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Abstract. We consider the problem of finding a minimum edge cost subgraph of a graph
satisfying both given node-connectivity requirements and degree upper bounds on nodes. We present
an iterative rounding algorithm of the biset linear programming relaxation for this problem. For
directed graphs and k-out-connectivity requirements from a root, our algorithm computes a solution
that is a 2-approximation on the cost, and the degree of each node v in the solution is at most
2b(v) + O(k), where b(v) is the degree upper bound on v. For undirected graphs and element-
connectivity requirements with maximum connectivity requirement k, our algorithm computes a
solution that is a 4-approximation on the cost, and the degree of each node v in the solution is at most
4b(v) 4+ O(k). These ratios improve the previous O(log k)-approximation on the cost and O(2*b(v))-
approximation on the degrees. Our algorithms can be used to improve approximation ratios for
other node-connectivity problems such as undirected k-out-connectivity, directed and undirected
k-connectivity, and undirected rooted k-connectivity and subset k-connectivity.
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1. Introduction.

1.1. Problem definition. We consider the problem of finding a minimum edge
cost subgraph that satisfies both degree bounds on nodes and certain connectivity
requirements between nodes. More formally, the problem is defined as follows.

DEGREE-BOUNDED SURVIVABLE NETWORK. A directed/undirected graph G =
(V, E) with edge costs ¢c: E — Ry, connectivity requirements r: V. x V — Zy, and
degree bounds b: B — Z4 on a subset B of V are given. The goal is to find a minimum
cost edge set F C E such that in the subgraph (V, F) of G, the wv-connectivity is at
least r(u,v) for any (u,v) € V. x V, and the out-degree/degree of each v € B is at
most b(v).

In the case of digraphs, our algorithms easily extend to the case when we also
have in-degree bounds b~ : B~ — Z4 on B~ C V| and require that the in-degree of
each v € B~ is at most b~ (v).

A node v € V is called terminal if there exists u € V' \ {v} such that r(u,v) >0
or r(v,u) > 0. We let T' denote the set of terminals. We denote max, yev r(u,v) by
k and |V| by n throughout the paper.
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If G is an undirected graph, B = V, b(v) = 2 for all v € B, and a solution
is required to be a connected spanning subgraph, then we get the Hamiltonian Path
problem, and hence it is NP-hard even to find a feasible solution. Therefore we
consider bicriteria approximations by relaxing the degree bounds. We say that an
algorithm for Degree-Bounded Survivable Network is an («, 5(b(v)))-approximation, or
that it has ratio («, 8(b(v))) for @ € Ry and a function 8: Zy — Ry, if it always
outputs a solution such that its cost is at most « times the optimal value, and the
degree (the out-degree, in the case of directed graphs) of each v € B is at most 3(b(v))
for any instance which admits a feasible solution.

Notice that Degree-Bounded Survivable Network includes the problem of finding
a minimum cost subgraph of required connectivity minimizing the maximum degree.
This can be done by letting B = V, and defining b(v) as the uniform bound on
the optimal value for all v € B, which can be computed by binary search. For linear
programming (LP) based algorithms, such as ours, when a lower bound is obtained by
solving an LP relaxation, these algorithms also establish a “relaxed” integrality gap for
the LP relaxation (relaxed since the solutions violate the exact degree requirements).

In this paper, we are interested in node-connectivity and element-connectivity
requirements. The node-connectivity x(u,v) is the maximum number of (u,v)-paths
that are pairwise internally (node) disjoint. The definition of element connectivity
assumes that a terminal set T is given. The element connectivity A7 (u, v) between two
terminals u,v € T' is the maximum number of (u,v)-paths that are pairwise disjoint
in edges and in nonterminal nodes. The two main problems we consider are as follows.

DEGREE-BOUNDED k-OUT-CONNECTED SUBGRAPH. This is a particular case of
Degree-Bounded Survivable Network when it is required that (V, F') is k-out-connected
from a given root s, namely, when r(s,v) >k for each v € V' \ {s}.

DEGREE-BOUNDED ELEMENT-CONNECTIVITY SURVIVABLE NETWORK. This is
a particular case of Degree-Bounded Survivable Network when the input graph is undi-
rected, and it is required that AT (u,v) > r(u,v) for each u,v € T, where T C V is a
given terminal set.

Our main results for Degree-Bounded k-Out-connected Subgraph are for directed
graphs. We also present similar results for undirected graphs, but these are derived
from the ones for the directed case. Another fundamental problem that we consider
for both directed and undirected graphs is as follows.

DEGREE-BOUNDED k-CONNECTED SUBGRAPH. This is a particular case of
Degree-Bounded Survivable Network, where it is required that (V, F) is k-connected,
namely, that k(u,v) >k for each u,v € V.

Other special cases of Degree-Bounded Survivable Network on undirected graphs
are defined according to the connectivity requirements, as follows.

e Degree-Bounded Node-Connectivity Survivable Network requires x(u, v) > r(u,v) for

each u,v € V.

e Degree-Bounded Rooted Survivable Network is a special case of Degree-Bounded

Node-Connectivity Survivable Network, where a oot node s is specified, and r(u, v) =

0 holds if u # s and v # s.

e Degree-Bounded Subset k-Connected Subgraph is a special case of Degree-Bounded

Node-Connectivity Survivable Network, where r(u,v) = kif {u,v} C T, and r(u,v) =

0 otherwise, for a given terminal set 7' C V.

1.2. Previous work.

1.2.1. Edge-Connectivity Survivable Network. Survivable Network without
degree bounds is a typical combinatorial optimization problem that was studied exten-
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sively; cf. [15] for a survey on exact algorithms and [24] for a survey on approximation
algorithms for various Survivable Network problems and their classification w.r.t. costs
and requirements. One of the most important methods for these problems is iterative
rounding that was invented in the context of a 2-approximation algorithm by Jain [18].
He showed that every basic optimal solution to an LP relaxation for the undirected
Edge-Connectivity Survivable Network always has a variable of value at least 1/2; see
[34] for a simplified proof. The 2-approximation algorithm is obtained by repeatedly
rounding up such variables and iterating the procedure until the rounded subgraph is
feasible.

