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FAST APPROXIMATION OF MINIMUM MULTICAST
CONGESTION — IMPLEMENTATION VERSUS THEORY *
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Abstract. The problem of minimizing the maximum edge conges-
tion in a multicast communication network generalizes the well-known
N P-hard multicommodity flow problem. We give the presently best
theoretical approximation results as well as efficient implementations.
In particular we show that for a network with m edges and k multicast
requests, an r(1 + ¢)(rOPT + exp(1) In m)-approximation can be com-
puted in O(kme™2InkInm) time, where 8 bounds the time for com-
puting an r-approximate minimum Steiner tree. Moreover, we present
a new fast heuristic that outperforms the primal-dual approaches with
respect to both running time and objective value.
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1. INTRODUCTION

A communication network can be modeled as an undirected graph G = (V, E),
where each node represents a computer that is able to receive, copy and send
packets of data. In multicast traffic, several nodes have a simultaneous demand to
receive a copy of a single packet. These nodes together with the packet’s source
specify a multicast request S C V. Meeting the request means to establish a
connection represented by a Steiner tree with terminal set S, i.e. a subtree of G
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that contains S and has no leaf in V'\ S. Given G and a set of multicast requests
it is natural to ask about Steiner trees such that the maximum edge congestion,
i.e. the maximum number of trees sharing an edge is as small as possible. Solving
this minimization problem is N P-hard, since it contains as a special case the well-
known N P-hard standard routing problem of finding (unsplittable) paths with
minimum congestion. The MAX-SN P-hard minimum Steiner tree problem is
also closely related.

1.1. PREVIOUS WORK

Vempala and Vécking [17] gave a randomized algorithm for approximating the
minimum multicast congestion problem within a factor of O(logn) by applying
randomized rounding to an integer linear program relaxation. The considered LP
contains an exponential number of constraints corresponding to the exponential
number of possible Steiner trees. Vempala and Vocking handled this difficulty by
considering a multicommodity flow relaxation for which they could devise a poly-
nomial separation oracle. By rounding the fractional paths in an O(logn)-stage
process they proved an O(logn) approximation. Carr and Vempala [2] gave an
algorithm for approximating the minimum multicast congestion within a constant
factor plus O(logn). They showed that an r-approximate solution to an LP-
relaxation can be written as a convex combination of Steiner trees. Randomized
rounding yields a solution not exceeding a congestion of max{2 exp(1)-rOPT, 2(e+
2)logn} with probability at least 1 — n~%, where r is the approximation factor
of the network Steiner problem. Both algorithms use the ellipsoid method with
separation oracle and thus are of mere theoretical value. A closely related line
of research is concerned with combinatorial approximation algorithms for multi-
commodity flow and — more general — fractional packing and covering problems.
Matula and Shahrokhi [11] were the first to develop a combinatorial strongly poly-
nomial approximation algorithm for the uniform concurrent flow problem. Their
method was generalized and improved by Goldberg [4], Leighton et al. [10], Klein
et al. [9], Plotkin et al. [13], and Radzik [14]. A fast version that is particularly
simple to analyze is due to Garg and Kénemann [3]. Independently, similar results
were given by Grigoriadis and Khachiyan [6]. In two recent papers Jansen and
Zhang [7, 8] extended the latter approach. In particular, they presented a ran-
domized algorithm for approximating the minimum multicast congestion within
(1 + €)(rOPT + exp(1)Inm) in time O(m(Inm + e ?Ine)(kB + mlnln(m/e)),
where ( is the running time of a minimum Steiner tree approximation. The online
version of the problem was considered by Aspnes et al. [1].

1.2. OUR RESULTS

In Section 2 we present three algorithms which solve the fractional multicast
congestion problem up to a relative error of r(1 4+ £). The fastest of these takes
time O(kBe~21In kInm) (where 3 bounds the time for computing an r-approximate
minimum Steiner tree), and thus improves over the previously best running time
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bound of Jansen and Zhang. By means of randomized rounding we obtain a
(1 + €)(rOPT + exp(1) Inm)-approximation to the integral multicast congestion
problem. With the tools of Srivastav and Stangier [16] the rounding procedure can
be derandomized (Sect. 2.3.2). The three algorithms are based on the approaches
of Plotkin, Shmoys and Tardos [13], Radzik [14], and Garg and Kénemann [3] to
path-packing and general packing problems. In experiments it turned out that
straightforward implementations of the above (theoretically fast) combinatorial
algorithms are quite slow. However, simple modifications lead to a very fast new
algorithm with much better approximation results than hinted at by the worst case
bounds (Sect. 3). The central idea is to repeatedly improve badly served requests
via approximate minimum Steiner trees where the length function punishes highly
congested edges more heavily than proposed in the theory. A proof confirming the
experimental performance remains a challenging open problem.

1.3. NOTATIONS

By G = (V, E) we will denote the given undirected graph on n nodes and m
edges. We consider k£ multicast requests, S1,...,Sx C V. The set of all Steiner
trees with terminal nodes given by S; is denoted by 7;, while 7; is the set of Steiner
trees for S; computed in the course of the considered algorithm. As to the (pos-
sibly fractional) congestion, we distinguish between ¢;(T"), the congestion caused
by tree T' for request S;, ci(e) := > pcr ¢i(T), the congestion of edge e € E

e€cE(T)

due to request S;, c(e) := Zle ci(e), the total congestion of edge e € F and
Cmax ‘= MaXecg c(e), the maximum edge congestion. We will define a nonnegative
length function [ on the edges and abbreviate the sum of edge lengths of a sub-
graph U of G by [(U) := ZeeE(U) l(e). The time for computing an r-approximate
optimum Steiner tree will be denoted by 3. Throughout, r > 1.55 and € € (0, 1] will
be constant parameters describing the guaranteed ratio of our minimum Steiner
tree approximation [18] and determining the target approximation of the fractional
optimization problem, respectively. MST;(S;) and MSTZ(Si) are used to denote
a minimum Steiner tree and an approximate minimum Steiner tree for S; with
respect to [ (I is usually omitted); we assume [(MST(S;)) < r - [(MST(S;)). Gen-
erally, a variable indexed by a subscript i refers to the ith multicast request 5;,
while a superscript (¢) refers to the end of the ith iteration of a while- or for-loop
in an algorithm. The optimal fractional congestion is denoted by OPT.

