-4.

18 Function relabel (vertex v):

19 # the if below is guaranteed: v has excess, but no neighboring w (w.r.t. E'y) is lower
20 if x;(v) > 0 and h(w) > h(u) for all (v,w) € E; then
21 L h(v) < h(v) +1 # increase label for v to gain momentum

One loop invariant of the described algorithm is that ( f, ) remains compatible throughout. The values of h(s) and
h(t) are kept constant. On the other hand, push(f, h,v,w) adds only one edge to the residual graph, and this edge
satisfies the steepness condition. relabel(v) is called only when v needs momentum. By raising h(v) by 1, the
steepness condition is also preserved.

Therefore, if the algorithm terminates, it will output a valid Max-Flow based on the

Runtime Analysis of Push-Relabel

Even though the output (f, /) is compatible, it is not clear at all if this algorithm even terminates. To prove such
claim, notice that the h-value of every non-sink vertex increases by 1 every time it is relabeled, so it suffices to

provide an upper bound for h. This is also nontrivial, and it is based on the following observation:

Claim. If f is a preflow and v has excess, i.e., xs(v) > 0, then there is a path from v to the source s in G [note the

reversed direction].

20



CS 532 Notes ~ YQL 2 - Network Optimization

Proof. Let S be the set of nodes v that can reach s in G (i.e. there exists a path from v to s). To prove the claim
we need to show that if xs(v) >0 thenwve S.

Since every w € S° has no path to s, we know that an edge (w,v) from S into S¢ cannot exist in Gy. In other
words, no edge (v,w) leaving S can have positive flow by the definition of residual graph. Using
to the one we used in proving Ford-Fulkerson, and recalling a preflow has nonnegative excess for

every vertex,

0 if u,v eS¢
0< ZXf(U): Z( Z fle)- Z f(e)) = Z flu,v) ifueS,veS°

veSe veSe einto v e leaving v e=(u,v)
—flu,v) fueSvelb.

Note that in the second case, since (u,v) is leaving .S, as noted earlier f(u,v) =0. So

0>~ % f©)= 3 w320

e leaves S¢ veSe

and so no vertex in 5S¢ has positive excess. This proves the claim. O

Now consider any v. We know that h(v) changes only when relabel(v) is called, and (one of) the condition(s) to
trigger such function call is if v has excess. The previous claim implies that there is a path P from v to s. Since P
can be at most of length n — 1, h(v) — h(s) < n -1, and thus

h(v) <2n-1 forallveV.

This immediately implies that the algorithm terminates and that each vertex is relabeled at most 2n — 1 times.
Next up, we compute bounds on the number of push operations. We say a push(v,w, h, f) operation is considered

saturating if f(v,w) = ¢(v,w) after we push, i.e., the edge along which we push becomes saturated.

Claim. The number of saturating push is bounded by 2mn; (not covered in lecture) the number of non-saturating

push operations is bounded by 2n2m.

Proof. (Saturating pushes) Consider an edge (v, w) € Ey. Once (u,v) is saturated, we can only push along (v, w)
again if this edge reappears in Ey. That means before our next (v, w) push, we must have pushed in the reverse
direction (w,v). But in order to push in this reverse direction, w needs to be “higher” than v, so starting from
h(w) = h(v) - 1, we need to at least increase the height of w by 2, to h(w) = h(v) + 1. This means a saturating
push from v to w can occur at most n — 1 times since maxh(w) < 2n — 1. Each edge e € E gives rise to two
residual edges, and for each residual edge we can conduct saturating push at most n— 1 times. That gives a total

of < 2mmn saturating pushes.

(Non-saturating pushes) Drawing intuition from physics again, this time defining the potential of a (f, ) pair

to be the sum of heights of all nodes with positive excess:

o(f.h)= Y hv).
xr(v)>0
Initially ®( f, h) = 0. Consider what happens after a non-saturating push on (v,w): after the push, v will have no
excess, and the best case is that w now gains excess. But even so h(w) = h(v) — 1 implies ®( f, h) decreased by 1.
Now consider what happens after a saturating push. It does not change the label function A(-) but may give w

positive excess while retaining v’s status of having positive excess. Therefore, in each saturating push, ®(f, h)
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can increase by at most (2n — 1). By the previous part, there are < 2mn saturating pushes.

Finally, each relabel operation can increase ®(f,h) by 1 since it increases the h value of some vertex. And we
know that the number of calls of relabel < 2n? (n nodes, with h(v) < 2n - 1 for each v).

Combining all three parts and the observation that ® remains nonnnegative by definition, since ¢ can be in-

creased by at most 4mn? during the algorithm, it can allow no more than 4mn? non-saturating pushes. O

To wrap up these analyses, when implemented naively, Push-Relabel attains a time complexity of O(mn?), which
is asymptotically more efficient than varaints of Ford-Fulkerson, including [Edmonds-Karp| (which is O(m?n)). Fur-
ther theoretical optimizations are possible: using dynamic trees, with proper modifications, Push-Relabel can be

implemented in O(mnlogn).

Some recent works:

* In approximate Max-Flow where one relaxes the constraint to f(u,v) < (1+€)c(u,v), Kelner et al.| and Sherman

independently produced almost-linear-time algorithms.

* In exact Max-Flow, |Chen et al. gave an almost-linear-time algorithm assuming integer capacities.
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Beginning of 09/15/2024

3 Minimum-Cost Flows

In this section, we consider a significant generalization of the Max-Flow problem. In addition to edge capacities,
which we now use u(e) to represent, we also assign a cost u(e) to it. The same constraints apply: for internal nodes,
flows are conserved, and the amount of flow through each edge must be bounded by the capacity constraint. We
are familiar with Ford-Fulkerson and are therefore able to compute a maximum s - ¢ flow. The Min-Cost Max-Flow

(MCF) asks us to compute the cheapest s — ¢ flow that attains this flow value. In equations, under the same [@

we want to find

fr= %%I:Igyc(f) where Q"= fgsnaafﬁwlfl-
We first note that the shortest s—t path is a specific instance of the MCF. The reduction goes as follows. We augment
nodes s’, ¢/, such that the directed edge (', s) has capacity u(s’, s) = 1 and cost ¢(s’, s) = 0. Likewise, u(¢,¢") = 1 and
c(t,t") = 0. For each edge in the original graph G, set capacity to be 1 and cost to be the edge length. Any Max-Flow
from s’ to ¢’ has a value of 1 (since it wants to saturate (s, s), and the MCF must use as few edges as possible to

travel from s to ¢. Since ¢(s', s) = ¢(t,t") = 0, the cost of MCF is precisely the shortest distance from s to ¢.

3.1 Min-Cost Circulation

In today’s lecture, the main topic is to discuss the minimum cost circulation (MCC). In this problem there are
no source and sink. Think of an electric circuit where currents are looping through it. Now, each edge ¢ has a
real-valued (possibly negative) cost ¢(e) and a capacity u(e) > 0 associated with it. Our goal is to minimize the total

cost of the flow, or circulation:

> f(e)= > f(e) forevery vertex v

minc(f) := mibgl c(e)f(e) subject to e leaves v e into v
“ 0< f(e) <ule) for every edge e.

In other words, all vertices must have a balance 9f(v) = 0.
Before discussing MCF in more depth, we first show that MCC is a special case of MCF. Consider an instance of MCF

on G = (V, E) with source s, sink ¢. Construct G’ as a copy of G with the following modiﬁcationsﬂ:
(1) Set every edge that originally belongs to E to have cost 0.

(2) Add a directed edge (¢, s). Set its capacity to be oo and cost —1.

Now if f is a flow in G, then it induces a canonical circulation f’ in G’ defined by

fl(t>s) = ‘f|
f'(e) = f(e) for all e + (t,s).

Since every other edge in G’ has cost 0, the cost of f', ¢(f") = —|f|. Conversely, for any circulation f’ on G’,

restricting its domain to E = E'\{(t, s)} gives a valid s — ¢ flow whose value is | f|. So the reduction is complete.

7In lecture we used the same idea but slightly different values for the additional edge. The construction I used here is based on Jeff Erickson’s
book/notes.
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Like how we can break down an s —¢ flow into the superposition of constant flows along various s — ¢ paths, we can
view circulation as a superposition of cycles. From this perspective, it is immediately clear that if G does not contain
a negative cost cycle, then the min-cost circulation is the trivial one f(e) = 0 for each e, for we will be charged extra

sending any flow along any cycle.

What to do when there are negative cost cycles? Fill them, of course. We solved Max-Flow by using Ford-Fulkerson,
where we iteratively augment along any existing s—¢ path in the residual graph. Here, the intuition remains exactly
the same: we want to create a residual graph G to keep track of how much we can increase or “undo” cycles, and

iteraitve remove cycles until there are no negative cycles left. This is known as the cycle cancellation algorithm.

As usual, we assume that the capacities and costs are integers. Since the augment reduces the objective by at least
1 each iteration, a very crude bound to the total number of iterations is the magnitude of the min cost, which can
further be crudely bounded by m - umax - |cmax|- Recall that we can use Bellman-Ford to detect negative cycles in

O(mn) time. Therefore the algorithm runs in O(m*n - Umax|Cmax|)-

But which negative cycle should we choose? One natural thought is to choose the most negative one, as augmenting
along this cycle reduces the objective the most. However, finding the most negative cycle is NP hard since a natural
reduction to Hamiltonian path exists by constructing a new graph whose edge weights are —1. A workaround that
we propose is to find the minimum mean cost negative cycle ,where the mean cost of a cycle is the total cost divided
by the number of edges inside it. The cool thing about using mean cost is that if we increase the cost of every edge
in Gy by ¢, then every cycle’s mean cost increases by the same amount. Therefore, to find the minimum mean cost
negative cycle, we simply need to conduct a binary search on ¢ and find the threshold above which there are no
negative mean cost cycles anymore. With proper implementation, this helps us identify the min mean cost negative

cycle we want. (With modified Bellman-Ford this can even be achieved in O(mn).)
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Algorithm 5: Cycle Cancellation Algorithm for MCC

1 Inputs: directed graph G = (V, E') with capacities u(e) > 0, costs c(e) € R

N

start with zero flow/circulation, i.e., f(e) = 0 for all edge

3 while residual graph G contains a negative cycle do

4 let C be one such cycle
5 augment( f, C'), update flow
6 compute_residual_graph(Gy, f), update residual graph

7 return flow/circulation f

8 Function compute_residual_graph(Graph G = (V, E), flow f):

9 start with empty edge set G; = (V, @)
10 for each edge e = (v,w) € E do
11 if f(e) < u(e) then add (v, w) to Gy with capacity ¢(e) - f(e) and cost c¢(v,w)
12 L if f(e) >0 then add (w, v) [reversed order] to G with capacity f(e) and cost —c(w, v)

13 return residual graph G

14 Function augment (flow f, negative cycle C):
15 let e be the smallest residual capacity along path C' in G
16 for each edge e € C do

17 if e is a forward edge then

18 | F(e) < f(e) +e

19 else

20 t f'(e) < f(e) —€// backward edge

21 return flow f’

Optimality Proof
To directly prove the optimality of the algorithm above is hard. Instead, we will introduce two additional notions
on the residual graph G/:

* A price (or potential) is a real-valued vertex function p: V' — R, and it gives rise to the

* Reduced cost ¢, (v, w) of an edge: ¢, (v, w) = c(v) + ¢ (v, w) — c(w).

