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1. Introduction

A directed graph D = (V, H) is called k-edge-connected if the number of edges entering X, called the in-degree of X, is at
least k for every non-empty proper subset X of nodes. A 1-edge-connected digraph is called strongly connected. D is called
k-node-connected, in short, k-connected if it has at least k+ 1 nodes and discarding any subset of less than k nodes results in
a strongly connected digraph. It is well-known, by versions of Menger's theorem, that D is k-edge-connected (respectively,
k-node-connected) if and only if there are k edge-disjoint {openly disjoint) directed paths from each node to every other
(and has at least k + 1 nodes in the k-node-connected case.)

The directed edge-connectivity (node-connectivity} augmentation problem consists of finding the minimum number
of edges whose addition to a given digraph results in a k-edge-connected (k-node-connected) digraph. In this paper we
consider the special problem of augmenting connectivity by one, that is, we augment the connectivity of a digraph which
is already (k — 1)-edge-connected ({k — 1)-node-connected). Note that for k = 1 edge- and node-connectivity coincide. A
combinatorial polynomial-time algorithm for the special case k = 1 was developed by Eswaran and Tarjan [1] in 1976.

The edge-connectivity augmentation problem was solved in [4] where both a min-max theorem and a combinatorial
polynomial-time algorithm were given. As far as the node-connectivity augmentation problem is concerned, a min-max
theorem was proved in [6]. Here we state it only for the problem of augmenting node-connectivity by one. In a digraph
D = (V, H), we call an ordered pair (X, Y) of disjoint non-empty subsets of V a one-way pair if there is no edge of D from X
to Y. The first member X is called the tail of the pair while the second member Y is the head. D is clearly (k — 1)-connected
if and only if |V — (XU Y)| = k — 1 holds for every one-way pair. We say that in a (k — 1)-connected digraph a one-way pair
is tight if IV — (X U Y}| = k — 1. Two pairs are independent if their tails are disjoint or their heads are disjoint.

Theorem 1.1 {[6]). The minimum number of directed edges whose addition to a (k — 1)-connected digraph D = (V, H) with
|V] > k + 1 results in a k-connected digraph is equal to the maximum number of pairwise independent tight one-way pairs.
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The proofin {4] for the corresponding edge-connectivity augmentation theorem relied on the edge splitting-off technique
and was thus algorithmic. The proof of Theorem 1.1 in [6] used the uncrossing technique and hence it could not directly
provide a polynomial algorithm. Instead, the theorem itself was used to justify the polynomiality of an algorithm for
computing the minimum. That algorithm however relied on the ellipsoid method. The dual optimum could also be computed
by a method of Fleiner [2] using the min-max theorem, the ellipsoid method, and a clever uncrossing procedure.

It remained an important open problem to find a purely combinatorial algorithm for node-connectivity augmentation.
In [7] the first author and T. Jorddn exhibited a combinatorial polynomiai-time algorithm to make a strongly connected
digraph k-connected for any fixed k. That is, the running time of the algorithm is polynomial in the size of the digraph but
exponential in k. Recently, Benczdr and the second author [9] developed a combinatorial algorithm for the general case
which is polynomial also in k.

The present result is a combinatorial algorithm for augmenting connectivity by one: the special case when the starting
digraph is (k — 1)-connected. The advantage of our approach is that it is much simpler than [9), although has slightly worse
running time bounds.

The motivation of our algorithm is a previous algorithm of [5] for Gybri's theorem. The general result of [6] contains not
only various connectivity augmentation problems but it also implies a deep min-max theorem of Gyori [8] on the minimum
number of generators of a family of subpaths of a directed path. (Gydri's result found a beautiful application in combinatorial
geometry concerning the minimum number of rectangles covering a vertically convex rectilinear polygon in the plane.)

In this paper, instead of considering connectivity augmentation directly, we investigate an equivalent problem, Let
G = (A, B; E) be a bipartite graph with color classes A andB.ForXx CAletI'(X) ={y:y € B8 3 e X xye€ ELItis well
known by Hall's theorem that there exists a matching covering A if and only if [X| < |F(X)] holds for every X C A. G is called
elementary bipartite (with respect to A) if either |A| = |B| = 1 and G consists of a single edge or |A| = |B| > 1 and one has
the stronger property {X|+1 < {'(X)| foreveryd #X ¢ A. This is equivalent to the property that for every edge xy € E, there
is a perfect matching containing xy. As a generalization, we say that the bipartite graph G = (A, B: E) is k-elementary for
k > 0if 4] = |Bl and |X| +k < |I'(X)| or I'(X) = Bforevery @ # X C A. A problem analogous to connectivity augmentation
is as foliows. Given a (k — 1)-elementary bipartite graph, add a minimum number of edges to get a k-elementary bipartite
graph. (The slightly more general problem when || = |B| is not required can be easily reduced to the case |A| = |BI.)