2. APPROXIMATION ALGORITHMS

The subsequent analyses of algorithms are similar to analyses presented origi-
nally for the multicommodity problem with non-uniform commodity demands and
non-uniform edge weights. For ease of presentation we shall restrict us here to the
uniform multicast congestion problem. However a generalization to non-uniform
edge-capacities and requests having different weights should be straightforward.
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2.1. LP FORMULATION

The minimum multicast congestion problem can be formulated as an integer
linear program. We study a natural LP relaxation and its dual:

(LP) minz

s. t.

Yorer, ci(T) > 1 for alli € {1,...,k}

cle) = Zle > rer, ci(T) < zforallec E

ecE(T)

¢(T)>0 for alli and all T € 7;
(LP*) max 31, Y,

s. t.

ZeEE l(e) § 1

Yeenmlle) > Y; for all i and all T € 7;

le)>0 foralle e E

Y, >0 foralli € {1,...,k}.

Lemma 2.1. Let (Y",...,Y}, 1" : E — Rxq) be a feasible solution to (LP*).
(Y, ..., Y5, 1"« E — Rxg) is an optimal dual solution if and only if Zle Yr =
Sk IF(MST(S;)) = max{z KUSTSD) |12 B — Ry, 1 # 0}

Proof. Let (Y{*,...,Y*,I* : E — R>q) be an optimal dual solution. We may
assume that Y;* = [*(MST(S;)) for all i and I*(G) = 1. The latter equality can be
obtained by enlarging some [*(e); the former must hold, since otherwise we could
increase Zle Y;* contradicting optimality. Hence,

. X IN(MST(S)) Yo [(MST(S))
ZY F ) SW{ @)

|ZZE—>[RZQ7 l;z_é()}

On the other hand, let I : E' — R>( be a length function with maximum ratio
k
2 IO Defining I © B — Rsg by e — £& we have I'(G) = 1 and

(T) = i > 5 for all T € T;. Now, setting Y/ := I'(MST(S;)) for all

i€{l,...,k} yields

k k k
* Zi=1 Z(MST(Si)) .
4§:1Y; ZiEZIY;'ZmaX{ e [l:E—Rxp, 1#£05. O

Corollary 2.2. OPT > w for alll: E — Rso.
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By complementary slackness, feasible solutions to (LP) and (LP*) are optimal
if and only if

lle)(c(e) —z)=0forallee E (1)
a(T)UT)-Y;)=0forallie{l,... .k} and all T € T; (2)
m(Zci(T)—1>=0fora11ie{1,...,k}. (3)

TET;

To guarantee optimality, it is sufficient to replace (1), (2), and (3) by

( )(c(e) - Cmax) =0forallee E’ (15)
c(T)(U(T) — L(MST(S;)) =0 for alli € {1,...,k}, and al T € T;, (2

TeT;

Summing (1) over all edges and (2’) over all ¢ € {1,...,k} and all T € 7; yields

> c(e)i(e) = UI(G)cmax (1)

k k
S uMsT(S)) =S Z =D c(e)ife). (27)
i=1 i=1TeT;

ecE

In the derivation of (2”) we used (3’) and the fact that Zle Yorer, ci(DUT) =
Yecrlle) Zle > rer, ¢i(T) which equals ) . l(e)c(e) by definition of c(e).
e€E(T)

Any approximately optimal solution to (LP) that is found in polynomial time
determines for each multicast request S; a (polynomial) set of trees with frac-
tional congestion. The task of selecting one of these trees for each S; such that
the maximum congestion is minimized constitutes a vector selection problem.
Raghavan [15] bounds the quality of a solution by analyzing a randomized round-
ing procedure. For our problem his analysis gives the following result.

Theorem 2.3. There exists an O(kBe~2InkInm)-time randomized algorithm for
computing a solution to the minimum multicast congestion problem with congestion
bounded by

(1+¢e)rOPT+ (1 +¢)(exp(1) —
(1+¢)exp(1)In
1+ In(; “"“‘T)

DVrOPT-lnm ifrOPT >1nm

(14+e)rOPT+ otherwise.
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2.2. APPROXIMATING THE FRACTIONAL OPTIMUM

2.2.1. The Plotkin-Shmoys-Tardos approach

Plotkin, Shmoys and Tardos specify conditions that are sufficient to guarantee
relaxed optimality. Adapted to the multicast problem, these conditions are the
following relaxations of (1”) and (2).

(1= &)emaxd(G) <Y ele)l(e) (R1)
ecE
(1—2) > cle)(e) < Z I(MST(S;)) 4 ecmaxl (G). (R2)

Their idea is to choose [ such that (R1) is automatically satisfied, and to gradually
satisfy (R2) by repeated calls to the following routine.

Algorithm 2.4 (IMPROVECONGESTIONL).
-1
A = Crax/2, o = %,a := 5¢/(9ak)

€:Cmax

while (R2) is not satisfied and cpax > A

foree E

I(e) := exp(a - c(e))
fori:=1tok

T; :== MST(S;)

for e € E(T;)

cle):=cle)+a/(1—-0)

foree E

cle) :=cle)-(1—0)

Lemma 2.5.

a) Conditions (R1) and (R2) imply that cmax < (14 6&)r- OPT fore < 1/6.

b) I(e) :=exp(a - c(e)) for alle € E and a > 2In@me"7) imply (R1).

Cmax€

Proof. a) From (R1) and (R2) we conclude

r Z I(MST(S;)) (1? (1—2) > cle)l(e) — cemaxl (G)
i=1 . eck

> (1- E)2Cmaxl(G) — eCmaxl(G)
> (1 —38)emaxl(G).
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Hence, by the choice of ¢,

k
o < 1 ryling (MST(S;)) < rOPT
~1-3¢ I(G) ~1-3¢

< (1 + 6¢)rOPT.

b) We show

(i) a> %Zf;l) implies (1 — %) Cmax < c(e) or l(e) < 5=1(G) for all e € E;
(ii) (¢) implies (R1).

To prove (i), consider an arbitrary e € E. If c(e) < (1—5)cmax we have

l(e) = exp(ac(e)) < exp (o (1 —£) cmax) - Since [(G) > exp(a + cmax), We see

that ll((é)) < exp (—%acmax) < 5,50 l(e) < =U(G).

— 2m?