It immediately follows from definition that the reduced cost is antisymmetric: c,(v,w) = —¢,(w,v), and that the
total reduced cost of a cycle equals the cost itself. The following theorem establishes the optimality condition as

well as some intuition behind the price function:

Theorem

The following are equivalent (TFAE):

(1) fisaMCC,
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(2) Gy has no negative cycles, and

(3) There exists a price function p such that ¢,(v,w) > 0 for all (v,w) € Ey.

Proof. (1) = (2). The contrapositive is already stated int he algorithm: if G contains a negative cycle then we

can augment along it, creating a flow/circulation f’ with cheaper total cost.

(2) = (3). The intuition is that we can view p(-) as a shortest distance function, with respect to some fixed vertex,
say v. We define p(w) to be the cheapest cost to travel from v to w in G . Then triangle inequality suggests that
for all (i,7) € Ef, p(j) < p(i) + ¢;(4,7). Rewriting this gives

cp(i,4) = ¢ (i, J) + (i) = c(j) > 0.

(3) = (1) is more involved and is not covered in lecture.. The following proof references Theorem 5.3 of
Williamson’s book Network Flow Algorithms.[ﬂ

Let f be any other flow/circulation and consider the difference f’ = f — f. By assumptions,

c<f>—c(f>=c(f'>=c<f'>+zp(v>( S fe- % f’(v))

veV e leaves v e into v

=0 by conservation

=c(f+ Y (p(w)-p())f (u,v)

(u,v)eE
= Y (e(u,v) +p(u) - p(v)) f(u, v)
(u,v)eE
= Z Cp(u7v)f,(u7v) 2 0. ]
(u,v)eE

Beginning of 09/18/2024

3.2 Minimum-Weight Bipartite Matching

We first recall the Optimal Transport problem and will introduce the Minimum-Weight Bipartite Matching problem
later as a special instance of Optimal Transport. For this section, we assume that G = (Au B, F c Ax B) is
a bipartite grap}ﬂ To simplify notations, we further assume |A| = |B| = n so A = {a3,",a,,} and likewise B =
{b1,--, b, }. Additionally, we will normalize A and B by viewing the values as probability distributions. So we define
distributions ¢ and v on them, respectively, such that p(a;) = pi,v(bj) = v;, and ¥, u; = ¥;v; = 1. We define the

transport map (or transport coupling) as follows:

(first argument fixed) Y T'(a,b;) = p(a) for eacha e A
T:E - Ry such that J
(second argument fixed) > T'(a;,b) = v(b) for each b€ B.

81t is worth noting that in Williamson’s book, before defining a circulation, for every directed edge (u,v), the reverse edge (v, u) is also
added to the graph, with f(v,u) = —f(u,v). In that definition, c(u,v) f(u,v) + c(v,u) f(v,u) = 2¢(u,v) f(u,v), and the overall cost of the
flowis 1/2- % ) c(u,v) f(u,v). These are useful in formally analyzing the runtime of this algorithm, but since the proof is lengthy, it was not
covered in lecture and hence the additional edges are not necessary here.

91t can be shown that our problem can be defined on more general graphs, but here we focus on bipartite ones. The symbol U denotes disjoint
union to emphasize the bipartiteness.
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Naturally, we want to minimize the cost, i.e.,
min c(a,b)T(a,b). (OT Primal)
(a,b)eE
Before analyzing Optimal Transport, let us first observe that Optimal Transport is a special case of MCF, in particular,

uncapacitated MCT (meaning edges have no capacity constraints). To convert an instance of Optimal Transport is

easy: add a source node s, a sink m, and for each a;,b;, connect the nodes as follows:

capacity = u; capacity = oo capacity = v;
cost =0 \\/ cost = c(4, ) \/ cost =0

A max flow will saturate every single outgoing edge from s, so the flow has value 1. The capacities of each (s, a;) and
(b;,t) ensures that the conditions for T'(a,b) are satisfied, so each flow corresponds to a valid transport coupling.

The cost of the flow is precisely cost ¥, ;) c(a,b)T'(a,b).

Back to the LP analysis. To construct the dual, we define one variable for each node in Au B. Corresponding to the

transport coupling, we define a potential function ¢(x) on these dual variables. The dual is given by

i b;) <c(ai,b;) V(a;,bj)eE
max [Z o(a)pi + Y cp(bj)l/j] subject to plai) +p(b;) <elairby) Vlaiby) e (OT Dual)
i J o(x)eR

Minimum-Weight Bipartite Matching

For the following analysis, we will assume that p; = v; = 1/n. If so, we may WLOG scale 7' by a factor of n and

assume that our primal is now

¥;T(a,b;)=1 foreachacA

min Y ¢(a,b)T(a,b) subject to { (Modified OT Primal)

(a,b) Y;T(a;;b)=1 foreachbe B

and the dual is therefore

i)t bl < 2 b; v iy b;)e E
max [Z plai) + Y e (b;) subject to #las) + o) cclanby) Vionby) (Modified OT Dual)
i J o(x) eR.

We will in HW2 prove that there exists an integer solution for this LP. In other words, this problem reduces to a

minimum-weight bipartite matching problem.

To solve the LP, we will once again resort to computing a residual graph and iteratively augmenting along the
cheapest residual path. The numerical labels in the following illustration (see left) indicate the amount of flow we

send along each edge.
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We state, without a formal proof, the following fact. Given this extended bipartite graph s - A - B — ¢, we can
naturally extract a matching out of it. Every time we augment along a residual graph (see middle), the cardinality of
the matching increases by 1. To see this, we discard the first edge leaving s and the last edge entering ¢. Everything
in the middle is zigzagging, alternating between forward and backward edges. The caridnality of the original
matching is the number of backward edges, whereas the new matching’s carinality matches the number of forwad
edges, which is 1 more.

Therefore, the algorithm terminates after n iterations of augmentation. A natural attempt to minimize the cost is by
augmenting along the min-cost path in each iteration. Since negative edge costs are allowed, the naive approach is

to use Bellman-Ford. Each iteration would therefore take O(mn) time, and the total runtime is O(mn?).

3.2.1 Deriving the Hungarian Algorithm

How can we improve this? If we can make the edge weights nonnegative, we can use Dijkstra’s algorithm instead,
achieving a better logarithmic runtime. This is possible by using the price function and reduced cost, concepts
we've encountered in the Minimum Cost Circulation (MCC) problem. This approach leads to what is known as the

Hungarian algorithm.

The nonnegativity condition is given by the dual constraint: for any pair of nodes a and b, we know that ¢(a,b) —
p(a) — p(b) > 0. We denote this as the reduced cost ¢(a,b). Like other primal-dual algorithms, we keep track of
the dual constraints that become tight—in this case, the set of edges whose reduced cost equals zero, making them
tight. At any given time, the set of tight edges forms a bipartite graph between sets A and B. Therefore, if M is a
partial matching on this bipartite graph, then

> clab)= > [p(a)+p(b)]

(a,byeM (a,byeM
Thus, if M is a perfect matching (i.e., |M| = n), we have naturally found a primal solution and a dual solution with
equal objective values. By strong duality, this would be the optimal solution.
But how do we find appropriate augmenting paths, and when none exist, how do we create one? Let’s step back

and enumerate a few goals we aim to achieve during the iterations:

(1) Loop invariant: nonnegative reduced costs. Recall that our initial motivation was to improve upon Bellman-
Ford’s runtime by transforming the edge costs into nonnegative values. If we add edges via the dual LP, this
is automatically guaranteed, since ¢ > 0 iff the dual constraint holds. This ensures that every edge in the partial

bipartite graph is tight.
(2) Strictly increasing matching cardinality: if, at the start of an iteration, our tight edges admit a matching of
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cardinality k, we want to increase it to (at least) & + 1 by the end of the iteration.

If we augment along the residual graph as described, the loop invariant is trivially preserved: we never modify the
reduced cost of any edge. Furthermore, by counting the number of forward and backward edges (excluding the

first edge leaving s and the last edge entering ¢), the post-augmentation matching has a larger cardinality.

So, the easy case is done. Now we ask, what if we cannot find such a zigzag path? If no such path exists, we must
modify the values of ¢ on certain vertices to saturate some edges and add them to E, hoping that the now-larger

graph admits a larger matching. But before that, we need a new definition.

Define E to be the set of tight edges after a certain iteration, and consider a matching M defined on E. A node z
is called a free vertex if M has no edge incident on z. Based on our previous observation, if a € A and b € B are
free vertices and a residual path exists from « to b, then augmenting along this path increases the cardinality of an
existing matching by 1. Assuming integral variable values, the amount of flow along any edge will remain integral
as long as the updates are. In this problem, we can even assume they are binary. Therefore, for any adjacent u, v,
only edges of one direction can appear at a time. This is crucial, since it implies that the second node in any s — ¢
residual path must be free (and so is the second last node). Thus, detecting the existence of zigzagging paths in the

bipartite graph amounts to finding whether there is an s - ¢ path.

We want to introduce new edges, and of course, these edges should be natural extensions of the existing (unidirec-
tional) zigzag paths. Define X = {x | x is reachable from s in the residual graph}. It is clear that if a zigzag path
starts from a free vertex, then any vertex it passes through is contained in X, and vice versa. Therefore, to extend
the possibility of constructing zigzagging paths with a new edge, it suffices to ensure that the new addition to the

residual graph is a directed edge starting from a node in X.