Degree-Bounded Survivable Network, even with edge-connectivity requirements,
was regarded as a difficult problem for a long time because of the abovementioned
hardness on feasibility. A breakthrough was given by Lau et al. [27] and Singh and
Lau [39]. They gave a (2,2b(v) + 3)-approximation for the Degree-Bounded Edge-
Connectivity Survivable Network problem, and a (1, b(v) + 1)-approximation algorithm
for the Degree-Bounded Spanning Tree problem. The former result was improved (for
large b(v)) to a (2,b(v) + 6k + 3)-approximation by Lau and Singh [29] afterwards,
which was followed by further improvements by Louis and Vishnoi [31] and Lau and
Zhou [30].

After their work, many efficient algorithms have been proposed for various types
of Degree-Bounded Edge-Connectivity Survivable Network problems, such as directed
Degree-Bounded k-Out-connected Subgraph problems [4], matroid base and submodu-
lar flow problems [23], and matroid intersection and optimization over lattice polyhe-
dra [3]. All of them are based on iterative rounding. For applying iterative rounding
to a problem with degree bounds, we need to show that every basic optimal solution
to an LP relaxation has a high fractional variable or the subgraph induced by its sup-
port has a low degree node on which a degree bound is given. Once this property is
proven, a bicriteria approximation algorithm can be obtained by repeatedly rounding
up a high fractional variable or dropping the degree bound on a low degree node. See
[28] for a survey on the iterative rounding method.

1.2.2. Element-Connectivity and Node-Connectivity Survivable Network with-
out degree bounds. Fleischer, Jain, and Williamson [12] showed that iterative
rounding achieves a ratio of 2 for Element-Connectivity Survivable Network, and also
for Node-Connectivity Survivable Network with k£ = 2. Cheriyan, Vempala, and Vetta
[6] discussed application of iterative rounding to k-Connected Subgraph. Aazami,
Cheriyan, and Laekhanukit [1] presented an instance of undirected k-Connected Sub-
graph (without degree bounds) for which the basic optimal solution to the standard
LP relaxation has all variables of value O(ﬁ) Their instance belongs to a spe-

cial case called the augmentation version, in which the given graph has a (k — 1)-
connected subgraph of cost zero. On the other hand, several works showed that
this augmentation version can be decomposed into a small number p of problems
similar to k-Out-connected Subgraph each. The bound on p was subsequently im-
proved [5, 10, 21], culminating in the currently best known bound O(log —2+) [35],
that applies for both directed and undirected graphs. When one applies this method
for the general version, an additional factor of O(logk) is invoked, giving the ap-
proximation ratio O(logklog —2+) [35]. Cheriyan and Végh [7] showed that, for
undirected graphs with n > k3(k — 1) + k, this O(logk) factor can be saved: af-
ter solving only two k-Out-connected Subgraph instances, iterative rounding gives a
2-approximation by the work of [12, 19]. This gives a ratio of 6 for undirected graphs
with n > k3(k — 1) + k.
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The decomposition approach was also used for other Survivable Network prob-
lems. In [36] it is shown that the augmentation version of Rooted Node-Connectivity
Survivable Network can be decomposed into p = O(k) instances of a problem that is
similar to Element-Connectivity Survivable Network, while in [8] it is shown that Node-
Connectivity Survivable Network can be decomposed into p = O(k3logn) instances of
Element-Connectivity Survivable Network. In [26, 37], it is shown that the augmenta-
tion version of Subset k-Connected Subgraph with & < (1 —€)T and 0 < € < 1 can be
decomposed into £O(log k) instances of Rooted Survivable Network.

Summarizing, many Survivable Network problems can be decomposed into k-Out-
connected Subgraph and Element-Connectivity Survivable Network problems. Thus al-
gorithms for various Survivable Network problems can be derived from those for k-
Out-connected Subgraph and Element-Connectivity Survivable Network problems.

1.2.3. Degree-Bounded Element-Connectivity and Node-Connectivity Surviv-
able Network. Despite the success of iterative rounding, Degree-Bounded Survivable
Network with node- and element-connectivity requirements still remain difficult to
address with this method. Both [27] and [29] mention that their algorithms for edge
connectivity extend to element connectivity, but they assumed that degree bounds
were given on terminals only. In [27] it is also shown that undirected Degree-Bounded

Subset k-Connected Subgraph with & = 2(n) admits no glog"™* "b(v) degree approxima-
tion unless NP C DTIME (nP°¥1o8(n)), For the Degree-Bounded k-Connected Subgraph
problem without costs, Feder, Motwani, and Zhu [11] presented an O(klogn - b(v))-
approximation algorithm, which runs in n®®*) time. Khandekar, Kortsarz, and Nutov
[22] proposed a (4, 6b(v)+6)-approximation algorithm for Degree-Bounded 2-Connected
Subgraph, using iterative rounding. Nutov [38] extended the idea of [22] to obtain a
ratio of (O(logk),O(2%) - b(v)) for Degree-Bounded k-Out-connected Subgraph and
Degree-Bounded Element-Connectivity Survivable Network.