Connectivity augmentation by one can be reduced to this problem. For a digraph D = (V, H) construct the bipartite graph
G = (A, B; E) in the following way. With each v € V associate vertices v € Aand v' € B. Each edge uv € H defines an
edge vV’ € E, and each vertex v € V defines an edge v'v’ ¢ E. D is clearly k-connected if and only if G is k-elementary. Thus
augmenting connectivity of a (k— 1)-connected digraph by one can be reduced to augmenting a (k— 1)-elementary bipartite
graph to k-elementary bipartite graph. It is easy to show a reduction in the other direction as weil.

For a bipartite graph G and a fixed k, let ©(G) denote the minimum number of edges whose addition to G results in a
k-elementary bipartite graph. Let us call such a set of edges an augmenting edge set. For a (k — 1)-elementary bipartite
graph G, the set @ # X € Awith I'(X) # Band "' (X)| = |X] + k — 1is called tight. Two tight sets X and Y are independent if
XNY = @or I'(XUY) = B. Let v(G) denote the number of pairwise independent tight sets. The following min-max formula
is a direct consequence of Theorem 2.3 in [6}.

Theorem 1.2. Let G = (A, B; E) be a (k — 1)-elementary bipartite graph. Then v(G) = ©(G).

The main purpose of this paper is to give an algorithm which computes an optimal augmentation. Assume we are given
a subroutine for determining the optimum value v(G) for an arbitrary (k — 1)-elementary bipartite graph G. Making use
of Theorem 1.2, one can easily construct an optimal augmenting edge set the following way. First compute v(G), and let
be the set of edges not in E between A and B. In each step choose an edge e € J, compute v(G + ¢), and remove e from J. If
(G + e) = v(G) — 1,then add the edge e to E, otherwise keep the same G. Note that Theorem 1.2 ensures the existence of an
edge e with v(G + €) = v(G) — 1.

In this paper we develop a subroutine for determining v(G). Furthermore, we also present another algorithm, which uses
this subroutine only once, and finds an optimal augmenting set directly. This latter algorithm is based on a new, algorithmic
proof of Theorem 1.2,

We conclude the section by listing some definitions and notation. For sets X and Y, X C Y means that X is a proper subset
of Y. Let G = (A, B; E) be a (k — 1)-elementary bipartite graph. Let T denote the set of tight sets, that is:

T = X:PEXCATX) #B, X|+k—1=|"X)I).

Two non-independent tight sets are called dependent. IfX € YorY € X, then we call X and Y comparable. X and Y are
crossing if they are dependent but not comparable. We also use the terms X crosses Y or Y crosses X in this case.
Aset F C T is called crossing if XU Y, XN Y € F for any two crossing sets X, Y € # . Making use of the submodularity
of |I'(X)}, the following inequalities show that & itself is crossing.
XUY|+k—1+XNY|+k—1=< [FXUY)|+IFEXNY)]
< |rXUrmi+ 17y nr|
= 1))+ T =X +k—1+ Y]+ k-1 (m
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We have equality throughout, thus XU Y, X NY € T follows. If a system ¥ C 7 contains no two crossing members ¥ is
cailed cross-free.

ForasetK € ¥ let ¥ -+ K denote the set of sets in ¥ not crossing K. Similarly, for a subset X C ¥ let ¥ + X denote the
set of sets in ¥ crossing no element of X. Let us call a cross-free subset # € 7° complete if 7" =- ¥ = F, which means that
F is a maximal cross-free subset of 7,

Anedge e = uv augments the tight set X € 7 if u € X, v € B — I'(X). We say that a set F of edges augments ¥ or that F is
an augmenting edge set of 7 if for every member of F there is an edge in F augmenting it. Let 7(#) denote the minimum
size of an augmenting edge set, and v(¥) the maximum number of pairwise independent elements of F.

The following theorem is a slight generalization of Theorem 1.2 and is also an easy consequence of Theorem 2.3 in [6].

Theorem 1.3. For a crossing system & € 7, 1(F) = v(F) holds.

Note that 7(¥) = v(¥) holds since two pairs are independent if and only if they cannot be augmented by the same edge.

The rest of the paper is organized as follows. In Section 2 we give the description of the Dual Oracle, a subroutine which
determines v(7"). In Section 2.2 we analyze the oracle and the first algorithm which relies on this oracle. In Section 3, we
give a new proof for Theorem 1.3, and sketch a second algorithm. For this algorithm, we present only the main ideas, and
omit the technical details which can be done similarly as for the first algorithm.

2. The dual oracle

The following theorem is the essence of the Dual Oracle.

Theorem 2.1. For a complete cross-free system X € 7 the maximum number of pairwise independent sets is equaf in X and
T, that is, v(X) = v(T).

Clearly, v(X) < w(T) for every X C 7. The advantage of a cross-free system is that we can easily determine the
maximum number of pairwise independent sets. This is due to the fact that whenever it contains two dependent sets they
are comparable. Thus considering the partially ordered set (X, €) an antichain consists of pairwise independent sets. A
maximum antichain in a poset can be easily found by an algorithm based on Dilworth’s theorem stating the equality of the
size of a minimum chain cover and a maximum antichain (see e.g. [3, Vol A., pp. 217-236]). In order to prove Theorem 2.1,
we need some elementary propositions.