We’ve been treating our artificial matchings as directed edges from A to B, so let us once again consider candidate
edges of the form (a,b) with &(a,b) > 0, where a € An X. Since all edges in E are tight, this implies that b ¢ B\ X.
To introduce a new edge to E, we need to tighten some edges. The straightforward approach is to increase ¢(a)
by ¢(a,b) so that the new reduced cost of this edge becomes 0, making the edge tight. However, since there may be
multiple edges with a € An X and b € B\ X, we increase each of them by the minimum reduced cost of these edges

to avoid violating any dual constraint:

Our reasoning indicated that it is safe to let ¢(a) « ¢(a) + 0 for each a € A n X without directly violating the
constraint (a,b) where a € An X,b ¢ B\X. But that’s not all. What about those edges (a,b) where a € An X and
be Bn X also? These are the edges where originally ¢(a,b) = 0. Therefore, for them, as we increase p(a) by §, we

must correspondingly decrease ¢(b) by 6.

The following sums up the process. In the last line, we use E to define the set of admissible edges. This set is not

29



CS 532 Notes ~ YQL 3 - Minimum-Cost Flows

used in the algorithm but helpful for a proof later.

let S < {x reachable fromsome free a € A in the residual graph}

= let§ < min ¢é(a,b), €< argminc(e)

Benix e
beB\X
(p(@)(—(p(a)+5 YVae AnX
= update ¢ :{p(b) < p(b) -6 Vbe BnX

(x) unchanged otherwise

— E <« FEu{é} (add allif multiple).

Itis not at all clear whether our dual objective is increasing, since we are increasing ¢ for some nodes and decreasing

for others. This is fortunately true, based on the following observation.

A0 X| = [BnX|=|An X|+|A\X|-[A\X]| - |B n X]. 3)
—_—
=|Al=n

What does |A\X| + | B n X| represent? Referring to the diagram again, we see that:

* No node a € A\X is free — otherwise we would have started DFS on a, directly adding it to X.

* No node b € Bn X is free either. Otherwise, consider the DFS path from some free a € A to b. This is a path

that we can directly augment on, contradicting the assumption that we need to expand E.
By definition, each a € A\ or b€ Bn X are incident to some edges in E. However, there is one more thing to notice:

s If M* is the maximum bipartite matching on E, then for each a € A\X and b € Bn X, the edge (a,b) ¢ M*.
Otherwise, because b is reachable from some free node ay € A and there is a backward edge (b,a) in the

residual graph, so is a, contradicting a € A\ X.

Therefore, every node in (A\X )u(BnX) is a vertex of some matching, and different nodes in this union corresponds

to different pairs. Since M* is maximal on E,
[A\X|+|BnX|< M7

It remains to notice that |M*| < n since our algorithm would have terminated had a perfect matching been found.

Therefore, is positive, and in each iteration, the value of the dual objective strictly increases.
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Algorithm 6: Hungarian Algorithm

1 Inputs: s — ¢ augmented bipartite graph G

2 Inputs: edge costs c: E - R, potential p: AuB - R

3 Initialization: p(a;) = 0 for a; € A; p(b;) = min,; c(a;, b;) for b; € B

4 Initialization: ¢(a;,b;) < c(ai, b;) — ¢(a;) — ¢(b;) # nonnegative by construction

s Initialization: E = @, the set of tight bipartite edges; M = @, empty matching

6 while M is not a perfect matching do

7

8

9

10

11

12

13

14

15

16

compute residual graph G
check if an s — ¢ residual path exists
let X be the set of non-{s,t} visited vertices in this search process
if such path P exists then
L M < (M\P)u (P\M) # replace with forward edges. New || increases by 1.

else
let § < rr)1(inA é(a,b) # maximum possible dual increment along qualifying edges
beB\X
p(a) < @(a)+9 forallae AnX
update ¢ by { o(b) < p(b) -6 forallbe BnX

no change otherwise.
update E by E < Eu{e:é&(e) =0}

update M by M « maximum bipartite matching on E

17 return (maximal) bipartite matching M

Remark. Since the maximum bipartite matching M contains n edges, the while loop repeats n times.

Each iteration’s runtime is dominated by the perfect matching procedure (updates are linear time), which

can easily be done in @(mn). So overall the Hungarian algorithm can be run in O(mn?). With a more

efficient implementation, this bound can be further reduced to O(mnlogn).
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4 Approximation Algorithms

Many optimization problems that we encounter in practice are NP-hard and unlikely to be efficiently solvable. This
has given rise to the area of approximation algorithms where the goal is to obtain approximately optimal solutions
in polynomial time. In the following section, we will first consider two well-known NP-complete problems, VERTEX
Cover and SET COVER, and show that some efficient polynomial algorithms, albeit not optimal, are “not too far”
from optimality.

In general, for problems that we cannot provide efficiently provide an optimal solution, we resort to designing
an approximation algorithm as a workaround. Instead of demanding optimality, we require a worst-case quality

assurance:
Definition

For a minimization [resp. maximization] problem, an algorithm ALG is called an a-approximation, o > 1
[resp. « < 11, if for all input instances I, ALG(]) < a- OPT(I) [resp. >].

For example, a 2-approximation algorithm for a minimization problem would output a value that is no larger
than twice the optimal value. The closer our approximation factor is to 1, the closer to optimal it is. With these

definitions, we briefly categorize algorithms to the following classes:

» Exact algorithms. These are algorithms that solve optimization problems to optimality (obtains exact maxi-

mizer / minimizer).

* PTAS (polynomial time approximation schemes). An algorithm that provides a solution within a factor 1 + € of

being optimal given any e > 0, but as e — 0 the running time blows up.

* Constant approximation @(1). An algorithm that does not yield optimal solution, but the quality of approxi-

mation does not degrade as input size increases. Value of « bounded from above.

* Superconstant, e.g. O(log N), O(N°¢), etc. The quality of approximation decays as input size N increases.

4.1 Introduction: SET COVER and VERTEX COVER
SET COVER

First consider the SET COVER problem:

Given G = (V,E), find a S ¢ V of minimal cardinality such that for all e¢ =
(u,v) € E, {u,v}n S| > 1.

To solve this problem, we can model it using LP:

) ) Xy + 2, 2 1 for each edge (u,v) € E
min x, subject to

veV x, €{0,1} foreachve V.
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However, a problem immediately arises: the feasible set is not convex! Consider the simplest graph of one edge
and two vertices u,v. We can set either one to be 1 and the other to be 0, but taking the average, z,, = x, = 0.5, no

longer a feasible solution. The fix? We deviate from the original problem, relaxing it into fractional values for x,,:

) X, +x, > 1 for each edge (u,v) € E
min z, subject to 4
veV x, €[0,1] for each v e V.
Notice that we can still assume z, € [0,1] since if z, > 1, we can simply set z, to be 1 to further decrease the

objective function. We will assume the fact that there are polynomial-time algorithms that solve these type of LP.

A few problems nevertheless persist. Firstly, how do we define an approximation factor? Now we have three quanti-
ties: the output of our algorithm, the output of the optimal solution to VERTEX COVER, and the output of the optimal
solution to LP. Let us call these ALG,OPT(VC), and OPT(LP), respectively. Immediately we have the following
inequality:

ALG > OPT(VC) > OPT(LP) 5

where the first > follows from the optimality of OPT(VC) on VERTEX COVER, and the second > follows from the
fact that the LP has less constraints than VERTEX COVER. Therefore we can consider the ratio between ALG and

OPT(LP) and define an approximation factor out of it.

Second problem: how do we recover an ALG from OPT(LP) that makes sense? The answer here is via rounding:
given our optimal fractional solution, we want to recover an integer solution from which we can extract a valid
vertex cover. And most naturally we round our fractional values to 0 and 1 with a threshold of 0.5: if z, > 0.5 we

round it to 1, and 0 otherwise.

Proof that rounding is a 2-approximation. We first observe that rounding yields a valid vertex cover: for any
edge e = (u,v), if z,, + z, = 0 post-rounding, then it means z,, z, are both < 0.5 pre-rounding, contradicting the
constraints in (4)). Therefore each edge has at least one value of 1 after rounding, i.e., this is a valid vertex cover.
To see this algorithm has an approximation factor of 2, we note that the values assigned to each edge is at most
doubled (0.5 to 1). Therefore the objective is at most doubled. O

4.1.1 Integrality Gaps

One may naturally wonder if we can achieve a better approximation factor on SET COVER. Here, we want
to compare ALG against OPT(LP). But notice that we have a chain of inequalities, where the second one
OPT(VC) > OPT(LP) has nothing to do with what algorithm we choose — it is a property inherent to the na-
ture of the VERTEX COVER problem itself. Imagine a problem whose optimal integer LP is doing significantly worse
than fractional LP. Then, regardless of how good our proposed ALG is, the approximation factor cannot surpass the
ratio OPT(integer LP)/OPT (fractional LP). This quantity is called the integrality gap of the problem.

So what is the integrality gap of VERTEX COVER?

Recall that our objective is to minimize Y., «, subject to z,, + =, > 1 for each edge (u,v). An easy example to show
the discrepancy between fractional and rounded solution is by considering a triangle. Clearly, an integer solution
would need to pick 2 out of the 3 vertices, hence achieving an objective value of 2. On the other hand, the optimal
fractional solution assigns 1/2 to each vertex, resulting in an objective value of 3/2. Therefore, for this specific
graph, the gap is 2/(3/2) = 4/3.

More generally, consider a complete graph K,, (i.e. vertices are pairwise directly connected). The integral solution

needs to choose n -1 vertices, but the fractional solution can again assign 1/2 to each vertex. Here, the gap becomes
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(n=1)/(n/2) =2(1-1/n). Since n is arbitrary, we see that the integrality gap for the problem must be at least 2. In

other words,

It is impossible for any rounding algorithm on VERTEX COVER to achieve an

approximation factor better than 2.

And since we showed that threshold rounding indeed achieves an approximation of 2, we conclude that the inte-

grality gap of VERTEX COVER is 2.

SET COVERL

Given a universal set U of n elements and m subsets Si,---,S,, ¢ U with

U; S; = U, find a minimum number of subsets that cover U.