For (ii), let B:={e € E | (1 —€/2)cmax < c(e)}. Now,

Cmaxl(G) = Cmax Z l(e) + Cmax Z l(e)

eeB e€E\B
1 €
< s > cle)i(e) + emax Y 5 1(G)
eeB e€E\B
1 €
< - .
ST e%;c(e)ue) + emax 5 (G)

This is equivalent to

emaxl (G)(1 —€/2)(1 —¢/2) < Z c(e)l(e),

ecE
0 (1 = &)emaxl(G) < D cpcle)l(e) as claimed. O

The following lemma serves to bound the number of iterations until (R2) is
satisfied.

Lemma 2.6. Lete < & and consider a feasible solution (¢;(T), cmax) to (LP), such
that for o > 2In@me”) and l(e) := exp(a-c(e)) (for alle € E) (R2) is not satisfied.

Cmax€

Define o := 5¢/(9ak) and let Ty :== MST(S;) be an approzimate minimum Steiner

1-— (T if T # T; ~

tree fori € {1,...,k}. Then ¢;(T) := (1= 0)eilT), Zf 7L and l(e) :=
(170’)Ci(T)+O', ZfT:Ti,

exp(a - &(e)) := exp <az§;12 rer, @-(T)) satisfy

ecE(T)

~ 2
1(G) — I(G) > 2 Cmax

> ().
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Proof. For |§] < %5 < 5% we can use the Taylor expansion to estimate

exp(x + 0) < exp(x) + dexp(x) + |5|§ exp(x).

By the choice of a, ¢ and ¢, ao < ack = %5 < %, for all

eec L so

k
I(e) = exp(aé(e)) = exp (a 1—o0)c(e) + ao 1
ao {

=1
E(T;)3e

= exp )+

k k
<le)|1+ao || 3 1| -cle) +% o1 e |- @

E(T;)e E(T;)>e
Note that
k k
S i) = S um) = STUNST(S,)) (5)
ecE i=1 i=1 i=1
E(T;)>e
k k
<7y IMST(S;) <2 I(MST(S;)) (6)
i=1 i=1
and due to feasibility,
k k k
D UMST(S:) < > > T UMST(S))es (T) < Y > UT)e(T)
i=1 i=1 TeT; i=1 TeT;
k
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Hence,
- (4) b
UG)-1(G) > Z ao || — Z l(e) | +c(e)l(e)
ecE i=
E(T;)3e
-y 0‘;5 Z 1(e) | + cle)l(e)
eck E(sz)lae
k
(:5) oo < Z l(MST(Sz)) + Z C(e)l(e)>
k
_0%‘5 lz I(MST(S;) + ) l(e)c(e)]

6),(7 k -
U Z I(MST(S:) + ) _cle)l(e) —e Z(e)c(e)) .

Since (R2) is not satisfied,

k k
IG) —1(G) > ac <— D UMST(S))) + > UMST(S;)) + scmxl(G)>
B 5520max_ -

9k

1G). O

We thus see that in one iteration of the while loop of IMPROVECONGESTION1
I[(G) decreases by a factor of at least (1 — 5e2emax/(9k)) < exp(—5c2cmax/(9k)).
The initial value of I(G) is at most m - exp(acmax). Surely, r(1 + 6¢)-optimality
is achieved, if I(G) < exp(r(1 + 6¢)aOPT)). We will use this criterion to bound
the required time complexity. Consider the following two phase process: in phase
one, the overall length is reduced to at most exp(2rOPT); phase two successively
reaches (1 + 6¢)-optimality. Each phase consists of a number of subphases, cor-
responding to calls to IMPROVECONGESTION1. During the whole of phase 1 —
i.e. for each subphase i — we fix () at 1/6. The congestion is halved in each
subphase; hence the number of subphases of phase 1 is O(Incmax) = O(Ink),
and by Lemma 2.6, we can bound the number z of iterations the while-loop of
IMPROVECONGESTION]1 needs to terminate for the ith subphase of phase 1 by
O(kIn m/cgl)ax). AS ¢pax is halved in each subphase, the number of iterations
in the last subphase dominates the overall number. Consequently the running
time of phase 1 is O(k23Ilnm) = O(k*m) for the Steiner tree approximation
by Mehlhorn[12]. (Remember, we assume c¢pax > OPT > 1.) The ith sub-
phase of phase 2 starts with cﬁf@}’ <r(l+ Ga(i))OPT and terminates when the
congestion is at most 7(1 + 3¢)OPT. In order to reach r(1 + 6¢)-optimality
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we thus need O(Ine~!) subphases. By Lemma 2.6, the ith subphase terminates
within z iterations, where z satisfies m exp(a(i)cggxl)) ~exp(fz~5c§é§xl)5(i)2/(9k)) =

exp (a(i)cggxl) ' ﬁgil;) ,de. 2 = O(kzs(i)_2 In(m/e®)). Hence the running time

of the ith subphase of phase 2 is O(szzs(ir2 In(m/e®)p). Since e+ = @) /2,
the running time of the last subphase again is dominating, resulting in an overall
estimate of O(k%c~2 - In(m/e)B) = O(k*c—2m) for the Steiner tree approximation
by Mehlhorn. This proves the following theorem.

Theorem 2.7. For ¢ < % and assuming OPT > 1, the fractional minimum
multicast congestion problem can be approximated within r(1 + 6¢)OPT in time
O(k?c=2.In(m/e)B3). Using the Steiner tree approvimation by Mehlhorn, we obtain

a 2(1 + 6¢)-approzimation in time O(k*c~2m).

Here is a suggestion how to implement the described algorithm.

Algorithm 2.8 (APPROXIMATECONGESTION1).