Claim 2.2, If X, Y € 7" are dependent, then F(X) N I'(Y) = (XN Y)
Proof. This follows since the second inequality in (1) holds with equality.

Claim23. IfYe T, XCAand I'(X) € I'(Y), thenX C Y.

Proof. If X is not a subset of ¥, then [X U Y| > |¥|. On the other hand, |I'(Y)| = |Y| + k — 1 and I'(Y) = rxuy), thus
[FXUY)| < XU Y|+ k — 1contradicting the fact that Gis (k — 1)-elementary. o

Lemma 2.4. Fora crossing family F and for any K € T, the subfamily ¥ + K is crossing.

Proof. Let ' = ¥ +-K and let X and Y be two crossing members of #”. We have to prove that neither XUY nor XNY crosses
K.

First assume that K is comparable with both X and Y. It is not possible that X € K € Yor ¥ € K < X as X and Y are not
comparable. Therefore ejther K € X, Y or K 2 X, Y. In the first case K is contained in both X U ¥ and X N ¥, in the second case
it contains both of them.

Second, assume that K is independent from both X and Y. IfFK N X = #and K N ¥ = ¢, then K is disjoint from both XU Y
andXNY.IfKNX=0Pand P(KUY) =BthenkKN(XNY) =Pand rKUXUY)) = B, thusXNY,XUY € F". Finally, if
PKUX)=rKuy)=Bthen '(KU(XUY)) =BshowsXUY e ', and I'(K U (X N Y)) = B also follows by Claim 2.2.

In the third case K is independent from one of X and Y, say from X, and comparable with the other, Y.1f K N X = @ then
K C Y follows since XN Y 3 @. This gives KN (XNY) =8,K C XU Y, giving XN Y, XU Y € #'. Finally, if 'K UX) = B, then
FXUY) £ BimpliesY CK, giving "(KUXUY) =B XNYCK. »

Lemma 2.5. (i) Suppose K and 1 are dependent, K N L and M are also dependent, but L and M are independent for some
K,L,MeT.Then (r(l) — r(kK)) —riM) #dandX —LC M.

(ii) Let K and L be dependent, K U L and M also dependent, but L and M independent for some K, L, M € T Then (r{)y—rENn
riMy=dandMN{K-1L) £

Proof. (i) Observe K N LN M 3¢ @, thus the independence of L and M implies I'(LUM) = B. By the dependence of K " L and
M, r(MU (KN L)) # Bgiving the first part of the claim using Claim 2.2. For the second part, consider I'((K N UM =
rENLU M = (M) N L) U rMy = (r) U rMy) N (r(L) U r(M)) = r{c v M. Here we have used Claim 2.2 in
the second equation and I'(L U M) = Bin the last equation. By Claim 2.3, we have KUM € (K N L)UM, implying K —L C M.

(it} As KUL and M are dependent, L and M can be independent only if MNL = . Since MN(KUL) # @, we have MN{K—L) # &
Claim 2.2 gives F(KUL) NI (M) = I'((KUL)NM) = IKNM) € I'(l0), showing the first part of the claim.
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Now we are ready to prove Theorem 2.1. The proof is based on the following lemma:

Lemma 2.6. For a crossing system F and K € ¥ we have v(F) = v(F +K).

First we show how Theorem 2.1 follows from Lemma 2.6. Let X = {Ky, ..., K¢}. First apply Lemma 2.6 for 7 and K,
then in the ith step for 7 + {Ky, ..., Ki_1} and K;. Note that T =+ {Ky, ..., K-} is a crossing system by applying inductively
Lemma 2.4. Thus we have v(7) = v(T + K1) = --- = v(T + X), hence Theorem 2.1 follows by 7 + X = X.

Proof of Lemma 2.6. Trivially, v(¥ + K) < v(¥). Consider a maximum independent subset £ of # which has the most
common members with & <. For a contradiction suppose that £LN(F +K) < v{F) and choose anelement L € £ —(F +K).
By definition, L crosses K. We claim that either (.£\{L})U{LNK]) or (£\ {L))U{LUK]) is independent. This leads to a contradiction,
since the new system intersects ¥ = K in a strictly larger subset than .£ does.

Suppose that neither (£ \ {L)) U {L N K} nor (£ \ {L}) U [L U K} is independent. Then there is an element M € £\ (L}
dependent with L N K, and an other element M’ € £\ {L} dependent with L U K. If M = M, then M is clearly dependent with
L: a contradiction.