Many approximation algorithms exist for SET COVER, but we approach this problem using a naive greedy algorithm:
always pick the set that covers as many remaining elements as possible. We show that this algorithm has an

approximation factor of logn.

Greedy SET COVER algorithm is log n-approximate. Let S;, S5, - be the sequence of sets picked by our greedy
algorithm, ALG. Say S; covers x; elements, and for each ¢ > 1, S; covers ¢ additional (uncovered) elements.
Consider the optimal solution OPT which consists of, with the abuse of notations, OPT subsets of U. The key

observation is that:
* x1 2n/OPT. To see this, note that |U| = n, so by pigeonhole the largest set has > n/OPT elements.

* By the same token, x5 > (n - 21)/OPT since all sets in OPT must still collectively cover the remaining

n — x1 elements. Thus, the best remaining set performs at least as good as the average.

* Iteratively, z; > (n—- Y, ; ;)/OPT.

j<i

Rearranging the last inequality, we obtain (abusing the notation that ALG also means the cardinality of the
outputted set)

1<OPT. — 2 for each i € [ALG]
i Ty

10The lecture used weighted SET COVER where each S; also has a weight w(S;). If this is the case, simply greedily pick the set with the
smallest value of w(S;)/|S;\{elements already covered}| and add new elements covered by S, to the set of covered elements. The proof is
similar, and the resulting approximation factor is identical.
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Summing over i we see

7
ALG < OPT- :
;Zj%m]
=OPT-[$1+ T2 3 + oo
n n-z; n-(x+2)
<OPT- l+ L et 1
n n-1 n—-r+1
n total
1 1 1
+ +

e —
n-x; n-x;-1 n—(x;+x2)+1

x5 total
T3 n
n—(z1 +x2)

<OPT:-(1+1/2+--+1/n)=0PT-O(logn). O

+ (z3) total decomposed terms for

Integrality Gap of SET COVERB

Recall that our objective is to minimize Y, x; such that ¥,.;.¢, 2; > 1 for each j in the universal set U.
Consider the following instance of set cover. Say we have m sets, Si,--+, Sp,. For every collection X of m/2 sets,

define an element x that only belongs to these m/2 sets. By Sterling’s formula, there are roughly

(o)~ 72
m/2)  JTm
elements. By the pigeonhole principle, the optimal integral solution must contain m/2 + 1 elements, but it suffices
to assign 2/m to each element in a fractional solution, resulting in a total weight of 2/m - m = 2. Therefore, the gap

is m/4 which, by taking the log of (7:}2)’ becomes O(logn). Therefore, rounding-based SET COVER LP algorithms

with n elements cannot get better than a factor of ©(logn).

Beginning of 09/25/2024

4.2 C(Clustering

In this section, we consider a few dry but useful clustering algorithms, in particular, center-based clustering. The
problem setup is as follows: given a finite metric space (X, d) consisting of points p1, ---, p,,, a clustering is a partition
S1, -+, Sk of the points. For each S;, we also want to assign the center to be ¢; that minimizes some objective function

w.r.t. S, the set of clusters, and C, the set of centers. Below are some common objective functions.

©(S,C) = maxmaxd(p, c;) (k-center)
ie[k] peS;
1 k

(S,C)==>% > dp,c;) (k-median)
T =1 pesS,;

& 1/2 k 1/q
0(S,C) = (1 > d(p, ci)Z) and ©0q(8,C) = (1 > d(p, ci)q) ((generalized) k-mean)

1=1peS; i=1 peS;

Not covered, but included for the sake of completeness.
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Remark. Before going anywhere further, let us state an almost trivial but important fact that will appear
many times in the following proofs: given fixed set of centers ¢y, -+, ¢x, the assignment that sends each point

to its nearest ¢; minimizes all objectives.

Back to greedy algorithms we go. Let us consider the k-center problem first: we need k centers by the end, but
initially we have none. So we perform £ iterations, adding one cluster at a time. The objective of k-center is to
minimize ¢(S,C) = max;er) maxpes, d(p,c;), so the intuition is that if we have yet to introduce a new center or

cluster, we better assign the currently most isolated point its own cluster. This gives rise to the following algorithm:

Algorithm 7: Greedy k-center

1 Initialization: C = &, set of centers

2 Initialization: distance function dist[p] = oo for all points p

3 for iteration 1,---, k do
4 p* + argmax, dist[p], break ties arbitrarily # furthest point
5 update C' < Cu {p*}

6 for each point p do
7 dist[p] < min(dist[p], d(p,p*)) # update distance if needed

8 if distance updated: associate p with the new cluster

9 return centers C, and (optionally) clusters

As discussed above, this algorithm intuitively makes sense. The following proof establishes that it is indeed 2-

approximate.

Proof that greedy k-center is 2-approximate. Suppose cj, -, c;, is a set of optimal centers for the k-center prob-
lem, and the objective value is *. That is, the union of balls B(c¢},r*) [centered at ¢}, radius r}] cover all points.
Now consider any point p. Clearly, p is contained in one such balls. Call this ball B, and call its center cj,.

Let c1, -+, c;, be the set of centers outputted by the greedy k-center. Two cases:

(1) B, contains a greedy center. According to the first we may WLOG assume that this greedy
center, say c,, is also the closest one to p, and that in the greedy assignment, p belongs to the cluster

represented by c,. It follows by triangle inequality that
d(p,cp) < d(p, c;) + d(c;, cp) <21,

(2) What if B, does not contain a greedy center? By pigeonhole, since we have k greedy centers and k
optimal balls, one ball B’ with center contains at least two greedy centers. One of them, call it ¢/, was
added first. Call the other one ¢”’. What caused the algorithm to choose ¢’ over p? Well, it means in that
iteration, dist[¢”] > dist[p]. On the other hand, we know that since both greedy centers ¢/, ¢ are within
r* from the center of B’, so d(c’,c¢”) < 2r*. Therefore, either dist[p] < 2r* or the algorithm would have

chosen p over ¢”. This concludes the proof that greedy k-center is 2-approximate. O

Next up, we consider k-means clustering. In addition to the remark above, we also note that if we have partitioned

the points into Sy, -+, Sk, then choosing each ¢; to be the centroid of S; would ensure that the objective is minimized.
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Lloyd’s algorithm [2006] simply abuses these two observation, as shown below.

Algorithm 8: Lloyd’s Algorithm

1 Initialization: randomly assign all points to a centroid (k total)

2 Initialization: calculate the centroid ¢; of each cluster

3 while not converged do

5

4 reassign each point to their closest centroid ¢;
recalculate and update centroids

6 return centers, paritition

The convergence criterion for Lloyd’s algorithm (also known as the vanilla k-means algorithm) is that no centroid
got updated — the partition of points into clusters is now stable, so there is no need to update centroids. Unfor-
tunately, Lloyd’s algorithm is heuristic and greatly depends on the random initialiation, where a bad initialization
may fail to escape a local optimum. To this end, we consider a probabilistic approach called k-means++ [2007] to

improve the algorithm, which was proposed one year after Lloyd’s algorithm.

Algorithm 9: k-means+ +

1 Initialization: choose p; uniformly at random from points
2 C « {p1}, and dist[p] = d(p, p1) for all p

3 for remaining centers in iteration 2,---, k do

4 | sample p* from S from distribution P(p chosen) = dist[p]*/ ¥ dist[p]?
5 C<Cu{p*}

6 for each point p do
t dist[p] = min(dist[p], d(p, p*)), update cluster assignment if needed

N

8 return centers, partition

Remark. This algorithm is O(logk)-approximate, a significant improvement over the vanilla k-means,

which does not provide any guarantee.

A variant [2019] of k-means++ manages to theoretically reduce the O(log k) approximation factor of k-means++

to constant via local search. The following is the idea for local search:
* Draw point p among all points with probability dist[p]?/ > dist [$]? (just like in k-means++),
* Let ¢ = argmin, o(C u{p}\{¢'}),
* i o(Cu{p}\{g}) <»(C), update C.

Basically, we are interested in potentially swapping some current center for another point that reduces the objective
value. The authors showed that k-means++ followed by ¢ - k calls of local search will, in expectation, bound the

objective by O(e™3) - OPT. A constant approximation factor for sure, but very weak.
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4.3 Scheduling

In this section, we consider the scheduling of jobs. Suppose we have n jobs, each having a processing time p; to be
processed. Suppose we have m < n machines that we can run the jobs on. Finally, use X to denote a schedule, and
with respect to this X, each job has a completion time ¢; at which it is finished. The makespan of our schedule X is

the longest completion time Cy,ax(2) = max; ¢;. Our goal is to compute a schedule * with the minimal makespan.

This naturally gives rise to a greedy algorithm:

Algorithm 10: Greedy Makespan

1 Initialization: S; = subset of jobs assigned to machine i, initially empty, i € [m]
2 Initialization: L; = load of machine 3, initially = 0
3 forj=1,-ndo

4 L k = argmin, g, L;

5 SK&SkU{j}, andeeLk—pj

6 return assignment ¥ = (S1,-+-,Sy,)

Intuitively, for each job, we simply assign it to the machine with the current lowest load, hoping to minimize the
end time of this job. But we have a problem: we never looked at the actual duration of the job, which could certain
be a setback in some situations.

Let ¢ be the last job to be schedule by this algorithm, then it is immediately clear that Cy,,« = Sy + p¢, Where Sy is
the starting time of job /. The following claim helps us to establish that this greedy algorithm is 2-approximate:

Claim. All machines are busy at time .Sy, i.e., when job ¢ starts, i.e., Sy < L; for all machine i.

Next, observe that the sum of processing times P satisfies

m

P= Zp]:ZLlZmSg
j=1 i=1

In the optimal schedule, each job apparently has to be processed by some machine, so on the other hand we have

P
C* >— = P<m-C*

max Z max *
m

Combining the two inequalities, we see S; < C} ..., and so for our greedy solution satisfies

max?

*
Cma.x = Se + pl < Cmax max max max*

+maxp; < Ch +Ch =20,
J

This goes to show that greedy makespan achieves an approximation factor of 2.