Compute a start solution, initialize c(e), cmax, mazdual accordingly.
e :=1/3, factorg := 1,iteration := —1

while € > £¢/6

g:=¢/2
while ¢max > max{1, (1 + 6e)mazrdual }
. 2In(2m/e) .__ _be
o= e 7 T 9ak
foree E

l(e) := exp(a(c(€) — cmax))
tteration := iteration + 1
fori:=1tok
T; == MST(S:),c(T;) = c(Ti) + 1=, index(T;)
iteration
for e € E(T;)
cle) == cle) + 1%

dual := max{mazdual M}
mazraual = maxymaraual, deE i(e)

Cmax =0
foree E
cle) :==cle)- (1 —0), if c(e) > cmax then cmax := c(e)
faCtOTiteration = faCtOTiterationfl . (]- - U)
forT e Uf:1 7

C(T) = C(T) : faCtOTiteration—index(Tq,)

Instead of testing for (R2), it seems favorable to use maxdual := Zle Z(MZS(W

as a lower bound on "OPT and terminate the while-loop as soon as cpax falls
below (1 + 6¢)-maxdual. Deviating slightly from our previous notations we use &g
to denote the target approximation quality. For better efficiency, ¢;(T") is updated
to hold the fractional congestion caused by tree T for request .S; only in the end
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of the algorithm (in previous iterations it deviates from this by a factor called
factor). We scale the length function by exp(—cmax) in order to stay within the
computers floating point precision.

Goldberg, Oldham, Plotkin, and Stein [5] point out that the practical perfor-
mance of the described algorithm significantly depends on the choice of a and o.
Instead of using the theoretical value for a, they suggest to choose o such that the

(UG emax/ 3 pe s c(e)l(e)) =1
(X eepc(e)l(e)/ i, UMST(S))))—1
a by a factor of (v/5 + 1)/2 as long as the ratio is larger than 0.5 and other-
wise decrease it by 2/(v/5 + 1). Since our aim at choosing « is to satisfy (R1),

one could alternatively think of setting o := min {a € Ry | % < l—ie .
ecE

Moreover, they emphasize the necessity of choosing o dynamically such as to max-

imize [(G) — I(G) in each iteration. Since [ is the sum of exponential functions,

we can easily compute dg(;) =D ecr alco(e) —c(e)) exp(ac(e) +ac(co(e) —c(e))),

where co(e) := [{T' | 3i € {1,...,k} such that T = MST(S;) and e € E(T)}| ab-
breviates the congestion of edge e caused by choosing for each ¢ an approximate
minimum Steiner tree. The second derivative is positive, so [ has a unique mini-
mum in [Gtheor., 1) Goldberg et al. suggest to determine this minimum with the
Newton-Raphson method. One could also try binary search.

ratio remains balanced. For this, they increase

2.2.2. The Radzik approach

Adapting the algorithm of Radzik [14] to our problem, yields a theoretical
speedup by a factor of k. The key idea is to update the length function after
each single approximate Steiner tree computation, if the length of the new tree is
sufficiently small. Radzik uses relaxed optimality conditions different from (R1)
and (R2).

Theorem 2.9. Let A > OPT and e <1/3. If

Cmax < (14+¢/3)X  and (8)
k

ST URST(S)) > (1 - ¢/2N(G) (9)

i=1

then cmax < (1 4 €)OPT.

Proof.
S UMST(S:) b L(MST(S;))
> = > =
rOPT 2 r 1(G) = 1(G)
9) c (8) 1 — 5/2
> - = > 1= .
= (1 2>)\ = 1+5/30mx

Hence, ¢pax < %TOPT < (14 ¢&)rOPT, by the choice of . O
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The length function of Radzik is very similar to the one of Plotkin et al.

Definition 2.10. Given some fixed A > OPT we define

—1
= 31+ 5))};1(7715 ) and l(e) := exp(a - c(e)) for all e € E.

Lemma 2.11. Let m >3 and e < 1. If

(1—%))\§cmx§(1+§>)\ (10)
then
(1—)N(G) < e%;c(e)z(e) < (1 + %) N(G). (11)

Proof. Since c(e) < cmax the second inequality of (11) is immediate from the

second inequality of (10). We will prove

I(e) < l(e)% + gz(c) for all e € E. (12)

From (12), [(G) = Y ocpl(€) € X oep 1) LD 1 22)(@), thus I(G)A(1 —£) <
(14¢) > ccple)c(e), which is equivalent to (1 —e)M(G) < > . cle)l(e).
To prove (12), note that the claim is trivial if c¢(e) > ﬁ On the other hand, if

cle) < we have

exp(ac(e)) < exp (1035) = (%)3/6 - (%)
((E) . l) E—T:Lexp (aA(1 —¢/3)).

.
1+e?

e—24 3(1+5)(51—s/3)

I(e)

9 m

Since (%)x <afor 0 <z <1anda>exp(l), we conclude

2 (10) -2 2
lle) < % exp (a)\ (1 — %)) < % exp(Wemax) < %Z(G). O

Let us consider the development of [ and ¢pax due to gradually transferring con-
gestion onto approximate minimum Steiner trees. We use 1 and cEf}ax to denote
the length function and the maximum edge congestion at stage ¢ of this process.

Lemma 2.12. Let e < 1. If there are stages i,j (i < j), such that D = X\ and
19(@) < 19(@), then cfhx < (14 5) clix.
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Proof. Suppose, cﬁ,{&x > A (1 + %), then

Z(J) Z(J) ) > exp(a - cggx) >exp(ad 1+ =
s e (1+5)
- (%)HE exp(a) > mexp(a)) > 1(G). .

The following routine IMPROVECONGESTION2 is the heart of Radzik’s algorithm.
As the input it takes sets of trees ’Z;(O) with congestion cz(-o)

determining the approximation quality.

and a parameter ¢

Algorithm 2.13 (IMPROVECONGESTION2).

L . 3(14¢) In(me™1) e
A I= Cpax, O = S, 0 1= gy

foree E
l(e) := exp(a-c(e))
do LG :=1(G)
Jori:=1tok
Ti = MST(SIL)
Lineu := I(T;), Lialt := " . ci(e)l(e)
if Li_alt — Li_neu > e-Li_alt then

foree E
Cmax = 0
c(e) = cle) —cile), cile) = cile) - (1 — o)
ce) = c(e) + ci(e), tmax := max{cmax, c(e)}
l(e) := exp(a-c(e))

for e € E(T;)
ci(e) == ci(e) + o, cle) = cle) + o, l(e) =
exp(a-c(e))
T =T, U {T;}, update cmax
while Cmax > ( — %) Aand LG - 1(G) > LG

Theorem 2.14. Let ¢ < ﬁ. Algorithm IMPROVECONGESTION2 terminates with

mazimum congestion cE:f;X < (1 — 3) cgﬂx or cfngx <r(1+8:)OPT.
Before proving Theorem 2.14 let us analyze the running time.