As in the problems without degree bounds, many Survivable Network problems
with degree bounds are decomposed into Degree-Bounded k-Out-connected Subgraph
and Element-Connectivity Survivable Network problems. However, as indicated in [38],
compared to edge-connectivity problems, there is a substantial difficulty in proving
that iterative rounding achieves a good result for these problems. We resolve this dif-
ficulty by introducing several novel ideas. Moreover, we believe that it is worthwhile
investigating the iterative rounding approach for node-connectivity requirements. One
reason is that iterative rounding seems to be a promising approach for Degree-Bounded
Survivable Network problems, as we demonstrate in this paper. A second reason is that
it may give new insights for improving the approximability of Node-Connectivity Sur-
vivable Network problems (without degree bounds) with rooted requirements, subset
k-connectivity requirements, and general requirements.

1.3. Our results.

1.3.1. New analysis of iterative rounding. We show that iterative roun-
ding works well for Degree-Bounded k-Out-connected Subgraph and Degree-Bounded
Element-Connectivity Survivable Network problems. Our main results for these two
problems are summarized in the following two theorems.

THEOREM 1.1. Degree-Bounded Directed k-Out-connected Subgraph admits ap-
proximation ratio (o, ab(v) + (%] + 1) for any integer o > 2.

THEOREM 1.2. Degree-Bounded Element-Connectivity Survivable Network admits
the following approzimation ratios:
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(i) (c, ab(v) + [4EET + 4) for any integer o > 4;

(ii) (oo,2b(v) + 1.5k + 4.5k +9).

Note that in Theorem 1.2, the degree approximation in part (ii) may be better
than the one in part (i) if b(v) > k?. The ratios in Theorems 1.1 and 1.2 improve
the ratio (O(log k), O(2¥b(v))) of [38]. In a preliminary version [17] of this paper, we
gave a result similar to Theorem 1.1 with o = 2, but the additive term in the degree
bounds is slightly improved in Theorem 1.1. For Degree-Bounded Element-Connectivity
Survivable Network, [17] also gave approximation ratios (4k — 1, (4k — 1)b(v) + O(k))
and (0o, 6b(v) +O(k?)). Thus, part (i) of Theorem 1.2 improves the former ratio even
if « = 4k —1, and part (ii) of Theorem 1.2 improves the coefficient of b(v) in the latter
ratio.

All results in Theorems 1.1 and 1.2 also bound the integrality gaps of the LP
relaxations in the same ratios. Lau and Singh [29] gave an example that indicates
that the integrality gap of an LP relaxation for the Degree-Bounded Edge-Connectivity
Survivable Network is at least (2, b(v)+€(k)). In this example, all nodes are terminals,
and hence the element connectivity is equivalent to the edge connectivity. Thus the
integrality gap given by part (i) of Theorem 1.2 is tight up to a constant factor.

In [38] it is shown that the ratio («, 5(b(v))) for Degree-Bounded Directed k-Out-
connected Subgraph implies the ratio (2«, 8(b(v)) + k) for the undirected case. Thus
Theorem 1.1 implies for the undirected case the ratio (2«, ab(v)+O(k)) for any integer
a > 2. In particular, for o = 2 the ratio is (4, 2b(v) + O(k)).

In addition, using known decompositions, Theorems 1.1 and 1.2 present the fol-
lowing results for several undirected variants of Degree-Bounded Survivable Network
problems.

THEOREM 1.3. Degree-Bounded Survivable Network problems on undirected graphs
admit the following approximation ratios for any integer o > 1:

(i) O(k*1og|T|) - (o, ab(v) + k/a) for Degree-Bounded Node-Connectivity Surviv-

able Network;

(ii) O(klogk) - (a, ab(v) + k/c) for Degree-Bounded Rooted Survivable Network;

(iii) LO(k log? k) - (o, ab(v) + k/a) for Degree-Bounded Subset k-Connected Sub-

graph with k < (1 —€)|T| and 0 < e < 1.

1.3.2. Improving reduction of Degree-Bounded k-Connected Subgraph
problem. Next, we consider the Degree-Bounded k-Connected Subgraph problem. In
[38], it is shown that if Degree-Bounded k-Out-connected Subgraph admits approxima-
tion ratio (a, B(b(v))), then Degree-Bounded k-Connected Subgraph admits approxi-
mation ratio (a + O(k), B(b(v)) + O(k?)). We improve this reduction as follows.

THEOREM 1.4. If Degree-Bounded k-Out-connected Subgraph admits approzima-
tion ratio («, B(b(v))), then Degree-Bounded k-Connected Subgraph admits approxi-
mation ratio (o 4 O(k), B(b(v)) + O(kV'k)), where u = 1 for undirected graphs and
=2 for digraphs. Consequently, Degree-Bounded k-Connected Subgraph admits ap-
prozimation ratio (2u + O(k), 2b(v) + O(kVk)).

1.3.3. Improving the constant approximation algorithm for k-Connected
Subgraph. Cheriyan and Végh [7] showed that k-Connected Subgraph admits a 6-
approximation algorithm if the given graph is undirected and n > k3(k—1)+k. Their
algorithm uses an algorithm for Undirected k-Out-connected Subgraph as a subroutine.

It is not difficult to see that their results can be extended to the degree-bounded
setting. Our (4, 2b(v)+O(k))-approximation algorithm for Degree-Bounded Undirected
k-Out-connected Subgraph presents a (12, 8b(v) 4+ O(k))-approximation algorithm for
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Degree-Bounded Undirected k-Connected Subgraph under the same assumption as [7].
We will explain this in section 8.1.

In addition, we prove that the assumption n > k3(k—1)+k in [7] can be weakened;
the bound k*(k — 1) + k = O(k*) is improved to k(k — 1)(k — 1.5) + k = O(k?) if we
have no degree bounds, and to 2k(k — 1)(k — 0.5) + k in the degree-bounded setting.
Thus we obtain the following results.

THEOREM 1.5. For undirected graphs with n > k(k—1)(k—1.5)+k, k-Connected
Subgraph admits a 6-approzimation algorithm, and if n > 2k(k—1)(k—0.5)+k, then
Degree-Bounded k-Connected Subgraph admits approximation ratio (12,8b(v)+0(k)).