Assume now M # M'. The conditions of Lemma 2.5(i) hold for K, L and M, and the conditions of (ii) hold for K, L and M'.
We claim that M and M’ are dependent. It follows as I'(L) — I'(K) contains an element in 8 — (MU M’), and K — L contains
anelementinMnNM. o

2.1. Constructing a complete cross-free subset

A straightforward approach to construct a complete cross-free subset of 77 would be to select sets greedily, that is, as
long as possible choose sets which do not cross the previously selected ones. The difficulty arises from the fact that it is not
clear how to decide whether a given cross-free system is complete or not. (Note that the size of 7' may be exponentially
large.) To overcome this difficulty we work with a special kind of cross-free systems. Let us call a cross-free subset # C 7
down-closed if it fulfills the following property:

Z crosses some element of Jf wheneverKe #, ZCK, Ze T — #. (2)
This means that if #¢ has an element containing Z, then Z cannot be added to #. Given a down-closed system, the following
claim provides a straightforward way to decide whether it is complete,

Claim 2.7. A down-closed system is complete if and only if it contains all the maximal members of 7.

Proof. On the one hand, any complete cross-free system should contain all the maximal sets in 7 since a maximal set cannot
cross any other set. On the other hand, for a contradiction suppose that a down-closed system #¢ contains all the maximal
members, but it is not complete. Choose a Z ¢ J with # U {Z} cross-free. There is a maximal element K € 7 withZ C K. By
our assumption K € #, contradicting the definition of the down-closed system. e

Assume we are given a down-closed system # which is not complete. In the following, we investigate how a set
K € T — 3 can be found with the property that # U {K} is down-closed as well.
As # is not complete, there is a maximal element M with M € 7 — J¢. Let

={KeH:KCM);, Lry=[KeH KLM). (3)

We say that a set Z fits the pair (3, M) if (3) Z € T — #, Z € M; (b) Z is independent of all sets in £; and (¢) either K C Z or
KNnZ=@foreveryK e £,.

Lemma 2.8. if Z is @ minimal member of T — J¢ fitting (3¢, M), then 3 U {Z} is down-closed.

This is a straightforward consequence of the following claim.

Claim 2.9. letZ € T — X, Z € M. The following two properties are equivalent: (i) Z fits (¥, M); (ii) # U {Z} is cross-free.

Proof. (i) = (ii}is straightforward. For the other direction we have to verify (b) and (c} of the above definition. By (2), either
K C ZorZ and K are independent for every K ¢ #¢. Assume now K C Z forsome K € £5. Inthis case K € Z C M, contradicting
the definition of £5. For (¢) we need K N Z = @ if K and Z are independent for some K € £4. This follows by kK, Z € M, thus
FKUZ)CrMcCB

Observe that M itself fits (3¢, M) ensuring the existence of a set Z satisfying the conditions of Lemma 2.8.S0 K = Zis .
an appropriate choice. Such a Z can be found using bipartite matching theory. The descnptlon of this subroutme is quite
technlcal and rather standard, therefore it is moved to an Appendix.
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2.2. Description of the dual oracle

Given the above subroutine for constructing a complete down-closed system, we have the following oracle to determine
the value v(G) in a (k ~ 1)-elementary bipartite graph G = (A, B; E): we construct a complete down-closed system, then we
apply Dilworth's theorem. (It is well-known that computing a maximum antichain and a minimum chain-decomposition of
a partially ordered set can be reduced to a maximum matching computation in a bipartite graph.) The size of the maximum
antichain will give the value v(G).

A trivial upper bound for the size of the optimal augmenting edge set and by Theorem 1.2 also for the number of pairwise
independent sets is |A|2. A better bound can be given following the argument of Lemma 4.6 in [6]. It can be proved that there
is an optimal augmenting set which is a matching, hence the maximum independent system is of cardinality at most |Al. A
chain can also have at most |A| elements, thus the cardinality of a complete cross-free system is at most s = JA|%.

As shown in the Appendix, if s is an upper bound for the size of a complete down-closed system then it can be constructed
in time 0(s|A|*) = 0(JA{®). Finding a maximum antichain in a poset of size 0(s) can be reduced to finding a maximum
matching in a bipartite graph on 0(s) vertices and 0(s?) edges. Using the Hopcroft-Karp algorithm [3, Vol A., p. 264] this can
be done in 0(s*%) running time. This gives O(JAI®) for s = |A[?, 50 the total running time of the Dual Oracle is 0(1AI%).

As we have already indicated in the Introduction, the Dual Oracle may be used to compute the optimal augmentation. For
this, we need to call the Dual Oracle at most JA|? times, thus the total complexity is 0(JA®). For connectivity augmentation
by one, this gives 0(n®), where n is the number of vertices of the graph. (For comparison, the running time of the algorithm
in [9] is O(n’) for the same problem.) However, the correctness of the present approach does rely on Theorem 1.2. In the
next section we use a more direct approach for finding the optimal augmentation.

3. Algorithmic Proof of Theorem 1.3

In this section we give a proof of Theorem 1.3 and sketch another algorithm, which uses the Dual Oracle only once. After
a complete down-closed system X is determined, an augmenting set of X can be transformed to an augmenting set of the
entire 7. This will also give a new proof for Theorem 1.3, We begin with the definition of the elementary augmenting step.