Theorem 2.15. Let ¢ < 1. IMPROVECONGESTION2 takes O(c¢~2Inn) iterations
of the while-loop to terminate.

Proof. Suppose, IMPROVECONGESTION2 needs more than ¢ := i—éln (%) itera-

tions to terminate. Let ’ZA'l(Q), e ,’Z;(q) denote the sets of Steiner trees after ¢
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iterations. In every, but the last, iteration, I[(G) is decreased by a factor >

2 2\ 24672 In(m/e)
(1-%).s019@) < (1-%) AO(G) < exp (—31n () - 10/(G) =

3
(%) 19(G).
The gth iteration is not the last one. Hence, cgg%x > (1 — %) A and

1“D(G) > exp (a)\ (1 - %)) = exp(—ae/3) exp(a)

~(E) T entan > () Loy > (£ 106

m m m

a contradiction. Consequently, IMPROVECONGESTION2 must terminate within ¢
iterations. Assuming ¢ = ) (m) implies ¢ = O(¢~2Inn). |

Using the e-scaling technique described in the proof of Theorem 2.3 in the last
section the following corollary is straightforward. (We first set € := 1/8 constant
and call the algorithm O(In k) times to obtain 2r(= r(1+8¢))-optimality. When we
divide € by 2, at most 24 calls result in r(144¢)-optimality. To see this, let z denote
the number of calls. Substituting € by €/2, we want r(1 4 16e)OPT exp(—z¢/3) =
r(1+8¢)OPT, which is equivalent to exp(ze/3) = 1+ 1~8k685 < 1+ 8e. From this we
see z < 2In(1 + 8¢) < 24. Thus at most O(Ine~!) additional calls are necessary.
Since the running time of the last call dominates, the term Ine~! can be omitted
from the estimate on the overall running time.)

Corollary 2.16. a) O (lnk +1n %) calls to IMPROVECONGESTION2 suffice to pro-
duce an r(1 + &)-optimal solution.

b) The overall running time required is O (€72 - kInnlnk(m + 3)) = O(kme—2)
for the Steiner tree approximation by Mehlhorn.

It remains to prove Theorem 2.14. We split the proof into three lemmas.

Lemma 2.17. Let ¢ < 1. Let the superscripts (i — 1) and (i) refer to values in
subsequent iterations of the for-loop in IMPROVECONGESTION2. Then

19(@) < 199(@), (13)
(3) €
i < (1+5) M (14)

and, if the congestion changes for S;,

A(19796) —19(@) = (Zcﬁ”’(e)l“‘”(e) - l""”(ﬂ-)) )

eck
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(Note that ¢; changes only in the ith iteration of the for-loop; hence cgj) = Cgo) for
all j € {1,...,i—1}. As before, we use T; to represent the approximate Steiner
tree chosen in the ith iteration.)

Proof. The proof is by induction on the overall number of iterations of the for-
loop. Consider the jth iteration of the while-loop and within this the ¢th iteration
of the for-loop. By induction assumption, cg;,(l) < (1 + %) A. (The induction
start is trivial.) There is nothing to prove, if the congestion for S; is unchanged,
so suppose it does change. We have, for all e € E(T;),

1D (e) = exp(a - ¢ (e)) = exp(act~V(e) — aacgo) (e) + ao)

exp (ac(i_l)(e)) - exXp (—aa(cz(-o) (e) — 1)) .

For |§] <&/3 <1 the estimate exp( §) <1—-6+436%<1—45+ %8| holds. Since
|aa(cl(-0) e)—1)| < =& rnaux{cmax 1} < &5 (1+5) X < £, we can apply this esti-
mate to obtain [(¥) (e ) <10=Y(e)-(1— aa(c(-o)(e) +3 aa|c © (e)—1|). Similarly,
foralle € E\ E(T; Z(’)( )< 1= (e)-(1—aoc!” (e )+= aac(o)( ))- Thus 19(G) <

10=9(G) _aU(ZeGE D (e) = 10-(T)) + 5a0(X ey () () +
10=1(Ty)). Using the fact that

> (@) — 10T > e 3 V10V e), (16)

ecE eck

which implies

Z(’L 1) ZCO) Z(’L 1) ) (17)

eck

we conclude

. an . .
19(G) < 10°9(G) - ao (Zc§0><e>z<“><e> ~100()

eck

=P c§0><e>z<“><e>>

ecE

(16) . .
< 1-Y(@ aa <Zc(0 (e)1(e) — l(l_l)(Ti)>

eckE

= 10796 - 5 (Zcﬁ”’(e)z”-%) - z“-”m)) ,

eck
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which is equivalent to (15). Together with (16), inequality (15) yields (13). Finally,
(14) follows from Lemma 2.12. O

Lemma 2.18. Let ¢ < 1 and consider an arbitrary iteration of the while-loop.
For iterations i,j of the for-loop, where 0 < ¢ < j <k and for all e € E we have

l(j)( ) > (1 _ §) l(l)( ).
Proof. Using c¢\9)(e) > ¢V (e) — oc? (e), inequality (14) of Lemma 2.17 gives
1) (e) = exp(ac? (e)) > exp(act? (e) — aocV (e))
=10 () exp (—%c(i) (e)) > 10 (e) exp (—ﬁc;p&x)
e (40492 050 )0
> (1- %) 19 (e). O

Lemma 2.19. Let ¢ < 1. If in the end of an iteration of the while-loop we have
Crmax > (1 — —) A and

10(@), as)

10(@) - 19(6) <

where superscripts refer to iterations of the for-loop, then

k
> IR(MST(S:)) > (1 - 4e)ND(G).