Remark. When this paper was in submission, Ene and Vakilian [9] published
a paper that presents several improved results for Degree-Bounded Survivable Net-
work. They gave a (3, 6b(v) + 5)-approximation for Degree-Bounded Edge-Connectivity
Survivable Network, (3,6b(v) + 3)-approximation for Degree-Bounded k-Out-connected
Subgraph, and (15, 34b(v) 4 17) for Degree-Bounded k-Connected Subgraph with |V| =
Q(k3).

1.4. Organization. The rest of this paper is organized as follows. In section 2
we formulate Theorems 1.1 and 1.2 in terms of biset functions; see Theorems 2.1 and
2.2, respectively. In section 3 we describe the iterative rounding algorithm that we
use, and formulate the latter two theorems in terms of extreme points of appropriate
polytopes; see Theorems 3.1 and 3.2, respectively. These two theorems are the key
ingredients in proving Theorems 1.1 and 1.2, respectively; we prepare some tools for
proving them in section 4 and prove them formally in section 5. In section 6, we
show that Theorem 1.3 follows from Theorems 1.1 and 1.2. In the subsequent two
sections 7 and 8, we prove Theorems 1.4 and 1.5, respectively.

2. Biset edge-covering formulation of Survivable Network problems (The-
orems 1.1 and 1.2).

2.1. Biset LP relaxation. We use a standard setpair LP relaxation, due to
Frank and Jorddn [13], but we formulate it in equivalent but more convenient terms
of bisets, as was suggested by Frank [14], and used in several other recent papers
[35, 36, 37, 38].

A biset is an ordered pair S = (S, 5T) of subsets of V such that S C ST. S is
called the inner-part of S and St is called the outer-part of S. We call S+ \ S the
boundary of S, denoted by I‘(S ). In the case of undirected graphs, an edge e covers a
biset S if it has one end-node in S and the other in V' \ ST, and we denote by d E(S)
the set of edges in E covering S. In the case of directed graphb an edge e covers S if
it enters S, namely, if e has tail in V \ S* and head in S; we denote by 05 (S) the set
of edges in F that cover S. We also denote by 5;5 (S’) the set of edges in F that leave
S, namely, edges in E with tail in S and head in V' \ 7.

Let V denote the set of all bisets of a groundset V. A graph (V, I) satisfies the
connectivity requirements if |§7(S)| > f(S) for each S € V in undirected graphs,
and |65 (S)| > f(S) for each S € V in directed graphs, where f is the biset function
derived from the connectivity requirements; in this case we say that the graph (V, F')
is f-connected.

Every set S can be considered as the biset (5,S). Hence degree constraints can
be represented by using bisets. For a node v, define a biset S, = ({v}, {v}). Then the
degree constraint on a node v in undirected graphs is represented by |d F(Sy)] < b(v).
In digraphs, the out-degree constraint on v is [§5(S,)| < b(v), and the in-degree
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constraint on v is |65 (S,)| < b~ (v). We sometimes abuse the notation to identify a
node v € V as the biset ({v}, {v}).

We consider the following generic problem.

DEGREE BOUNDED f-CONNECTED SUBGRAPH. A graph G = (V, E) with edge/arc
costs c: E— Ry, a biset function f onV, and degree bounds b: B — Z4 on a subset
B of V are given. The goal is to find a minimum cost edge set F C E such that (V, F)
is f-connected, and the degree/out-degree of each v € B is at most b(v).

Let z(e) € [0,1] be a variable indicating whether an edge e € E is chosen to the
solution or not. Given an edge set F'let x(F) = . x(e). Our LP relaxation for the
degree-bounded f-connected subgraph problem is min{c-z: z € P(f,b, E)}, where
P(f,b, E) is a polytope defined as follows. In the case of directed graphs P(f,b, E) is
defined by the constraints

2(6,(S)) > £(S) for each S € V,
z(64(v)) < bv) for each v € B,
0<z(e) <1 for each e € E.

In the case of undirected graphs, P(f,b, E) is defined by replacing both §5(S) and
514(S) with 6x(S9).

Given a biset function f we denote v = 7y = max; g IT(S)|. Given a biset
function f and an edge set .J the residual biset function of f is f;(S) = f(S)— |05 (9)]
in the case of directed graphs and f;(S) = f(S) — [6;(9)| in the case of undirected
graphs. Given a parameter a > 1 the residual degree bounds are b5(v) = b(v) —
|67 (v)| /e in the case of directed graphs and b5(v) = b(v) — [§,(v)|/a in the case of
undirected graphs.

2.2. Intersecting supermodularity and Directed k-Out-connected Sub-
graph. Let X = (X, XT) and Y = (Y, Y ) be two bisets. Define

XNY=(XnY,X*nY") and XUY = (XUY,XTUY™).

For a biset function f and bisets X and }7, the supermodular inequality is defined
as

(2.1) FX) +f¥) < fXNY) + f(XUY).

A biset function f:V — Z is intersecting supermodular if any X, Y with X NY 0
satisfy the supermodular inequality (2.1).

We assume that for any G = (V) E), J, and « > 1, one can find an extreme
point solution to min{c- z: = € P(f,b%,E)}. Under this assumption, we prove the
following theorem.

THEOREM 2.1 (implies Theorem 1.1). If f is intersecting supermodular then
directed Degree-Bounded  f-Connected Subgraph admits approzimation ratio
(v, ab(v) + (%] +1) for any integer o > 2, where v = vy = max; 5. IT(9)].

This theorem implies Theorem 1.1. For s € V' and an integer k£ > 1, define a biset
function g: V — Z as

g(g):{k—|l“(5)| if S0 and s ¢ S,

0 otherwise.