Consider a crossing family ¥, and let F' be a set of edges between A and B. We say that a pair (u, v) of nodes with u € 4,
v ¢ B is bad (with respect to ¥ and F) if there is a member X of ¥ withu € X, v & F(X), and X is not augmented by F'. Let
W(F) = Wg (F)) denote the set of bad pairs.

Consider an augmenting edge set F' of ¥ := ¥ + K. For two elements f; = xiy1, f5 = xy; of F, define

fi =xys and = x0 (4)
and let
FFr=(F-{HDUth.f) (5)

We will say that F” arises from F' by flipping {f}, ;). A flipping is called improving if F” augments a strictly larger subset of
# than F does. Note that this is equivalent to requiring that W(F") C W(F) and, since the total number of edges is |A]?, we
obtain that after at most |A|2 improving flippings the resulting subset of edges must augment the whole F. The following
jernma, which is the heart of the proof of Theorem 1.3 and the algorithm, asserts the existence of an improving flipping.

Lemma 3.1. Let ¥ C T be a crossing family. Let K be a member of ¥ and F' an qugmenting edge set of ¥ :=F + K If F does
not augment ¥, then there is an improving flipping.

Proof, Let us choose two (not necessarily distinct) members X and Y of # that are not augmented by F' so that X € Y, X is
minimal (in the sense that X’ is augmented by F forevery X' € ¥,X' C X) while Y is maximal in an analogous sense.

Since F’ does not augment X and Y, we have X, Y € # — 7", that is, both X and Y cross K. Therefore XNK C Xand YUK D Y.
By the minimality of X, X N K is augmented by F', that is, there is an edge f; = x;y1 in F augmenting X N K. Since F' does not
augment X, we must have x; e XNKand y, € I'(X) — I'(K). Analogously, there is an edge f; = x,y, in F’ augmenting Y UK
for whichx; € K — Y, y2 € B— I'(KUY). Let fy, 2 and F* be defined by (4) and (5).

We are going to show that flipping (f;, /3) is improving. Since X is augmented by F’ but not augmented by F', we only
have to show that every member of & augmented by ' is augmented by ", as well.

Suppose indirectly that there is a member M of ¥ which is augmented by F but not by F”. In particular, no element of
F' — {f;, f} augments M. It is not possible that both f; and f; augments M since then both f; and f would augment M, that is,
F* would augment M. Therefore there is exactly one element in F' augmenting M and this only element is either f; or f;. Let
us assume first that M is augmented by f7.

Claim 3.2. Y and M agre dependent.

Proof. For a contradiction suppose that Y and M are independent. KN Y and M are dependent as f; augments both. Thus we
- can apply Lerama 2.5(i) with K, M and L = Y, giving K — ¥ C M. This is contradiction since x; € K — Y and x; & M as f; does
not augmentM. e
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2.2. Description of the dual oracle

Given the above subroutine for constructing a complete down-closed system, we have the following oracle to determine
the value v(G) in a (k— 1)-elementary bipartite graph G = (A, B; E): we construct a complete down-closed system, then we
apply Dilworth's theorem. (It is well-known that computing a maximum antichain and a minimum chain-decomposition of
a partially ordered set can be reduced toa maximum matching computation in a bipartite graph.) The size of the maximum
antichain will give the value v(G).

A trivial upper bound for the size of the optimal augmenting edge set and by Theorem 1.2 also for the number of pairwise
independent sets is |A[%. A better bound can be given following the argument of Lemma 4.6 in [6). It can be proved that there
is an optimal augmenting set which is a matching, hence the maximum independent system is of cardinality at most |Al. A
chain can also have at most |A] elements, thus the cardinality of a complete cross-free system is at most s = AR

As shown in the Appendix, if s is an upper bound for the size of a complete down-closed system then it can be constructed
in time O(s)Aj"Y) = O0(JAl®). Finding a maximum antichain in a poset of size 0(s) can be reduced to finding a maximum
matching in a bipartite graph on 0(s) vertices and 0(s®) edges. Using the Hopcroft-Karp algorithm [3, Vol A., p. 264] this can
be done in 0(s?5) running time. This gives O(JAI°) for s = |A|?, so the total running time of the Dual Oracle is 0(IA[%).

As we have already indicated in the Introduction, the Dual Oracle may be used to compute the optimal augmentation. For
this, we need to call the Dual Oracle at most [A]2 times, thus the total complexity is 0(1A[®). For connectivity augmentation
by one, this gives 0(n®), where n is the number of vertices of the graph. (For comparison, the running time of the algorithm
in [9] is O(n’) for the same problem.) However, the correctness of the present approach does rely on Theorem 1.2. In the
next section we use a more direct approach for finding the optimal augmentation.

3. Algorithmic Proof of Theorem 1.3

In this section we give a proof of Theorem 1.3 and sketch another algorithm, which uses the Dual Oracle only once. After
a complete down-closed system X is determined, an augmenting set of X can be transformed to an augmenting set of the
entire 7. This will also give a new proof for Theorem 1.3. We begin with the definition of the elementary augmenting step.