=1

Proof. We are going to show

k k
S 1D (ST(S) > (1- %) >N, (19)
k k
;l“ D(T) > (1—¢) ZZE( 1) - %EM"“’(GL (20)
k
Z Z cz(-o) (e)l=Y(e) > (1 — ge) N®(@). (21)

i=1eckE
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Conditional on these inequalities being true, we can estimate

k k

;Nﬁ) (MST(S;)) (129) (1 — %) ;z@fl)(Ti)
2 (1= -2 Y eI - (@)

e &2 4 4
— (122 (12 (k) —_ZeN®
( e—g+ 3) ( 3€> AR (G) = —eNP)(G)
4 e 4 16 4 4
. e 4 10 5 4 3 (k)
( 35+3 3 +9€ 95 E))\l (G)
> (1—4e)NP(@)

To prove (19), let T; be an approximate minimum Steiner tree for [(%) (remember,
we assume 7; to be the minimum Steiner approximation computed for [ (i’l)). By
Lemma 2.18,

iwmm»_immz(lg) (T i( )1,

i=1 i=1 i=1

For (20), note that if the congestion does not change for S;, then

cho)(e)l(ifl)(e)fll 1 ) <e- ZC(O) l(z 1) (e),

ecE eck

otherwise Lemma 2.17 yields

(0 i—1 i—1) (. § i—1 G
Yo (@D (e) — 1) < 2AaY(G) —19(6)).

ecE
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Altogether,
k k k
i 0 i— 0
DT = 303 %@ e~ 30> V)
i=1 i=1eckE i=1eck

k
_ Z §>\ (l(Z 1) l(i)(G)>
(0 1—1
(1—¢) ch )=V (e) — EA(Z(O)(G)—l(k)(G))

i=1eckE

(18)

Y- chm D (e) — X O(G)
i=1 eckE
: : 1

> (1-9) ) 3”@ (e) - 3N (@),
i=1 eckE

where the last inequality follows from (18) and the fact that ¢ < 1, i.e.

2\ ! PR
8 8§ 4
(0) < (k) (12 1- = = <2< 2.
(G <I'™(G) ( 8) and( Sz <3

8 8 —
To prove (21) we use Lemma 2.18 for estimating

>3 @ e 2 (1-5) 2”@ e)

1=1 e€cF i=1eckE

(1 - %) 3 @) e).

eck

By Lemma 2.11,

(1 - %) 3 () Oe) > (1 - %) (1 - NO(G) > (1 - %5) N©O(G).

eckE

Since inequality (13) of Lemma 2.17 implies 1(0)(G) > 1(¥) (@), the claim of (21) is
proven. O

Proof of Theorem 2.14. Suppose, that IMPROVECONGESTION2 terminates with
D > (1-2)cdl.  Then, X IWMST(S,)) > (1 — 4)NW(G), by
Lemma 2.19, and because of Lemma 2.17 we may apply Theorem 2.9 to conclude
that @ < r(1 + 82)OPT. O
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2.2.3. The Garg-Konemann approach

The algorithm of Garg and Kénemann [3] differs from the previous algorithms in
the fact that there is no transfer of congestion from MST(S;)¥) to MST(S;)W+1).
Instead, the functions describing the congestion are built up from scratch. A
feasible solution is obtained by scaling the computed quantities in the very end.

Algorithm 2.20 (IMPROVECONGESTION3).
foree E
lle):=4¢
while Y cple) <&
fori:=1tok
T := MST(S;), ¢;(T) := ¢;(T) + 1
foreeT
Il(e):==1(e)- (14 %)
scale ¢;(T) := ¢;(T')/#iterations

Lemma 2.21. Suppose that l(e) is initialized to some constant § for all e € E.

Let q be the number of iterations of the while-loop IMPROVECONGESTION3 needs

. | u-Iln(&/8 In(§/6
to terminate. Then cggsz < % and g < ’VOqléT . ln((fig))-l )

Proof. Whenever c(e) increases by u, I(e) grows by a factor of at least (1 + ¢).
Let z count the number of times this happens. Since 19V (e) < &, we have
0(14+¢e)* <& 802z < In(E/3) After g — 1 iterations, Yoreq ci(T) = g — 1 for all

In(1+e) "
ie{l,...,k}. Thus (Cmax, (Ci(T)icqr,...1y) = (—ZI“"‘{‘, (c;(};))%e{l _____ k}> is a feasible
TeT; TeT;
solution satisfying Cpmax < ﬁ < %. The second estimate follows since
1 < Zmax uln(€/9) 0

= OPT (¢—1)In(1+e)OPT

To achieve an r(1 4+ ¢)OPT-approximation, we must fix the free parameters d, £
and u appropriately.

1+4e

Lemma 2.22. Let ¢ < %. Foruw <20PT and £ := 6 - (#) ° the algorithm
terminates with émax < r(1 4 6¢) OPT.

Proof. The way the length function is updated together with Corollary 2.2 lets
us estimate {(9(G) < 107D(G) + £r 8 1@OMST(S;)) < 14-D(G) + £rOPT -
1@(G). Hence, 10(G) < (&) < [y o we initialized 10)(e) := 6
for all e € E. By the choice of u and since 1 + < exp(z) for all z, we have,

0 u it mo erOPT it
1@ (@) < m < 1
(G)_l—%r-OPT<u—5r-OPT> _1—25r< Jru—sr-OPT)

mo . er-OPT(¢—1) < mo . g—1 erOPT
X X . .
=12 w—erOPT ) =127 0P 1— 2er
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Since 10(G) > & € < 2 exp (52 $9EL ), and thus 42 > In (S22
1—2er

—opT  Now, using Lemma 2.21,

) wln(£/0) € In(§/9)
Cmax = (g —1)In(1 +¢) < rOPT (1 —=2er)In(1+¢) . In (%)

If we take £ such that
In(¢/9)

§(1—2er)
ln( m(;”)

and bound In(1 + €) by its second order Taylor expansion, we obtain

Gmax < TOPT slte) ) _ L+e rOPT
- (1—257“)(5—%) 1—%—267‘4’6%‘

<l+e, (22)

%5+2sr—52r 3¢+ 4e

=1 OPT <1+ —2———7OPT for r < 2
+1f§f2sr+52rr - +1f%f4sr o=
11e
=1+ rOPT <1+ 6erOPT,
2—-9e
by the choice of e. Note that (22) holds for our choice of &. O

Theorem 2.23. Anr(14-6¢) OPT-approximate solution to the fractional minimum

multicast problem can be obtained in time O(Be ™%k -InkInm) = O(e~2km) using
the Steiner tree approximation by Mehlhorn.

Proof. We repeatedly call IMPROVECONGESTIONS in the following u-scaling pro-

cess. Throughout the process we maintain the condition ©v < 20PT to make

sure that the algorithm terminates with the claimed guarantee. So all we have to
k

worry about is the number of iterations. The first call is performed with u := -

By Lemma 2.22, if u < OPT, the algorithm terminates within [11:1]((154?)—‘ iterations.