We now consider another greedy algorithm, longest job first. This aims to address the problem of not considering

job length when scheduling in the greedy algorithm. To sum up:
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Algorithm 11: Makespan: Longest Job First

1 Initialization: sort jobs in non-decreasing order of processing time p;
2 Run greedy list scheduling

Proof that longest-job-first is 4/3-approximate. As usual, let ¢ be the last jobs scheduled by longest-job-first.
First, it is immediately clear that if py < C}:.. /3 then Cyax =pe + Se < Ck . [3+Ck . <4/3-CF ..

So let us assume p, > C} .. /3. Since p, is the last job to finish, jobs with larger indices (after sorting) pe1,--, pn
do not affect the value of C,,.. (they end earlier). Therefore we can assume that p, = p,. But then each
p; > Cr. /3, so each machine handles at most 2 jobs, and the greedy algorithm finds an optimal schedule,

implying Chyax = C} ... Either way, the algorithm is bounded by a 4/3 approximation factor. O

4.3.1 A (1 +e)-Approximation Algorithm

The next step is to upgrade our approximation: for any e > 0, we want to find a schedule with C,,.x (X) < (1+€)C:

nax *
To simplify notations, we use k = 1/e and P = ¥, p; the total processing time, like above. We say a job j is long if

its processing time p; > p/(km) and short otherwise. This implies that the number of long jobs is less than km.

Our first step is to find an optimal schedule for the long jobs using an exhaustive search. Then, we run the list
scheduling algorithm for short jobs and obtain the resulting 3 overal schedule.

Let £ once gain be the last job to be processed by the overall schedule 3. Then:

s if ¢ is a long job, Ciax (2) = C*

max?

because all long jobs are processed, and

* if £ is a short job, then

. 1
G (2) € 1420 < G + 10 < O + e = (146 O
m

This shows that we have an (1 + ¢)-approximate algorithm. But what about runtime? The total runtime would be
O(mF™). If m is O(1), then this reduces to (’)(26717’”05’”). But what if m is large (i.e. not O(1))?

* Use greedy list scheduling to find a paretmer Tj € [C} ... 2Cy .. ] as a starting point. We iteratively maintain

an interval [ L, U] to perform binary search on, subject to L < C} ... Initially let L = T /2 and U = Ty.

* Given a threshold T, design an algorithm that returns a schedule X with C\,.x (2) < (1 +¢)7, if any.

A high-level pseudocode is provided below:

Algorithm 12: (1 + ¢)-Approximate Scheduling

1 Initialization: run greedy scheduling to find Tj € [C},,..., 2C} . |

2 Initialization: binary search bounds L =T, /2, U =Ty
3 while L <U do

4 assume 7' > P/m

5 for each j, define j long if p; > T'/k (where k = ¢ ') and short otherwise

6 round each long job down to be a multiple of T/k?: p; < lTl;jlé J T/k?

7 find a schedule makespan < T for rounded long jobs

8 use greedy scheduling to assign short jobs

39



CS 532 Notes ~ YQL 4 - Approximation Algorithms

Time to analyze this algorithm. First, let S; be the set of rounded long jobs assigned to machien i. Immediately we

see |S;| < k, since each p; > T'/k. Therefore, for each machine j,

T T
20 Y (B +Th )< Y pj+ = <T+—-=(1+k T
JeS; jeSi JeSi k k
This explains the seeming arbitrary round-down factor T'/k? in the algorithm. Therefore, if the last job p; is a long

job, we are done with the proof.

Now what if job ¢ is short? As above, Sy < p/m < T, so
T -1
Cmax(z):S€+p€<T+E:(1+k )T

completing the proof of (1 + ¢)-approximation once again.

4.4 Multiplicative Weight Method

In this section, we consider two multiplicative weight method (MWU) based solutions to two problems: hitting set
and approximate linear programming. Let us begin with hitting set, whose algorithm is simpler but requires many

definitions from the Vapnik-Chervonenkis (VC) theory, which is crucial in computation learning theory.

The Hitting Set Problem

Consider X = (X, R), a finite range space, where X is a (finite) set, and R c 2% is a collection of subsets of X. We
call R ranges or hyperedges. A subset H c X is called a hitting set if H n R + & for all R € R: think of this as H

does not miss a single range R € R, essentially “hitting” all of them.

A subset Y c X is is said to be shattered by R if {RnY : R € R} gets all subsets of Y. Finally, the VC dimension of
¥, written VCdim(X), is the size of the largest subset that can be shattered. If we can find arbitrarily large subsets
that can be shttered, then VC dim(X) = co.

Let us first consider a quick example. Consider ¥ = (X, R) where X =R and R = {X nI:[ is an interval}, i.e., the
collection of real-valued intervals. What is the VC dimension of R? Well, for any set Y = {a,b} consisting of two
points, it is shattered by R, since {a,b} n[a+¢e,b—¢] =@, {a,b}n[a—¢e,a+¢] ={a},{a, b} n[b-¢,b+¢] ={b}, and
finally, {a,b} n[a —¢€,b+ €] = {a,b}. In other words, for any subset Y’ c Y, we can find R € R such that Y nR=Y".
So any set of size 2 can be shattered. On the other hand, if Y consists of three elements {a, b, c} with a < b < ¢, there

is no interval whose intersection with Y is precisely {a, ¢} without including b. Hence VC dim(X) = 2.

Immediately, we see that if VC dim(X) = d, then |R| = O(n) where n is the size of X. This is particularly useful for

boolean functions: classifiers are learnable if the VC dimension is bounded. But we will not go into depth.

A weaker condition than being a hitting set is defined the notion of e-nets. In addition to the set system ¥ = (X, R),
we introduce a weight function defined on elements in X, and also on ranges: w(R) = ¥,z w(z) for each R € R.

A subset N c X is called an e-net if N n R # @ for all sets R with weight w(R) > ew(X). Essentially, this hitting
set demands the intersection to be nonempty for any range R, whereas an e-net only demands such nonempty

intersection from heavy sets (the ones with w(R) > ew(X)). It is known that
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Theorem

Given a set system ¥ = (X, R) with VCdim(X) = d, a random subset of size O(de ! log(e™!)) will be a e-net
with probability > 1/2.

Below, we consider a MWU-based algorithm for computing an e-net / hitting set of ¥.. We say a range/hyperedge in
Y is e-light if it’s not e-heavy. The weight update is simple — we just double the weight of some elements.

Let us assume that k, the size of the optimal hitting set of ¥, is given. (Else we can do a binary search to find k.)
We initialize € = log /2/k and give all elements a weight of w(z) = 1. Then, every time we find an e-light set, we

just double the weight of everything inside. This is summarized in the algorithm below.

Algorithm 13: MWU Hitting Set

1 Initialization: w(z) = 1 for all z € X; € = log \/2/k.

2 while there exists an e-light hyperedge/range do
3 L let R be one such range

4 w(z) « 2w(x) forall z € R

It is not clear whether this algorithm would terminate, and if it does, after how many iterations. To analyze this, let
w; be the weight of w(X) (entire set) after i iterations. Clearly, wy = |X| = n initially. A light range has weight at
most €~! of total weight, so

Wir1 SW; + €ew; = (1 + E)wi,

which implies

w; < (14 €)'wg ~ exp(ie)n.

So that is an upper bound. How about a lower bound? We look at a hitting set H of size k. H n R is nonempty, so in
each iteration, everything in H n R is doubled. The worst case is round robin, meaning that in each iteration, one
different element gets doubled, where it takes k iterations to get everything to 2, and another k iterations to 4, and

so on. Therefore, a crude lower bound can be provided by w(H) > k2(//*) which implies
ik log2 — ik ' log V2 < log(n/k)

and so i = O(klog(n/k)). That is, after these many iterations, we obtain an e-net. Overall, |H| = O(OPT log OPT).

Approximate Linear Programming

In this section, we consider approximate linear programming. Instead of solving Az > b, we ask the following
relaxed LP:

(Approximate LP) Given ¢, does there exist a solution satisfying Az > b — €?

(Note that if x is feasible for the original LP, then it is certainly feasible for this approximate LP.)
To approach this, we will use an oracle O, that applies a probability distribution p to constraints. In more details,

the oracle transforms the approximate LP into a probabilistic inequality and answers the following question:
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(Oracle) Given a distribution p, does there exist a solution satisfying p” Az > pT b?

In addition, if the distribution returns a YES, we are also interested in the “width” of the oracle, or a bound on the
error of Az — b: find p > 0 such that Az —b e [-p, p]™.

The following briefly describes an algorithm that uses the oracle to solve the approximate LP.

Algorithm 14: MWU Approximate LP

1 Initialization: 7 = ¢/(4p), T = 8p%c¢ 2 logm
)

3 Initialization: ®© = ™ »{?, p

0 _4

2 Initialization: w; ’ = weight of i constraint after iteration ¢; w;

(0)

= wZ(O)/(I)(o) (normalized probabilities)
4 fort=1,--Tdo

5 | 2® =Oracle(ptt=DT Az > pt-1DTp)

6 if Oracle returns infeasible, return infeasible

m < (A ® - b;)/p

3 w§t+1) - wgt)(l _ nmgt))

N

9 return 7 = Y, z(*)

Proposition

If the algorithm above doesn’t return infeasible, then the output T satisfies approximate LP, i.e., A;T > b; — ¢

for each coordinate 1.

In addition, we can prove a stronger claim: the “slcakness” of constraints are not too far from their expectation. Put

in formulas, this means for any i < m,

T T T 1
t t ogm
m(t)-p(t) <2m5)+n2|m§)|+7.
t=l S——— t=l~——  t=1 n
expected slackness ™ slackness

Using this additional claim, by the Oracle feasibility, for each ¢, p(V)T Az(") = p(OTh > 0. Therefore,

0 <LHS/T < RHS/T
7 logm
n

{IRSYIRN0 NS 4 (0)
<o (A b))+ 2 YAt — b+
t=1 =1

1
if—bi+ﬂ’l7T+ﬁ ogm
T T

A
§Aif—bi+€+§=Aif—bi+36/4

Which goes to show A;x > b; — €, completing the claim.

5 The Primal Dual Method

In this section we consider two applications of the primal dual method. We have previously (implicitly) used it in

deriving the [Hungarian algorithml In essence, for many LP problems, it is helpful to keep track of its dual. Instead
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of modifying the primal LP variables, we initialize the variables in the dual LP, then slowly modify (usually increase)
the values until some dual constraint becomes tight. We then look back at the primal and interpret what it means
for the dual constraint to become tight. Since dual constraints correspond to primal variables, usually when a dual
constraint becomes tight, we know that the primal variable has been taken care of. This procedure is called dual
fitting.