Then a digraph (V, F) is k-out-connected from s (namely, satisfies x(s,v) > k for each
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v e V\{s}) if and only if [§5(S)| > g(S) for each S € V, namely, if and only if (V, F)
is g-connected. Thus g represents the k-out-connectivity requirements.

It is known that g is intersecting supermodular [14]. Observe that v, < k — 1.
Moreover, an extreme point solution to min{c - z: z € P(gs,b%,E)} can be com-
puted in polynomial time (we omit the somewhat standard implementation details).
Therefore, Theorem 1.1 is obtained by applying Theorem 2.1 to g.

2.3. Skew supermodularity and Element-Connectivity Survivable Network.
For two bisets X = (X, X*) and Y = (Y, Y ™), define

X\V=(X\YH XT\Y).
For a biset function f and bisets X and Y, the negamodular inequality is defined as
(2:2) FEX)+ V) < FENY) + FV\X).

f is called (positively) skew supermodular if the supermodular inequality (2.1) or the
negamodular inequality (2.2) holds for any bisets X, Y with f(X) > 0 and f(¥) > 0.
We prove the following theorem under the same assumption as Theorem 2.1.

THEOREM 2.2 (implies Theorem 1.2). If f is skew supermodular then undirected
Degree-Bounded f-Connected Subgraph admits the following approximation ratios:

(i) (c, ab(v) + [42E27 +4) for any integer a > 4;

(i) (o0,2b(v) + 1.59% + 7.5y 4 15).
Here, v = 75 = max; (g, [T(S)].

For T CV and r: T x T — 7Z define a biset function h: V — Z as

— G 1 + ~ _
h(G) = J uesritoir\s+ r(u,0) = [D(S)| i SNT#0#T\ ST and TNI(S) =0,

0 otherwise.

By a “mixed-connectivity” version of Menger’s theorem (see, e.g., [24]), an undirected
graph (V, F) satisfies AT (u,v) > 7(u, v) for each u,v € T if and only if [6(S)| > h(S)
for each S € V, namely, if and only if (V,F) is h-connected. Thus h represents
element-connectivity requirements.

By [12], h is skew supermodular. Moreover, 75, < k — 1 holds, and an extreme
point solution to min{c-z: z € P(gs,b5, E)} can be computed in polynomial time.
Therefore, Theorem 1.2 is obtained by applying Theorem 2.2 to h.

3. Tterative rounding algorithms (Theorems 2.1 and 2.2). Here we de-
scribe the version of the iterative rounding method we use, and formulate Theo-
rems 2.1 and 2.2 in terms of extreme points of appropriate polytopes. To apply
iterative rounding, we define J C E as the set of edges that have already been cho-
sen as a part of the current solution by the algorithm. We also denote by degg(v)
the out-degree/degree of v w.r.t. E, so degp(v) = |04 (v)| in the case of digraphs
and degp(v) = |0g(v)| in the case of undirected graphs. The algorithms have three
parameters «, 3, and o. Parameter o must satisfy ¢ < «, and is usually set to «
or 0.
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ALGORITHM. ITEROUNDING.

Input: A graph G = (V,E), B C V, degree bounds b: B — Z,, edge costs
c: E — Z4, a biset function f:V — Z, and integers o > 1, § > 0, and
o < .

Output: An f-connected subgraph (V,J) of G.

Step 1: J := 0.

Step 2: Compute a basic optimal solution z* to min{c-z: x € P(f;,b%, E)}.

Step 3: If there is e € E such that z*(e) = 0 then remove e from E.

Step 4: If there is e € E such that 2*(e) > 1/« then move e from E to J.

Step 5: If there is v € B such that degg(v) < 0b5(v) + S then remove v from B.

Step 6: If E # (), return to Step 2. Otherwise, output (V, J).

The performance of various versions of this algorithm are analyzed in several
papers; cf. [4, 27, 28, 29, 38]. Assume that at each iteration, there exists an edge e € E
as in Step 3 or 4, or a node v € B as in Step 5. Then the algorithm ITEROUNDING
computes an edge set J of cost at most « times the optimal, such that deg;(v) <
ab(v) + § for every v € B and if o = 0 then deg;(v) < ab(v) + max{8 — 1,0} for
every v € B (since b(v) > 1 for v € B; for details see, e.g., [38]).
We say that x is mazimal in a polyhedron if the polyhedron contains no point y
such that z(e) < y(e) for all e € E and z(e’) < y(e’) holds for some e’ € E. If we care
only about the degree approximation, as in part (ii) of Theorems 1.2 and 2.2, then
we define z* computed in Step 2 as a basic optimal solution to max{}" ., z(e): z €
P(f;,b9, E)}; thus, z* is maximal in P(f;, b9, E) in this case. Note that at Step 4 we
can move from F to J any edge e that has no tail/end-node in B, without changing
the approximability of the degrees.
Note that an arbitrary set F of directed edges satisfies |05 (X)| + [07(Y)] >
05(X NY)| 4 |0p(X UY)| for any X,¥ € V. Similarly, an arbitrary set F of
undirected edges satisfies both [6p(X)| + [67(Y)| > [0p(X NY)| + [62(X UY)| and
160 (X)|+ |65 (Y)| > [6p(X \Y)|+|6p(Y \ X)| for any X,Y € V. These facts can be
verified by counting contributions of edges in both sides (see, e.g., [28]). Hence if f
is intersecting supermodular and the graph is directed, or if f is skew supermodular
and the graph is undirected, so is its residual function f;.
We will prove the following property of extreme points solutions.
THEOREM 3.1 (implies Theorem 2.1). Let x* be an extreme point of P(f,b, E),
where G is a directed graph and f is an intersecting supermodular biset function on
V. Then for any integer oo > 2, there is e € E with x*(e) = 0 or z*(e) > 1/a, or
there is v € B with |05 (v)| < ab(v) + [ 25 + 1. Here, v = v5 = max g~ IT(S)|.
THEOREM 3.2 (implies Theorem 2.2). Let 2* be an extreme point of P(f,b, E),
where G = (V, E) is an undirected graph and f is a skew supermodular biset function
on V. Recall that v = 5 = max ;4.0 IT(S)|. Then the following holds.
(i) For any integer o > 4, there is e € E with x*(e) =0 or x*(e) > 1/, or there
is v € B with |6p(v)| < [42E2] + 5.