Otherwise, we know that OPT < % and restart the algorithm with u := %- Again,

IMPROVECONGESTIONS3 either terminates in [m(g/a)'l iterations or we may con-

In(1+¢)
clude that OPT < % and restart the algorithm with u := %- Repeating this at
most O(In k) times yields the claim, since % = O(¢72Inm) and because one

iteration takes O(k(m + 3))-time. O

Unfortunately, the above u-scaling process is not practically efficient, since the
number of iterations in each scaling phase is considerably large (note that we
need ¢ < % to guarantee the approximation quality, so even for moderate values
of m, say m := 500, we may have to await over 8000 iterations before we can
decide whether or not OPT < u). However, without u-scaling the running time
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increases by a factor of k/Ink. Again, we may (practically) improve the running
time by using émax < (1 + 6¢) 327 I(MST(S;))/I(G) instead of I(G) > ¢ as the
termination criterion. It is an open question whether or not e-scaling as described
in the previous sections can be advantageously applied. (Our experiments strongly
indicate that e-scaling substantially decreases the running time, but an analysis
is still missing.) The following implementation takes care of the fact that due to
limited precision it may be necessary to rescale the edge lengths.

Algorithm 2.24 (APPROXIMATECONGESTION3).
maxdual := 0, minprimal := k, cmax := 0, iteration := 0, LG :=m

foree E
cle) :=0,1(e):=1
do LM :=0

fori:=1tok
T; := MST(S;), ¢(T;) == ¢(T;) + 1
for e € E(T;)
LG :=LG - I(e)
le):=1(e)- (14 £), cle) :=c(e) +1
Cmax = max{cmax, c(e)}
LG :=LG+I(e), LM := LM +l(e)

iteration := iteration + 1, dual := _LLIg
minprimal := min{minprimal, gZnsi}

mazdual := max{mazdual, dual
if LG > 100000

. _LG
LG = 155000
foree E
e
1(€) *= 150000
while minprimal > (1 + 6e)mazdual
Cmax = ijei‘rg?i(on’
for T €7;
o(T) = <L)

2.3. APPROXIMATING THE INTEGRAL OPTIMUM

2.3.1. Pure combinatorial approach

Klein et al. [9] describe an approximation algorithm for the unit capacity con-
current flow problem that can be modified to approximate an integral solution to
our problem without the necessity to round. The algorithm is similar to the one
presented in Section 2.2.1. However, instead of updating all trees in one iteration
of the while loop, only one “bad” tree per iteration is modified.
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Definition 2.25. A tree T € 7; is r-bad for S; if (1 — &")I(T) > rl(MST(S;)) +
‘maxU(G)
EI . (/T.
This allows us to choose ¢ by a factor of k larger than in the algorithms described
previously, and it can be shown that consequently ¢ never needs to be reduced
below 1, if OPT = Q(logn).

Theorem 2.26. An integral solution to the minimum multicast congestion prob-
lem with congestion OPT-O(y/OPT-logn) can be found in time O(k?(m~+03)logk).

Aspes et al. [1] give an online algorithm for approximating our problem within a
factor of O(logn). Since they explicitly consider the multicast congestion problem,
we do not restate their algorithm but instead analyze a simpler online algorithm for
which the same approximation bound applies, if the value of an optimal solution
is known in advance.

Algorithm 2.27 (ONLINECONGESTION).

foree E

lle):=1, c(e):=0
fori=1tok

T; := MST(S;)

for e € E(T;)
lle):=1l(e)- A, cle) :==c(e) +1
return Ty, ..., Tk, Cmax

Theorem 2.28. For A := 1+ﬁ1, the above algorithm terminates with maximal
congestion O(rOPT -log(n)).

Proof. Let 19 denote the length function at the end of the jth iteration of the for-
loop. From (U)(G) = 1U=D(G) + (A — 1)IU=D(MST,;-1) (Si_1)) we get {*)(G) =
m+(A—1)-3F 1D MNST - (Si) < m+(A—1)- 35 1B (MST,0 (Sy)) <
m + (A —1) - rOPTI®)(G) by Corollary 1. Since I*)(G) > A®max—1 the claim
follows by the choice of A. a

2.3.2. Derandomization

A deterministic approximation satisfying the bounds of Theorem 2.3 can be
proved with the tools of Srivastav and Stangier [16]. The proof given in [16] has
to be slightly modified, as we have to replace the Angluin-Valiant inequality by
Raghavan’s stronger bound on the deviation of the sum of Bernoulli trials from its
expected value [15]. The crucial difference is that in computing the pessimistic esti-

OPT
mators we require an approximate solution to the equality % = (ﬁ)’%) ,
: ine & h th exp(d) OPT 101 :
i.e. we want to determine J such that THo)aro € [%’E] or equiva-

lently 0 < £(6) := In(2m) + OPT( — (1 + &)In(1 + 6)) < In2. Note that f is
a monotone function of § with f(0) = In2 +Inm > In2 and f(6 4+ In2m) <
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In(2m) + (6 + In(2m) — (7 + In(2m)) - 2) < —8. Hence, an approximate solution
can be found in time O(Inlnm) by binary search.

3. A NEW AND PRACTICALLY EFFICIENT IMPLEMENTATION

In practical experiments the following algorithm was superior to all theoretically
efficient approximation algorithms.

Algorithm 3.1 (PRACTICALCONGESTION).
Ai=1, c(e):=0 foralle € E

fori:=1tok
foree E
6(6)71
l(e) :=n"x
T; := MST(S;)

for e € E(T;)
cle) :=cle) + 1, A = max{\, c(e)}
tteration =1
while (iteration < 100)
fori:=1tok
A:=|E(T;)|
foreec E
I(e) 1= A —cmas
for e € E(T;)
le):=1(e)/A
T! := MST(S;)
for e € E(T;)
lle):=1(e)- A
if (T3) > U(T)) then T; =T
update c(e)
iteration := iteration + 1

The algorithm uses different length functions for determining a start set of Steiner
trees and for updating trees. The first length function is similar to the one in
Aspnes et al.’s online algorithm, but uses a base of n instead of a base € (1,1.5].
In fact, we found that the quality of the solutions increases substantially as the
base grows. To improve near optimal solutions it turned out to be of advantage
to replace the exponent c(e)/cmax in the length function by c(e) — ¢max, thereby
increasing the impact of highly congested edges. On the other hand, the exponen-
tial base must be neither too small nor too large to “correctly” take into account
edges with lower congestion. Here, the size of the current best tree (experimen-
tally) proved to be a good choice.
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FIGURE 1. The four test instances.