5.1 Feedback Vertex Set

Given an undirected graph G = (V, F) with nonnegative weights w., a vertex set F' c V is said to be a feedback
vertex set, FVS, if every single cycle contains a vertex in F. An equivalent definition is that G[V'\ F'] (the subgraph
induced by V'\ F) is acyclic. Our goal is to find the minimum weight FVS.

Let is first formulate the primal and dual LP:

Y a;>1 forall cycle C
minw,z, subject to ieC (FVS Primal)

> wme<w, for all vertices v
max ». m¢ subject to CiveC (FVS Dual)
cycles C

mc 2 0.

Now let us apply the general principle of dual fitting to the FVS problem. Our dual variables correspond to cycles,
but notice we need not (and cannot, since there can be exponentially many cycles) maintain a variable for each
cycle. Recall that we usually initialize every variable to 0, so in our case, we can “cheat” by defining cycle variables
mc only when they become nonzero. This bypasses the problem of having exponentially many cycles.

Each dual constraint is defined on a vertex, so correspondingly we can define the dual slackness s; = w; = ¥,.c 7¢,
which we will use to guide our dual fitting process.

If the complement graph G[V\F] is free of cycles, then the algorithms should terminate. Otherwise, there exists a
cycle, and we need to add another vertex to F. Therefore we want to break a cycle, introduce a vertex to F, and
update the dual variables and slackness accordingly, so that the newly introduced vertex now is not slack.

Summarizing everything into a high-level algorithm:

Algorithm 15: Feedback Vertex Set

1 Inputs: G = (V, E) with weights w, > 0
2 Initialization: F' = g, H = G[V\F]
3 Initialization: slackness s, = w, — Y, m¢ for each vertex v

4 while there is a cycle C in H do

5 let C be one such cycle
6 | find vertex j € C with smallest slackness s; = A

7 update variables: F' < Fu{j}, mc = A, s, < s, —AforallveC

8 Return: F

Observe that every vertex v € F' corresponds to a tight dual constraint, ¥ .~ 7¢ < w,. Therefore, using an exchange

sum argument,
total cost of F = " w, = Y > 7wc =Y |FnClmc.

veF veF veC C
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If we can show that |[FnC| < « for all F, then F is a-approximate. Unfortunately we cannot assert anything exciting
about |F'n C|. So we need some modifications to guide us to a stronger result.

Observe that if a node has degree 1, then it is certainly not in any cycle, so we can simply remove these nodes. On
the other hand, if a node has degree 2 (or if a chain of nodes all have degree 2), then they belong to the exact same

cycle (if there is any). Therefore, in the perspective of cycles, all of them can be compressed into one single edge.

After this contraction, every node has degree > 3. It can be shown that such a graph will have cycles of length
< 2logy n. Therefore, |F'n C| = O(logn). We just need to compute the contracted graph H* and replace “there

is a cycle C in H” with “in H*.” The analysis above shows that we obtain a O(logn) approximate algorithm.

5.2 The Facility Location Problem
Perhaps a more involved example of primal dual is the facility location problem: we have
* D, a set of demand points (customers),
* I, a set of facility that can be opened, and
* f;, the cost of opening each facility ¢, i € F, and
* ¢; j, the cost of serving customer j via facility i.

The key distinction of this problem is that now the cost involves more terms. With these defined, the priaal and

dual can be expressed as the following:

> a;;>1  forall customer j

i€eF
min | Y fiys+ Y, cijai;| subjectto { < for all i, j (Facility Primal)
ieF ieF,jeD By =g ’
Zij,Yi 2 0.

(To interpret the second constraint: viewing as an integer LP instance, if y; = 0, then z;, ; = 0, for if a facility is not

opened, it cannot be used to serve customeres.) The dual is

Y wi;<fi  foreach facility i
max »_ v; (+ > O-wm-) subject to {7eD (Facility Dual)

jeb iekrjeb v —w;j<¢,; foralli,j.

Let us first describe the process of primal fitting for this problem. The dual variables are v; for each customer j,
as well as w; ; for each (facility, customer) pair. Whenever a customer is not yet assigned a facility, we need to do
something, namely, grow the v, as well as all w; ; that can still be grown. We can view w; ; as the “popularity”
of facility « coming from customer j, and v; is customer j’s “demand.” The growing must stop when a constraint
becomes tight. We have two cases: the first one is v; - w; ; = ¢; j, where we know that an assignment can now

be made, since we have reached customer j’s limit. The second case is }; w; ; = f;, where there is now enough
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popularity to overcome the facility opening cost, so we open facility . Now, we summarize the intuition into a

high-level algorithm. First, some notations:
* For j e D, let N(j) denote {facilities : v; > ¢; ; }, the set of facilities that can be used to server customer j;
* Forie F,let N(i) denote {customer j :i € N(j)}, the potential customers;
* We say customer j contributes to facility ¢ if w; ; > 0;
* T'={ieF:Y;.pwij=fi}, the set of facilities that could be opened; and
* X={jeD:N(j)nT =g}, the set of customers not yet connected to any opened facility.

The algorithm goes as follows. There are a lot of symbols but the idea is not much more than what is described

above.

Algorithm 16: Facility Opening

1 Inputs: facilities F', demands D, facility opening costs f;, serving costs w; ;
2 Initialization: w; j,v; =0
T=2,X=D,N(z)=gforallze Fand x € D
while X # g do
increase v; € X and w; ; € N(j) uniformly, for all j € X
stop until some new dual constraint becomes tight

if CASE 1:v; —w; ; = ¢;, j for some i, j then
# v; cannot be increased anymore

N(j) <« N(@) v i}
N(i) < N(i) v {j}
ifieT then X « X - {j} # j now assigned

else
# CASE 2: ¥, w; j = f; for some i

open facility i, i.e., T < T u {i}
| X <« X\N(@0)

Post-processing: T’ = @
while 7" # g do
pick i € T'and update 77 « T" u {i}
remove dependencies:
| T < T\{neT: there exists j € D with w; ; > 0,w,,; >0}
Return: 7" (instead of 7))

Again, when the algorithm terminates, the corresponding constraints for are right, so exchanging sums, we obtain

2 fi+ yminei; = D0 w4 Y minei; =) X wig+ ), Y ciyg

€T jeD 1€T jeN (i) jeD i€T jeN (1) 1€T jeN (i)
=2 JeN@)(wij+eig) =2, >, vi=) v ING)NTI
€T 1€T jeN (i) jeD

Once again, we fall into the deadend of bounding |N(j) n T|. The workaround here is to further modify 7 into a
T’ so that each |N(j) nT’| are disjoint. This is easy, and can be fixed by appending the red section in the algorithm
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above. Then, with some notation pushing, one can show that this gives a 3-approximation, the detail of which has

been omitted here.

6 Randomized Algorithms

6.1 Global Min-Cut

In this problem, let G = (V, E') be undirected and unweighted. A global minimum cut is a direct generalization of a
minimum s - ¢ cut but taken across all vertex pairs. Therefore in order to find a global min cut, one way is to brute

force iterate through vertex pairs and find the min cut separate them.

In this section, we proposed another edge-contraction based randomized algorithm for a more efficient alternative.
Let e € E be given and define G, to be the graph with e contracted, i.e., both endpoints of e collapsing into one —
note that the resulting G, may be a multi-graph, with more than one distinct edge between certain pairs of nodes.
The key insight is C is a cut of G if (e ¢ C = C is also a cut in G.).

If we pick an edge at random, and if a cut has |C| < k, then it is clear that P(C € G.) > 1 - k/m. Therefore, this gives
an iterative randomized algorithm, where we can repeatedly (i) pick a random edge, (ii) contract along that edge,
and (iii) stop when there are two vertices left. Then we return the set of edges that did not collapse (in the end, the

graph is a multi-graph with two vertices and many edges in between them). A probabilistic bound shows that
n -1
P(C survives) > (2) .

This is a very weak result, but what if we run this algorithm many times and return the best result? By repeating

the above contraction algorithm ¢ times,

1\ ¢
. n
P(success) = 1 — P(failure) = 1 - (1 - (2) ) >1-n“
for some o > 0 with ¢ ~ () log . This is better, but the runtime of O(n*) isn’t ideal. How do we improve? Observe
that we are contracting the same graph from scratch many times, which leads to many excess work. The idea lies in
observing that our cut C is more likely to survive in a larger graph, so it is in general a better idea to save the earlier
phases of the contraction and focus more on contracting smaller graphs. This gives rise to the following recursive

algorithm:
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Algorithm 17: Recursive Graph Contraction

1 Inputs: graph G = (V, E), undirected and unweighted

2 if V is sufficiently small then brute force return min cut
3t=n-n/ V2

4 fori=1,---.tdo

5 L randomly contract, like in the vanilla algorithm

6 # now t=n /2 and we have n — n/\/§ edges left

7 fork two sub-processes:

8 (1 « recursive contraction on G

9 (9 < another instance of recursive contraction on G

10 return the better (cheaper) of the two cuts

Its runtime is given by T'(n) < 2T(n/v/2) + O(n) which yields T'(n) = O(n?logn). Here, the chance of success is
O(1/logn), so after repeating O(log® n) times we can boost it into 1 -n~* like before. The runtime indeed improves

from the previous O(n*) to now O(n?log®n).

6.2 LP-Based Randomized Rounding

Beginning of 10/21/2024

In this section we consider the MAX-SAT problem. Let us consider a conjunctive normal form (CNF), i.e., a formula
of clauses, such that each clause consists of a series of ORs of literals, and that all clauses are connected via ANDs.

One example could be (and this happens to be a 3-CNF since all clauses have length 3)
(21 VI VT A (22 VT3V 2g) A(TL V22 VT3).

It is well-known that SAT, the satisfiability problem, which asks if there exists an assignment of truth values to the
literals such that the overall CNF evaluates to true, is in general NP-hard.

Here, we consider a slight variant, the MaX-SAT, or the max satisfiability problem. Suppose there are m clauses
in total, where each clause ¢; is assigned weight w;. The objective of MAX-SAT is to find a truth assignment so
that the total weight of satisfied clauses is maximized. Immediately, one can see that SAT reduces to MAX-SAT, so

unless P = NP we cannot expect to solve this problem in polynomial time, either.