(ii) If z* is mazximal in P(f,b, E) and every edge in E is incident to some node
in B, then there is e € E with x*(e) = 0 or x*(e) > 1/2, or there is v € B
with [0 (v)| < 1.5 + 7.5v + 16.

Proof ideas in Theorems 3.1 and 3.2. Roughly speaking, Theorems 3.1 and
3.2 are based on two new ideas. One is a structural result on laminar biset families.
In the edge-connectivity problems, each extreme point solution of an LP relaxation
is characterized by a laminar set family, and this fact always plays a key role in
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the analysis of iterative rounding algorithms. For proving Theorems 3.1 and 3.2, we
extend the concept of laminarity to biset families. Indeed, we have two definitions
of laminar biset families, we call one of them simply a laminar family, and the other
a strongly laminar family. We will show in Lemma 4.2 that an extreme point of
P(f,b,E) is defined by a laminar biset family if f is intersecting supermodular and
the graph is directed, and by a strongly laminar biset family if f is skew supermodular
and the graph is undirected. Despite this observation, we still have some difficulty
in proving Theorems 3.1 and 3.2. This is because a node is possibly shared by more
than one biset even in these biset families. This is the main reason why Lau et
al. [27] and Lau and Singh [29] needed to assume that the degree bounds are given
on terminals only, and [38] needed an exponential approximation ratio in the degree
bounds. We overcome this by presenting a bound on the number of bisets that share
degree-bounded nodes (Lemma 4.5).

The other new idea is to use two token counting strategies depending upon the
size of the laminar biset family and the number of tight degree nodes. A standard way
to analyze iterative rounding is to compare the number of variables and the number
of constraints that define an extreme point solution. In our problem, each variable
corresponds to an edge, and an extreme point solution is defined by constraints corre-
sponding to a biset in a laminar or strongly laminar family, or to a tight degree node.
Hence we assign tokens to each edge, and count the number of tokens in terms of the
size of the biset family and the number of tight degree nodes. In Theorem 3.1 and
part (i) of Theorem 3.2, if the number of tight degree nodes is smaller compared with
the number of leaf bisets in the biset family, we can almost ignore the tight degree
nodes, and hence the token counting for the problem without degree bounds can be
modified for such a case. For the other case, we apply a token counting using the
above structural result on a laminar or strongly laminar biset family. As for part (ii)
of Theorem 3.2, we do the opposite. If the number of tight degree nodes is smaller, we
apply a known token distribution after careful redistribution of tokens. If the number
of tight degree nodes is larger, we use the fact that each edge is incident to some node
in B.

These ideas have been already given in a preliminary version [17] of this paper. By
generalizing and simplifying them, the ratios were slightly improved in Theorem 3.1
and part (ii) of Theorem 3.2. In [17], we did not apply the idea of using two token
strategies for bicriteria approximation of Degree-Bounded Element-Connectivity Sur-
vivable Network. This is why [17] did not have a result corresponding to part (i) of
Theorem 3.2 with a constant a.

Proofs of Theorems 3.1 and 3.2 will be presented in the subsequent two sections.
In section 4, we discuss laminarity of biset families. In section 5, we prove the theorems
by giving token counting arguments.

4. Laminar biset families. A set family F is laminar if for any XY € F,
either X CY,Y C X,or XNY = (. Note that X CY or Y C X holds if and only if
{XNY, XUY}={X,Y}, and that X NY = () holds if and only if {X \ Y,V \ X} =
{X,Y}. Our aim is to establish that any extreme point of P(f,b, F) with intersecting
supermodular f or with skew supermodular f is defined by a “laminar” family of
bisets. But how to define “laminarity” of bisets?

In the case of an intersecting supermodular f, it is natural to say that F is laminar
if {XNY,XUY}={X,Y} forany X,Y € F with XNY # (. In the case of a skew
supermodular f, it is natural to say that Fis laminar if {XNY,XUY} = {X,V}
or {X\V,Y\ X} ={X,V} for any X,Y € F; we refer to this property as “strong
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([ ([ [ [ ( ([ [ [
......................
laminar strongly laminar

Fia. 1. A laminar family and a strongly laminar family of bisets on twelve nodes. A filled
region surrounded by a dotted line represents the inner-part of a biset, and a region surrounded by
a solid line represents the outer-part.

laminarity.” Laminar biset families are used in [14], while strongly laminar biset
families are defined in [12] in terms of setpairs. Following [38], we formulate both
these concepts in terms of bisets, by establishing an inclusion order (namely, a partial
order) on bisets.

DEFINITION 4.1. We say that a biset Y contains a biset X and write X C Y if
XCYand Xt CYT:ifalso X #Y then X CY and Y properly contains X. 4
biset family F is laminar (resp., strongly laminar) if for any X,Y € L either X C Y,
YCX,or XNY =0 (resp, XNYt =0 and Y N XT =10).

Figure 1 illustrates examples of laminar and strongly laminar biset families, each
of which consists of two bisets. The family illustrated in the left is not strongly
laminar because the outer-part of a biset intersects the inner-part of the other.

Note that a strongly laminar biset family is laminar, and that the family of inner-
parts of a laminar biset family is a laminar set family. The above inclusion order on
bisets defines a forest structure of a laminar biset family. In the rest of this paper,

“minimal” and “maximal” are defined with respect to this inclusion order. For a
laminar biset family # and X,Y € F, we say that Y is the parent of X and X is a
child of Y if Y is the minimal biset with X C Y. A minimal biset in F is called a
leaf.