Consider a crossing family %, and let F' be a set of edges between A and B. We say that a pair (u, v} of nodes withu € A,
v € Bis bad (with respect to # and F') if there is a member X of ¥ withu € X, v ¢ r(X), and X is not augmented by F'. Let
W(F') = W¢ (F) denote the set of bad pairs.

Consider an augmenting edge set F' of ¥ := ¥ + K. For two elements f; = xiy1, f5 = xay; of F', define

fi=xy2 and fr =201 (4)
and let
Fr=F-(.h0VlLAL (5)

We will say that F” arises from F' by flipping (], /5). A flipping is called improving if F” augments a strictly larger subset of
# than F' does. Note that this is equivalent to requiring that W(F") ¢ W(F’) and, since the total number of edges is |A]2, we
obtain that after at most |A|? improving flippings the resulting subset of edges must augment the whole #. The following
lemma, which is the heart of the proof of Theorem 1.3 and the algorithm, asserts the existence of an improving flipping.

Lemma 3.1. Let ¥ C 7 be a crossing family. Let K be a member of ¥ and F' an augmenting edge set of ¥' == F + K. If F does
not augment ¥, then there is an improving flipping.

Proof. Let us choose two (not necessarily distinct) members X and ¥ of ¥ that are not augmented by F' sothatX C ¥, X is
minimal (in the sense that X’ is augmented by F for every X’ € F, X' C X) while Y is maximal in an analogous sense.

Since F does not augment X and ¥, we have X, Y € F — ¥/, that is, both X and ¥ cross K. Therefore XNK C Xand YUK D Y.
By the minimality of X, X N K is augmented by F', that is, there is an edge f; = xy1 in F augmenting X N K. Since F’ does not
augment X, we must have x, € XNK and y, € I'(X) — I'(K). Analogously, there is an edge f, = xoy; in F' augmenting Y U K
for whichx; € K — Y, y2 € 8— I'(KUY). Let f1, fz and F” be defined by (4) and (5).

We are going to show that flipping (f{, f3) is improving. Since X is augmented by F” but not augmented by F', we only
have to show that every member of ¥ augmented by F' is augmented by ", as well.

Suppose indirectly that there is a member M of 7 which is augmented by F but not by F”. In particular, no element of
F' —{fi, f3) augments M. It is not possible that both f; and f; augments M since then both fy and f> would augment M, that is,
F” would augment M. Therefore there is exactly one element in F' augmenting M and this only element is either f; or f;. Let
us assume first that M is augmented by f;.

Claim 3.2. Y and M are dependent.

Proof. For a contradiction suppose that Y and M are independent. K N'Y and M are dependent as f; augments both. Thus we
can apply Lemma 2.5(i) with K, M and L = Y, giving K — Y C M. This is contradiction since x; € K — Y and x; ¢ M as f; does
not augment M. e
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By the above claim we know that Y UM € #. The assumption that M is not augmented by F” givesy; € I'(M) — I'(Y), as
otherwise f; would augment M, thus M € Y, implyingYUM D V. By the maximality of Y, Y U M is augmented by an element
f=xyof Fand f is different from f; and f; since y;, ¥, € F(YUM). Asxe YUM, y € B— (Y UM), f augments either M or Y.
However, f € F N F and hence f augments neither M nor Y, a contradiction.

The case when M is augmented only by f; also leads to contradiction by a similar argument using Lemma 2.5(ii). o

Proof of Theorem 1.3. v < 1 follows since no two independent pairs can be augmented by the same edge. To see the other
direction, we distinguish two cases.

Case 1. F is cross-free, By applying Dilworth's theorem to the partially ordered set (F, C), we obtain that there is a maximum
subfamily £ of ¥ consisting of incomparable members and that # can be decomposed into ¥ := [{} chains. Since ¥ is
assumed to be cross-free, members of { are pairwise independent. Furthermore, it is easy to see that chain-decomposition
of ¥; corresponds to a set F of y edges augmenting F. Hence we obtained the required covering F of ¥ and independent
subfamily £ of # for which |F| = {1|.

Case 2. There is a member K of F crossing some other membersof ¥.Let ' := F ~K. By Lemma 2.4, ' is a crossing family, so
by induction, there is an independent subfamily £ of ¥’ and a covering F of ¥/ for which || = |F|. Choose F in such a way
that the number of bad pairs of nodes is minimum. By Lemma 3.1, this number is zero, that is, F' covers the whole . O

3.1. Description of the algorithm

Our next goal is to transform the inductive proof above into an algorithm, that constructs an independent subset £ of 7
and an augmenting edge set F of 7' so that |£] = [F|. It consists of two phases.

In Phase 1 our algorithm uses the Dual Oracle, It determines a complete down-closed system X = {Ky, ..., K¢}, and by
Dilworth's theorem it finds a maximum antichain along with a minimum chain-decomposition. The chain-decomposition
of X corresponds to a subset F’ of edges augmenting X for which |F | = |4]. The antichain £ will be output by the whole
algorithm as a maximum cardinality independent subset of 7.