In what follows, we consider two approaches to solving MAx-SAT.

A Randomized Approach

Arguably the most naive way to propose a solution is to randomly assign true/false to each variable. That is, for
each variable z;, we set x; to be true with probability 1/2 and false otherwise. Thanks to the structure of CNF, even
if we start with a random guess, because a clause is satisfied as long as at least one of the literals evaluates to true,
when clauses are long, even random guess performs reasonably well. Let us define ¢; to be the length of clause c;.
Then

P(c; satisfied) = 1 - P(c; not satisfied) = 1 - 27%.
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This goes to imply that if we define ¢ = min; ¢; to be the length of the shortest clause, then

E(total weight of satisfied clauses) = » (1 - 279 w; > (1-27) Dw;z(1- 279)OPT, (6)
J J

so in other words we obtain a 1 — 27¢ approximation. The larger the ¢, the better this approximation is. However,

when /¢ = 1 for example, this only gives a 1/2-approximation.

Next up, we propose an LP-based algorithm that aims to improve the performance for instances where there exist

shorter clauses.

Another LP-Based Randomized Rounding

Next up, we consider an LP formulation for MAX-SAT. For each clause c;, define P;, N; to be the set of indices of
non-negated literals and negated variables, respectively. For example, z; v T3 v x3 has P = {1,3} and N = {2}. For

the primal, we define variables y; corresponding to literals z;, and z; corresponding to clauses c;. Then the LP is

m Yiep, Yi + Yien. (1—vi) > z;  for each clause c;
P Y N Y
max Y w;z; such that e T ey v !
J=1 OSyi,zj < ].

Let (y*, z*) be an optimal fractional solution. For each variable z;, we round y; via P(z; = 1) = y}. Algebra plus the

definition of violating a clause imply

P(c; not satisfied) = P(everything wrong) = [[ (1 -v;) [] v/
i€ P; €N

£
< lel (Zu U+ Ll )] (AM-GM, ([Ta)"/* < 3 aifk)
J P,; Nj

£
1 * * * .
= ll 7 (Zyz +2(1-y; ))l <(1-z/t;)"
i \P; N,
where the last inequality is due to the primal constraint. This shows
P(c; satisfied) = 1 - (1 - z;/¢,)".

Viewing above RHS as the concave function f(z;) = 1-(1-z;/¢;)%, using the fact that f(0) = 0, f(1) = 1-(1-1/¢;)",
and the fact that concavity implies f(z) > f(0) + z(f(1) - f(0)) on [0,1],

P(c; satisfied) > 1— (1-2;/€;)% > (1 - (1-1/¢;))2] > (1-1/e)z]. )

Therefore, the overall objective satisfies

IE[ iwjzj] >(1-1/e) iwjzj > (1-1/e)OPT.

Combining Both Algorithms

Observe that in the randomized algorithm, with respect to each clause c;, the approximation ratio is 1 - 27%,
and that in the algorithm, this ratio is 1 - (1 - 1/¢;)%. For integer-valued ¢, > 1, the average between them
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is > 2, so the larger one must be. This means if we take the better of the two algorithms, we are guaranteed a

3/4-approximation.

6.2.1 Detour: Facility Location with LP Rounding

Here we provide a high-level overview of two additional rounding-based methods to solve the facility location
problem. Recall that the

Y x;;>1  forall customer j

el
min Z Ffiys + ‘ Z ci ;i ;| subject to Zi; < s for all i, j (Facility Primal)
i€eF i€F,jeD ?
%5, Yi 2 0.
> wi < f; for each facility i
max ) v; subject to {jeD (Facility Dual)
jeD

Vi — Wi 5 < G j for all 1, 7.

Let (z*,y*) be an optimal primal solution and (v*,w™) optimal dual. For each customer/demand j € D, we define
N(j) (with the abuse of notation, totally different from the previous N(j)) to be N(j) = {i € F': x]; > 0}, i.e., the
set of facilities such that there is a (fractional) potential of serving j via facility i. We also define the second-order
neighbor N2(j) tobe N2(j) ={¢e D: N(j)nN(¢) # @}. This is the set of demand points that share a neighborhood,
or the set of customers that can potentially share the same facility with j. For the rounding scheme, we want to

always match customers to the cheapest qualifying facility. This gives rise to the following:

Algorithm 18: Facility Locations LP Rounding

1 Inputs: z} ;,y7,v;, w;; from optimal fractional primal/dual
2 Initialization: C = @ (unserved demands), X = & (opened facilities), k£ = 0

3 while C # @ do
4 k<k+1

5 let j = argmin, v} # NeXt customer to serve

6 find i = argmin, ;) fi # best facility to serve j

7 X « X u{i} # open facility ¢

8 assign all customers j' € N?(5) to facility i # so we are done with facility i
9 | C <« C\N?2(j) # note this includes j itself

10 return X

It can be shown that this algorithm is 4-approximate. The reason for this large approximation ratio is because in
line 8, we are assigning all second-degree neighbors j' to i, based solely on the fact that facility ¢ works best for j

— there is no guarantee that s is also a good choice for other customers j'.

To combat this issue, for each customer j we define a second metric ¢ = ¥,cy(;) 27 ;> pick next customer based on
the overall minimizer of v} + ¢, and draw the best facility based on a soft probability distribution. It can be shown

that the following algorithm achieves a better 3-approximation ratio.
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Algorithm 19: Facility Locations LP Rounding

1 Inputs: z7 ,y;,v;,w;,; from optimal fractional primal/dual

2 Initialization: C = @ (unserved demands), X = & (opened facilities), k£ = 0

3 for je D do

4 t define i = XieN() i

5 while C + @ do

6 k<~ k+1

7 | letj=argmin;c[v] +c;] # next customer to serve

8 draw i from N(j) with distribution P(open i e N(j)) = y;

9 assign all customers j' € N?(5) to facility i # so we are done with facility i
10 C < C\N?(3j) # note this includes j itself

11 return X

6.3 Semidefinite Programming (SDP)

In this section, we consider an alternative to linear programming LP, where we introduce a certain amount of

geometric complexity by drawing connection to PSD (positive semidefinite) matrices in higher dimensions.

MAX-CUT

Firstly, we consider the MAX-CUT problem, where given an undirected graph G = (V, E) with edge weights w, > 0,

we want to find the cut (5, S¢) that maximizes the weights of edges crossing the cut, i.e., max »  w(e). It is known
e€dS
that MaX-CuT is NP despite its counterpart, min-cut or max-flow, can be solved efficiently.

A baseline for MAX-CUT is that any algorithm we propose must do better than “random guess.” Specifically, if for

each edge we independently include it with probability 1/2 in S, then

E(w(S)) =E %:Sw(e) = % Z}:ﬂw(e) > OET

so the baseline is we can certainly achieve a 1/2-approximation factor. A slightly more sophisticated threshold

rounding scheme on the LP relaxation gives a 3/4-approximation. But how can we do better?

The idea behind SDP is that instead of assigning each variable y; € {0,1}, we let y; € {-1,1}. Then, (1 -y,y,)/2=0

is a binary variable that equals 1 if and only if y;, y; are assigned different values. Therefore, the SDP objective is

1 .
max = > (1-yiy;)w;; subject to yi € {-1,1}.
(i,5)eE

To fully generalize this problem into matrix algebraic notations and enjoy the benefits of geometry of PSD matrices,
for vertex variable y;, we define its vertex relaxation to be v; € R”, such that all v;’s are unit vectors. The problem

can now be written w.r.t. vector products

1 ,
max 5 > (1 -v]v)wi subject to |vill = 1 for all v; e R™. (MAx-CuT SDP)
(i.7)eE

First, we answer the question “why SDP?” Suppose we know how to solve the problemm, obtaining a set of vector
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relaxation solution {v}}. By definition, these points lie on the unit sphere in R™. Recall that our original objective
is to partition V' into two sets of vertices, one for S and another for S°.

The most natural interpretation of {v;}, therefore, is to partition these unit vectors into two sets as well. We
consider an extremely simple approach: (i) pick a random unit vector r, and (ii) choose S = {i : rTv} > 0}, i.e,,

one of the hemispheres defined by the hyperplane to which r is normal. Let §; ; denote the angle between v; and

v;, which can be calculated by 0; ; = cos™ (v; vy /(|v] [ [v} ) = cos™ (v;Tv}). A simple geometric interpretation
shows that (3, j separated by cut) = P(v;, v} in different hemispheres) = ¢; ; /7 = 7t N Tv;-‘ .

It can be shown that 6, 7~ cos™ () > 0.878(1 - x)/2, so this implies that the SDP randomized algorithm achieves

cos (v

an approximation factor of 0.878. Two side notes:

* Unless P = NP, it can be shown that MAX-CUT cannot have an approximation factor better than 0.94, and

* Under UGC (unique game conjecture), this factor of 0.878 is already the best possible.
A side remark on how to solve the problem: the more general form of SDP (and also how it got this name) is

j Y., X;;="by foreach constraint k
max ) ¢ ; Xi; subject to i,j Vs ]
N X =0 (PSD).

With these assumptions, the Ellipsoid method works. So in the future we will assume that we have the black box

that solves the vector relaxations of SDP.

Correlation Clustering

Suppose we have a graph G = (V, E), where for each edge (i, j), we have a similarity score w; ; and a dissimilarity
score w; ;. The correlation clustering problem asks us to partition the vertices V' into k clusters S = {S1,, Sk},
while maximizing (i) the similarity scores of vertex pairs that are inside the same component, and (ii) the dissimi-
larity scores of vertex pairs that belong to different components.