Let G = (V,E) be a graph, and let F be a biset family on V. For £/ C E
the characteristic vector of E’ is an |F|-dimensional vector whose component corre-
sponding to e € Eis 1 if e € E’, and 0 otherwise. If G is a directed graph, then let
X1 (F) denote the set of characteristic vectors of the edge sets in {5+( S): S e F}and
X5 (F) is the set of characteristic vectors of the edge sets in {35 (S): SeFy 1@
is an undirected graph, let xg(F) denote the set of characteristic vectors of the edge
sets in {6g(S): S € F}. For C C V, x5(C) = xg({(v,v): v € C}), and similarly
X£(C) and x5(C) are defined. The following statement was proved for set functions
in [4, 27], and the proof for biset functions is similar (e.g., see [38] for the case of a
skew supermodular f).

LEMMA 4.2. Let x be an extreme point of P(f,b, E) with 0 < z. < 1 for all
e € E#£ 0. Let L be a family of bisets, C C B, and suppose that they satisfy the
following conditions.

(i) If G is a directed graph and [ is intersecting supermodular, then 2(6,(9)) =

(8 > 1 for all S € L, z(65(v)) = b(v) for all v € C, the vectors in

X5(L)UXE(C) are linearly independent, and L is laminar.

(i) If G is an undirected graph and f is skew supermodular, then z(6g(S)) =
f(8) > 1 for all S € L, z(6g(v)) = b(v) for all v € C, the vectors in
XE(L)Uxe(C) are linearly independent, and L is strongly laminar.

If £ and C are inclusionwise mazimal, then |L| +|C| = |E|.
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The following parameter is defined in [38].

DEFINITION 4.3. Let L be a laminar biset family on V', let Sel,andletveV.
We say that S owns v if S is the minimal biset in £ withv € S. We say that S shares
v if S is a minimal biset in £ with v € T(S). Let Az (v) denote the number of bisets
in L that share v.

From the definition it follows that every node v is owned by at most one biset in a
laminar family, and that if two bisets in a laminar family share the same node v then
they are incomparable, namely, that neither of them contains the other. The definition
also motivates the following lemma, which we need for proving our structural result
described in Lemma 4.5.

LEMMA 4.4. Let L be a laminar biset family, and let v € V. Let X be a sub-
family of L such that v € ING.¢ ) for each X € X, and the bisets in X are pairwise
incomparable. For each X € X, let X' be a biset in L such that X C X' and X'
contains no biset in X \ {X} (possibly X' = X). Then v € I(X') or v e X' holds,
and the latter holds for at most one biset in X' = {X': X € X}. Furthermore, if L
is strongly laminar then the former holds for all bisets in X'.

Proof. Since I'(X) is contained by the outer-part of X', v € I'(X) is either in I'(X")
or in X’. Any two bisets X’ and Y’ in X’ are incomparable, and hence X’ NY’ =
by the laminarity of L. It follows from this fact that v is contained by the inner-part
of at most one biset in X’. When £ is strongly laminar, X’ NT(Y') = (X)) NY' =0
holds for any X’,Y” € X’, and hence v € T'(X’) holds for all X’ € X", 0

The following key statement will be used in our token countings.

LEMMA 4.5 (structural lemma). Let £ be a biset family on V, let C CV, let €
be the set of leaves of L, and let v = maxg_ . IT(S)|. Then

(4.1) Z max{A.(v),1} <2v(€| - 1)+ |C| if L is laminar,
vel

(4.2) Z max{A,(v),1} <~|&] + |C] if L is strongly laminar.
veC

Proof. We may assume that |[Az(v)] > 2 for every v € C, as it Ag(v) < 1 for
some v € C, then excluding v from C decreases both sides of each of (4.1) and (4.2)
by exactly one. We also assume that exactly one biset is maximal in £; otherwise, we
add the biset (V, V) to L, which has no effect on the claim.

We prove (4.1). Let £’ be the family of bisets in £ whose parent has at least
two children. It is known and easy to prove by induction that |£/| < 2|€] — 2. Let
v € C. L includes Az (v) incomparable bisets that contain v in their boundaries. Let
X denote a family of such bisets. For each biset X € X, let X’ be the minimal biset
in £’ with X C X’. Note that X’ includes no biset in X\ {X}. Lemma 4.4 indicates
that at most one biset in {X’: X € X} includes v in its inner-part. Thus v belongs
to the boundaries of at least A (v) — 1 bisets in £, This implies

> max{Ar(v),1} — [C] = > (max{Ar(v),1} — 1) < y[L| < 2v(|€] - 1) .

vel vel

We prove (4.2) by induction on |£|. Assume therefore that |£| > 2, as otherwise
|Az(v)| <1 for every v € C. Then there exists S € £ such that S has at least two
children, but every proper descendant of S has at most one child. Let R be a child of
s, letZCRbealeafofE(p0851b1yR Z),andlet P={Y € L: ZCY C R} be
the “chain” from the child R of S to Z. Since we assume that |A,(v)| > 2 for every
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F1G. 2. Examples of edges in Eg: and Eg . In the left example, edges are directed, and bisets are

5:’ and its two children that form a laminar family. In the right, edges are undirected and bisets are
S and its two children that form a strongly laminar family. Edges in E';r and in Eg are represented
by gray solid lines and gray dotted lines, respectively.

v € C, then by Lemma 4.4, every node that is shared by some biset in P belongs to
I'(R), so there are at most [I'(R)| < 7 such nodes. Hence excluding the bisets in P
from £ decreases the left-hand side of (4.2) by at most v, while |£] decreases by 1,
hence the right-hand side of (4.2) decreases by ~. O

5. Proof of Theorems 3.1 and 3.2. Let x = z* be an extreme point solution
to the corresponding biset LP relaxation, and let £ and C be as in Lemma 4.2. Let
& be the set of leaf bisets in £. For a biset S € L, denote by Cg the set of children of
S, by EgL the set of edges in E that cover S but not a child of S, and by Eg the set
of edges in F that cover a child of S but not S; see examples in Figure 2. If Seé,
then EY = 6;(5’) when E is the set of arcs, and Ed = 6x(S) when E is the set of
undirected edges. Eg = 0 if Se& 1S e\ &, then EY UEg # 0 since otherwise

the vectors in ygz({S} UCs) are linearly dependent.