Phase 2 will terminate by outputting a covering of 7~ of cardinality |{|. let Fo = T and F == T = [Ky,..., K] for
eachj = 1,..., £. From Phase 1, we have £, = X covered. By Lemma 3.1, when applied to F;_,, %, K, in place of
¥, F', K, respectively, we can find an improving flipping and obtain a revised covering F” of ¥, which covers a strictly
larger subset of #;_; as F' does. Since the number of bad pairs is at most |A? and an improving flipping reduces this
number, after at most jA|* improving flippings the resulting covering of #; will cover #;_,. Then we can iterate this step
with F_;, Fi_1,Ke1, . ..., Fo, F1, K, and finally we get a cover ' of 77 = Fq. F' will be the output of the algorithm as a
minimal edge set whose addition to G results in a k-elementary bipartite graph.

We have outlined the steps of the algorithm and proved its validity. Phase 1 can be preformed as described in Section 2.
For the realization of Phase 2, we can use similar techniques as in Section 2.2. However, we omit this analysis. Our reason
for this is that the analysis is quite technical, and we cannot improve on the running time bound of the Dual Algorithm.

4, Concluding remarks

This approach can be extended to solve algorithmically other connectivity augmentation problems as well, for example,
to increase the ST-edge-connectivity of a digraph by one. (A digraph is called k-edge-connected from S to T if there are k
edge-disjoint paths from every node of § to every node of T. For augmentation, we allow only the addition of edges xy with
x € S,y € T), The main difficulty is that instead of (2) we have to maintain a more complicated property when selecting
elements ;.

Finally, we remark that the method is suitable for solving a minimum cost version of the connectivity augmentation
problem for node-induced costs. That is, the cost of a possible new directed edge uv is defined by ¢~ () + c* (v) where ¢~
and ¢* are two cost-functions on V. For general cost functions, even the special case of making the graph (v, 8) strongly
connected is NP-complete as being a generalization of the TSP problem.

Appendix

In this Appendix we present how the subroutine for constructing a complete down-closed system can be implemented
using bipartite matching theory.

Given a bipartite graph G = (A, B; £) and a function f : AUB — N we call the set F C E an f-factor if de(x) = f(x) for every
x € AU B where d:(x) denotes the number of edges in F incident to x. Let D =%, fx)forzCcAUB.

Claim A.1. Consider a bipartite graph G = (A, B; E) and a function f : AU B — N so that FAY =fByand f(x) = 1or f(y) = 1
for every xy € E. An f-factor exists if and only f(X) < f(I'(X)) foreveryX Cc A

Proof. An easy consequence of Hall’s theorem, replacing eachx ¢ AU B by f(x) copies. Note that by the condition f(x) = 1
or f(y¥) = 1 for every xy € E no edge is used more than once. o
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First we show how the maximal elements of 7 can be found. Let us consider elementsac Aand b € B with ab & E. Aset
X e 7T is called an ab-set, if ab covers X, that is,a € Xand b ¢ I'(X). Forab ¢ E, consider the following f. Let f(a) = f(b) = k+1
and forc € AUB —a — b, let f(¢} = 1. For this f, an f-factor is called a k-ab-factor. if Gis a (k — 1)-elementary bipartite graph,
then Claim A.1 implies the existence of a (k — 1)-ab-factor, denoted by Fy,.

Claim A.2. If there exists a k-ab-factor, then there is no ab-set.

Proof. Assume X is anab-set.AsX € T, |I(X)| = |X|+k—1.Sincea € X,b ¢ (X), we have f(X) = IX|+k, f(r(X)) = X|+k-1,
thus by Claim A.1 no k-ab-factor exists. e

It is easy to see that any two ab-sets are dependent and the union and intersection of two ab-sets are ab-sets as well.
Thus if the set of ab-sets is nonempty, then it contains a unique minimal and a unique maximal element. Now we show how
these can be found algorithmically. We say that the path U = xoypx1y1 . . . Xy isan alternating path for F C E from xg to y,, if
x €Ay €Bxy Ffori=0,...,t.andyxy1 € Ffori=0,...,t— 1. Bythe same conditions we also say that xoyoX1¥: ... X
is an alternating path for F from xo to x;.

Claim A.3. (a) If there exists an alternating path for Fy, between a and b, then there exists no ab-set. (b) Assume there is no
alternating path for F, from a to b; let S denote the set of vertices ¢ having an alternating path for F,, fromatoc, and let X = ANS.
Then X is the unique minimal ab-set. (c) Assume no alternating path exists for F from a to b; let §' denote the set of vertices ¢
having an alternating path for Fy, from btoc,andletY =A—S. Then Y is the unique maximal ab-set.