In other words, if we define E(S) = {(,4) : ¢, j both belongs to some S, } the set of intra-cluster edges and §(.5) =

{(i,7) :1€8,,j ¢S, } the set of inter-cluster edges, then our objective is

maxw(S) =max| > wii+ Y wi,
(4,5)eE(S) (4,4)€6(S)
How do we translate the problem into a vector problem? We have k clusters, so we define {e;,---,ex} ¢ R¥ to be the
set of one-hot vectors (e.g. (0,--+,0,1,0,---,0)). These serve as indicators for each cluster. Then, for each vertex i,
we let y; € {e1, -, ex} to represent its cluster membership. By doing so, y/ y; = 1 if they belong to the same cluster

and 0 otherwise. Thus, the objective can now be written as

max Y [wi gy +wi;(1-y]y))]
(i,4)eE
Finally, just like how we always relax ILP into fractional LP, we now simply assume y; € R* instead of being one-hot.
Once we have an optimal relaxed solution {y;}, we can pick two random vectors r;, 7, € R* which divide the space
into 4 quadrants. By assigning cluster membership based on which quadrant each y lies in, we obtain a reasonably
well approximation ratio using just 4 clusters. With more random vectors of form r, we can create exponentially

more clusters. The results will be slightly better but not much.
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6.4 Random Sampling

In this section, we reconsider a set system ¥ = (X,R). For Y c X, define the subsystem ¥y = (Y,Ry) where
Ry ={RnY | ReR}. In many applications, if X = R¢, we assume |R| = O(n?) where d is a constant.

The idea of sampling is we want to know more about ranges/sets R € R by focusing on some local structures,
especially when we do not have easy access to the entire space. More specifically, let i be a probability distribution
over X; we want to measure u(R), the probability of certain events. For simplicity, let us first assume that p
is uniform, so u(R) = |R|/|X|, a quantity known as the fractional size of R. Our goal is answer the following

question:

Is there a small sample A c X such that

IRn 4| |R|

= forall ReR?
Al X

If so, we know that A is “representative” of the structure of X.

Admittedly, demanding = is probably too harsh. Thus we also define a weaker notion:

Letee (0,1). Ax X is e-approximate if

IRnA| _|R|

Al X

<e¢lX|forall ReR.

< € or equivalently ‘|R nA| ||;?| - |R|

A natural question, that we ask, is about sample complexity: how large does our sample need to be in order to be

representative or sufficiently good at approximating X ? Certainly X itself is good, but it may be too large.

Theorem

Assume R has size O(n?). Then a random subset A c X of size O(log(1/e)d/¢?) is an e-approximation of ¥
with probability > 1 - 6.

We also introduce the notion of discrepancy: let x : X — {-1,+1} be a coloring (partition into two groups). The
discrepancy of a certain set is disc(x, R) = |Y,er x(«)|, which measures how unbalanced the coloring on that set is.
In addition, the overall discrepancy is defined by disc(x, ) = maxger disc(x, R), the maximum discrepancy among

all sets. The reason we introduce this notion is because the following theorem implies the one above:

Theorem
For a random coloring x, P(disc(x, X) > v/2nlog(2m/d)) < d, where n = | X| and m = |R|. This bound is tight.

We will provide a high-level proof showing that the second theorem implies the first.
* Initially, define Ay = X, and let xo be a random coloring.
* Next up, we let A; = {x € Ay : xo(x) = 1}, and define another random coloring x; on A4;.
* Choose a parameter k£ and repeat until we obtain Ay.

Suppose the coloring y; induces error ¢; on A;. We want to choose a k such that ¥ ¢; < ¢, the error bound in the
first theorem. It can be shown that |Ax| = O(log(1/€)d/€?), as claimed.
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To prove the second theorem, we need some results known as tail bounds. We first state the well-known Markov

inequality, that P(X > k) < E[X]/k if X is a nonnegative random variable and k£ > 0. To see this, consider the

indicator random variable 7 = 1[X > k]. Then X > k- I, and

m»(xm):m[z]s%.

What we will be deriving, instead, is (a special case of) the Chernoff bound.

Theorem: Chernoff Bound

Let Xy,---, X,, be independent random variables uniformly taking values in {-1, +1} with probability 1/2. Let
X =¥ X,;. Then P(X >t) < exp(~t?/2n), or P(|X| > t) < 2exp(~t%/2n).

Proof. The proof of Chernoff bound is rather elegant — it introduces another parameter ¢, shows that P(X > ¢) is
bounded by a function of ¢ for any ¢, then minimize this function and discard the dependency of this additional
parameter.

More specifically, by monotonicity of exponential function, P(X > t) = P(e“X > ¢°!) for any nonzero c. By Markov

inequality we know
X + EecX  enc’/2 9
P(X >t) =P(e™ >e%) < = = exp(nc”/2 - ct),

ect ect

where Ee®X = HEeCXi = ¢/, The inequality above holds for any ¢, so we pick ¢ = ¢/n which minimizes

i=1
exp(nc?/2 - ct). This gives P(X > t) < exp(~t2/2n), as claimed.

A more general corollary, known as the Hoeffding inequality, states the following:

n t2
P a; X; >t <exp(—n).
(z; ) 2%ia ‘%2

The theorem on coloring is now obvious, once we apply the Chernoff bound: for a particular range R,

2n m’

P(disc(x, R) > v/2nlog(2m/d)) < 2exp (_inog(Qm/s)) =2exp(-log(2m/d)) = 9

Therefore, union bound implies

P(there exists R with disc(x, R) >+/2nlog(2m/d)) <m-J§/m =4,

which completes the proof, since the LHS is simply P(dist(x, R) > v/2nlog(2m/d)).

6.5 Tree Embeddings

O

In this section, we first throw a bunch of definitions on isometric embeddings, then consider a cool application that

is reminiscent of binary search.

Let (X, p), (Y, ) be two metric spaces. We will view them as graphs (so for example, a metric could be the shortest

distance). More specifically, assume Y is a tree. A function f(X — Y') is said to be an isometric tree embedding

if p(u,v) = 6(f(u), f(v)). This is a very demanding property, and chances are most embedding cannot satisfy it —

in fact, there are plenty of examples of metric spaces where an isometric embedding cannot even exist. Instead, we
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take one step back and ask, how to prevent distortion as much as possible? To this end, we pursue low distortion
embeddings.

We give a weaker definition: f: X — Y is said to be a D-embedding if there exists r such that

rp(z,y) <6(f(2), f(y)) <rDp(z,y).

In other words, the stretch factor of f is bounded by [r, Dr]. Our goal, therefore, is to find an embedding where

this distortion factor D can be minimized, so f looks “almost” like an embedding that simply scales things.

Before considering any systematic methods to construct embedding, let us look at a simple example, a cyclic graph
C,, with n nodes. What would the distortion be if we were to wrap it into a tree Y?

Well, two originally adjacent nodes may now end up having a distance n — 1 for being on the opposite sides, which
gives a distortion factor of O(n). We can do better, however, if we allow auxiliary nodes in Y: for example we
can build a tree with logn layers, putting all n nodes in C,, as leaves in Y. This reduces the distortion factor
to 2logn = O(logn). (One needs to pay extra attention to arranging the nodes to preserve the lower bound
rp(z,y) <6(f(z), f(y)) too, but the result is indeed O(logn).)

A disadvantage of directly considering trees is this approach becomes hard for general graphs. Instead, we consider

a probabilistic embedding. We want the distortion factor to hold in expectation: E[6(f(z), f(y))] < Dp(z,y).

Theorem

Given (X, p), there exists a probabilistic tree embedding (Y, d) such that

(M) p(X,y) <6(f(2), f(y)), and
@) E[6(f(2), f(y))] = Ologn)p(x,y).

In other words, a distortion factor of O(logn) can be guaranteed!

The proof is very lengthy. In the following space we will demonstrate one special case: X = R?, equipped with
Euclidean distance as metric. The tree we will build is a quad tree. The intuition is extremely simple: given a
square, divide it into four quadrants to split the points, essentially creating a four-way search.

In slightly more details, each node u is associated with a square B,,. If |B, n X| = 1, then this square uniquely
identifies node u so we are done and set u as a leaf node. Otherwise, we need to perform another four-way split of
B, and create four more children nodes. Repeat until all nodes/points in X are uniquely identified by squares.

For practical purposes, we will assume that the set of points X is well-behaved, i.e., the spread spread(X) =
max, , ||p - ¢||/min, 4 |p - ¢ is n®™). (This means we exclude extreme cases where we only have two cluster of
points at the opposite diagonal of a square.) So now let us build a tree out of these squares. For a node u, we define
(i) B, to be the square that uniquely identifies it, (ii) ¢, the center of B,, (iii) ¢, the side length of B,, (iv) p(u)

the parent node, and (v) u(a), the leaf that stores a € X. Let the tree be T' = (Y, F') (where F is the set of edges).
* We define Y = X u{c, : u e the quad tree}.
* F={(a,¢cua))aeX}u{(cu, cpu)):uisanode of T'}.
* For edges like (a,u,), we assign cost |a - ¢, (4| to them, and for edges like (u, p(u)), we assign cost /,,.

Essentially, to reach a point z, we traverse along a series of squares (these are edges of form (u,p(u))), until we
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reach the smallest square containing x, at which point we move from ¢, to x directly. The symbols are likely more

complicated to understand than the actual concept itself.

Doing a quad-split aligns with our intuition, but observe we may have very bad examples with huge distortion:
points may be really close in R? but classified along drastically different quad-tree paths. consider, for example, an
initial square [-1,1] x [-1,1]. Though points like (¢,€) and (—€,—€) can be very close to each other, they belong
to different quadrants! If we run our algorithm, the path from (0,0) to (e,e) would be (0,0) — (1/2,1/2) —
(1/4,1/4) - -, — (1/2™,1/2™) —> (¢,¢) and likewise the other path to (-¢,-€) is also symmetric, starting from
(0,0) - (-1/2,-1/2) and so on, a totally different path. The fix is to introduce a random offset into the positioning
of the squares and argue that in expectation the distortion is good (i.e., such bad examples are unlikely to happen).

To this end, we add some randomness to out initial square:

(1) Find the smallest square (or any small square) containing all points in
X; callit B.

(2) Double the side length of B, keeping the NE corner anchored.

(3) Pick any point in the SW quadrant of B, and translate B so that its SW

corner is at this point.

(4) Start building the quad tree.

In other words, we make the initial square larger and still keep X centered
in expectation. Consider two points a and b and at what stage a partition
separates them. It can be shown that P(a, b are separated vertically at j® split) = |z, — x|/27 and likewise if they
are split horizontally. To interpret this, essentially the initial random shift must take place in a very narrow interval
range so that a, b are separated precisely at the j® split. Conditioning on the location of a and b’s lowest common

ancestor, it can be shown that

Ot a1

E((a,0)) = )

k
k=0 2

ok+l = O(logn)|a-b|,

completing the claim that the distortion is bounded by O(logn).
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