4. EXPERIMENTAL RESULTS

We tested our new algorithm against Aspnes et al.’s online algorithm and a ver-
sion of APPROXIMATECONGESTION3, which is (together with APPROXIMATECON-
GESTION2) theoretically fastest. As discussed in Section 2, we did not implement
u-scaling for reasons of performance. Instead, we provided APPROXIMATECON-
GESTION3 with the (near) optimal value of u computed by our new algorithm. e
was set to its theoretically maximum value of 1/36. The number of iterations was
restricted to 100. We ran the online algorithm with various values of A € (1,1.5]
and listed the best outcome (which — except for three cases — occurred for A = 1.5.
In fact, choosing A larger than theoretically allowed always decreased cpax dra-
matically). The values for APPROXIMATECONGESTIONS3 refer to the fractional
relaxation.

Our test instances were grid graphs with rectangular holes (see Fig. 1). Such
grid graphs typically arise in the design of VLSI logic chips where the holes repre-
sent big arrays on the chip. They are considered as hard instances for path- as well
as for tree-packing problems. Multicast requests of size 50 to 1000 were chosen by

a random generator!. Columns 35 show the computed congestion and in brackets
the minimum number of iterations that gave the tabulated congestion. Dual ap-
proximates maLX{Zf:1 IMST(S;)/I(G) | I : E — Rx¢}, where MST is computed

by Mehlhorn’s algorithm (i.e. Dual < 2- OPT). The superior performance of our
heuristic algorithm is evident.

Acknowledgement. We would like to thank the referees for their detailed comments.

Unterested readers can download our test examples and the source codes of our algorithms
from http://wuw.numerik.uni-kiel.de/~asrdfg9/multicast/
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TABLE 1. Experimental comparison of the algorithms.

343

grid iii?;?it;lé ONLINE égiﬁfg I(lz;Al;”; New Alg. (# it.) | Dual >
1 50 / 4 11 12 (1), 2.5 (100) 2 (1) 1.04
1 100 / 4 16 17 (1), 4.4 (100) 3 (1) 2.01
1 150 / 4 29 29 (1), 6.1 (100) 5 (1), 4(2) 2.86
1 200 / 4 43 44 (1), 8.0 (100) 7(1), 5(2) 3.85
1 300 /4 55 57 (1), 11.5 (100) 9 (1), 7(3) 5.77
1 500 / 4 78 79 (1), 19.9 (100) 16 (1), 12 (2) 10.00
1 1000 / 4 156 161 (1), 36.5 (100) 29 (1), 21 (69) 20.00
1 2000 / 4 373 383 (1), 76.1 (100) 60 (1), 44 (2) 41.00
1 500 / 2-100 178 178 (1), 69.1 (100) 41 (1), 32 (9) 31.00
1 1000 / 2-100 326 326 (1), 100.5 (100) 79 (1), 65 (3) 64.00
2 | 50/510 15 16 (1), 7.2 (100) 7(1), 5 (2) 101
2 | 50 /1020 16 18 (1), 8.6 (100) 7(1), 6(2) 158
2 | 100 /515 32 33 (1), 15.2 (100) | 12 (1), 9 (3) 8.08
2 | 100 /1020 | 37 38 (1), 17.6 (100) | 4 (1), 11 (4) 9.94
2 | 150 /1020 | 57 57 (1), 24.7 (100) | 22 (1), 15 (4) | 13.37
2 | 150 /3050 | 55 55 (1), 20.2 (100) | 27 (1), 21 (4) | 19.33
2 | 200 /1020 | 64 60 (1), 36.7 (100) | 34 (1), 20 (6) | 27.87
2 | 200/3050 | 65 65 (1), 38.6 (100) | 34 (1), 27 (9) | 25.78
2 | 300 /1020 | 115 | 115 (1), 48.58 (100) | 41 (1), 29 (4) | 27.03
2 | 300 /3050 | 116 | 116 (1), 59.94 (100) | 51 (1), 40 (15) | 38.69
1 | 50/510 13 14 (1), 3.5 (100) 3 (1) 1.85
4 | 50/ 20-100 13 13 (1), 7.4 (100) 7(), 6 (2) 154
4 | 100 / 5-10 19 20 (1), 7.0 (100) 6 (1), 5 (2) 3.44
1 [100/20100 | 28 28 (1), 135 (100) | 13 (1), 10 (8) | 9.03
4 | 200 /510 35 35 (1), 12.0 (100) | 10 (1), 8 (6) 6.66
4 [ 200/20-100 | 46 46 (1), 28.0 (100) | 24 (1), 19 (42) | 18.01
1 | 300/510 66 71 (1), 20.0 (100) | 17 (1), 12 (2) | 10.05
4 [300/20100 | 67 67 (1), 41.0 (100) | 35 (1), 28 (10) | 26.23
4 | 500 /510 83 86 (1), 31.5 (100) | 26 (1), 19 (2) | 16.15
4 [ 500/20-100 | 114 | 115 (1), 67.6 (100) | 59 (1), 46 (23) | 44.46
3 | 50/510 11 11 (1), 2.8 (100) 2 (1) 101
3 | 50 /20-100 | 12 12 (1), 4.3 (100) 1 (1), 3 (20) 2.40
3 | 100 /5-10 15 14 (1), 2.4 (100) 1), 32 2.02
3 | 100/ 20-100 | 23 25 (1), 9.0 (100) 7(1), 6(3) 194
3 | 200 /510 28 29 (1), 7.9 (100) 6 (1), 5(2) 377
3 200 /20-100 | 44 44 (1), 16.9 (100) | 15 (1), 11 (3) | 9.34
3 | 300 /510 A1 41 (1), 11.5 (100) 8(1), 72 5.43
3 | 300 /20-100 | 56 57 (1), 24.8 (100) | 21 (1), 16 (4) | 14.10
3 | 500 / 510 7 76 (1), 185 (100) | 15 (1), 11 (4) | 9.06
3 | 500/ 20-100 | 98 97 (1), 41.6 (100) | 33 (1), 26 (4) | 23.56
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