Proof. (a) Let U be an alternating path for F,, from a to b. Then F,, AU is a k-ab-factor so by-Claim A.2 no ab-set exists. (b)
Let Z be an arbitrary ab-set. I'(Z) contains a unique y with xy € Fy foreveryx € Z —a. The number of y € B with ay € fy is
exactly k, and all of them are contained in I"(Z). These are |Z| +k— 1 different elements of I'(2), and since Z € 7", I"(Z) has no
other elements than these. This easily implies that Z contains every x € A for which there is an alternating path for Fy, from
a to x, showing X € Z.1t is left to prove that X € 7. It is sufficient to show that there exists an x € X with xy € Fy, for every
y € I'(X). This follows from the definition of X, completing the proof of (b). The proof of (c) follows the same lines. «

At the initialization of the algorithm, we determine the sets F,, by a single max-flow computation foreveryae A be B,
ab ¢ E. By Claim A.3 the maximal ab-sets can be found by a breadth-first search. The maximal sets among these will give the
maximal elements of 7 (note that the maximal ab-set might be contained in some other o p'-set). We will use the sets Fu
also in the later steps of the algorithm.

To implement the basic step of the algorithm, consider a down-closed J which is not complete, a maximal element
M e T — J¢ and .£;, £ as defined by (3). Our task is to find a K fitting (3¢, M) and minimal subject to this property. Let M
be the set of the maximal elements of .£;. '

Claim A.A. M consists of pairwise disjoint sets.

Proof. Let Ty, T; € M. As they are maximal, they cannot be comparable, thus either T, NT; = @ or I'(T; UTy) = B. The latter
is excluded since Ty, T, C Mimplies F(T{UT) CI'M) CB. o

Let us construct ¢ = (A, B; E") from G as follows. The set £’ contains E and some additional edges. For each X € £, let
xy € E' for every x € X,y € B — I'(X). Furthermore, let xy € E' wheneverT € M,x€T andy € I'(T).

Claim A5, LetZ € T — #,Z C M. Then Z fits (#, M) if and only if Z is a tight setin G'.

Proof. The tight sets of ¢’ are those tight sets Z of G for which there is no edge in £ — £ augmenting Z, that is, no edge xy
withxe Zandy € B— I'(2).

Z fits (J¢, M) if it is independent from all elements of .£5, and for arbitrary T € M, either TNZ =@orT C Z, If it satisfies
these properties, no new edge in G’ augments Z, thus Z is tight also in G'. For the other direction, if Z is dependent with some
X € £3, then there exists x € XNZ,y € B~ I'(X U Z) with xy € E' augmenting Z.If for some T € M, T would cross Z, then by
Claim 2.3, I'(T) — I'(2) # @, thus there exist x e TNZ,y € I'(T} — I'(Z) with xy € E' augmenting Z.  »

However, it is not enough to determine a minimum tight set of &, since the elements of M are among these, and we are
looking foraZ e T — J¢. In order to exclude the elements of M, we add some further edges to G'. Let Q € M be an arbitrary
(not necessarily tight) set. Let Z(Q) denote the unique minimat X satisfying the following property:

XeT,QcX, and Xfits (H,M). (6)

We will determine Z(Q) for different Q sets in order to find K. Z(Q) is well-defined since M itself satisfies {6); and if X and X’
satisfy (6), then X and X' are dependent and it is easy to see that X N X' also satisfies (6). The following claim gives an easy
atgorithm for finding 2(Q) for a given Z,

Claim A.6. Fix some a € Q, b € B— I'(M). Let G denote the graph obtained from G' by adding all edges ay withy € r{Q). Lets
denote the set of vertices ¢ for which there exists an alternating path for Fy, from ato ¢ and let X = ANS. ThenZ(Q) = X.
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Proof, As M is an ab-set in ¢, applying Claim A.3(a) for G" instead of G, we get that ¢” contains no alternating path for £y
from a to b. By Claim A.3(b), X is the unigue minimal ab-set in G".-I'(X U @) = I'(X), thus by Claim 2.3, Q C X. By Claim A5,
X is the unique minimal set satisfying (6), thus Z(Q) =X.

Let L denote the union of the elements of .M. First, we find a set Z; fitting (#, M) and Z; — L # . Let us compute the
set Z(a) for any a € M — L. By Claim A, this can be done by a single breadth-first search, We get a good 2, by choosing a
minimal element of the set {Z(a) ra e M —1}.

Thus Z, can be found by M — L = 0(|A|) breadth-first searches. Now either Z; is itself a minimal set fitting (J¢, M), or
there exists a Z; C LN Zy, also fitting (#, M). This is impossible if Z, contains only one element of M, so in this case Z; is a
minimal set fitting (¥, M).

Assume now Z; contains at least two sets in M. In order to obtain Zs, let us compute Z(T; U T;) for every two disjoint
members T;, T; € M, T;, T; C Z;. Choosing a minimal among these gives a minimal Z; fitting (#, M}. This can be obtained by
0(|A|?) breadth-first searches.

As 7 fits (#¢, M} and is minimal subject to this property, K := Z, is an appropriate choice.

Al. Complexity

To find a complete down-closed system first we need |A|* Max Flow computations for computing the maximal members
and auxiliary graphs. The running time for determining a member of the complete down-closed system is dominated by
O(jA|?) breadth first searches. Thus if s is an upper bound for the size of a complete down-closed system then we can
determine a complete down-closed system in G(s|A|*) running time.
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