5.1. Intersecting supermodular f and directed graphs (Theorem 3.1).
Assume for the sake of contradiction that 0 < z(e) < 1/« for every e € E. Assign
one token to every edge e = uv € E, putting 1 — az(e) > 0 “tail-tokens” at u and
az(e) > 0 “head-tokens” at v. We will show that these tokens can be distributed such
that every member of £ U C' gets one token, and some tokens are not assigned. This
gives the contradiction |E| > |£]| + |C].

For every S € £, the number of head-tokens of edges in EJr and tail-tokens of edges
in By is ax(EY)+|Eg | — ax(Ey). Note that this is an integer, since « is an integer,
and since x(E;r)—x(Eg) = f(S) =2 gec. f(R) follows from 0 (S)\ (Ugec, 05 (R)) =
E¥ and (Ugees 05 (R RN\ 05 (S) = Eg. It is a positive integer since z(Ed) > 0 if
E& # 0, and |Eg| — ax(Eg) > 0 if Eg # (. Thus if we assign to every S € L the
head-tokens of edges in E;r and the tail-tokens of edges in Eg, then every member
of £ will get at least one token, and the tail-tokens entering the maximal members of
L are not assigned. An edge belongs to E;r for at most one biset S € £. Thus each
head-token is not counted twice. The same goes for tail-tokens.

We note that we did not use the assumption o > 2 above, and hence this token
distribution is possible even if o = 1. Hence, if C' = (), and in particular if there are
no degree bounds, then this implies that the extreme points of the polytope P(f,b, E)
are all integral.

LeEMMA 5.1. If (a = 1)|€] > |C|, then there is e € E with z(e) > 1/a.

Proof. Every leaf S gets ax(d5(S)) = af(S) > a head-tokens from edges in E}.
Hence we have «|€| tokens at leaves. By the assumption (o — 1)|€] > |C] we have
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€] + |C] < al&], hence the a|€] tokens at leaves suffice to give one token to each
member of £ U C. Every nonleaf biset Ser gets the head-tokens from edges in
E;L and the tail-tokens from edges in Eg, so at least one token. Consequently, every
member of LUC' gets one token, and the tail-tokens of the edges entering the maximal
members of £ are not assigned. This gives the contradiction |E| > |£]| + |C]. O

LEMMA 5.2. If |C] > (a — 1)|&|, then there is e € E with x(e) > 1/« or there is
v € C with |6;(v)| < ab(v) + B, where B = [ 25] + 1.

Proof. Assume that |67 (v)| > ab(v) + B+ 1 for every v € C. Then the number of
tail-tokens at each v € C' is at least ab(v) + 8+ 1 —ax(6};(v)) = B+ 1. Hence we have
at least a|€] + (8+1)|C| tokens at leaves and nodes in C'. From these tokens, we give
one token to every leaf and Az (v)+2 tokens to every v € C, and spare tokens remain.
This is possible, since by (4.1) of Lemma 4.5 and the assumption |C| > (« — 1)|€],

E] 4> (Ar(v) +2) < €] +3]C| +2v(1E] - 1)
vel
=alf]+ 27+ 1— )] +3|C| — 2y

=l +|C| <(27+1—a)||0|| +3>

< al€|+|C] <—+2> — 2y
<alE|+|C|(B+1) .

Every v € C will keep one token, and from the remaining at least Ag(v) + 1
tokens v will give one token to every biset that owns or shares v. Now let S € £ be
a biset that is not a leaf and that does not own or share any node in C. Then S gets
the head-tokens from edges in E;‘ and the tail-tokens from edges in Eg, so at least
one token as argued above. Consequently, every members of £ U C' gets one token.
This gives the contradiction |E| > |£| + |C|. O

Theorem 3.1 follows by combining Lemmas 5.1 and 5.2.

5.2. Skew supermodular f and undirected graphs (part (i) of Theo-
rem 3.2). We now consider Theorem 3.2. Recall that edges are undirected and £
is strongly laminar in this theorem. We deduce part (i) of Theorem 3.2 from the
following two lemmas.

LEMMA 5.3. If (0 — 1)|&] > |C| for an integer 6 > 2, then there is e € E with
z(e) > 5.

Proof. We generalize the approach from [34]. Suppose for the sake of contradiction
that 0 < z(e) < o for every e € E. Assign one token to every e = uwv € E, putting
Oz(e) > 0 “end-tokens” at each of u and v, and 1 — 20x(e) > 0 “middle-tokens” at e.
We will show that these tokens can be distributed such that every member of LU C
gets one token, and the middle-tokens of the edges entering the maximal members of
L are not assigned. This gives the contradiction |E| > |L] + [C].

Every leaf S gets 0z(65(5)) = 0£(S) > 0 end-tokens from edges in E¥. Hence we
have 6|€| tokens at leaves. By the assumption (§—1)|€| > |C|, we have |E]|+|C| < 0|&],
so these tokens suffice to give one token to each member of £ U C.

Now let S € £ be a nonleaf biset. Denote by #(S) the number of the following
tokens:

e end-tokens of edges in E;r at nodes owned by § (these tokens always exist if
E #0);
e middle-tokens of edges in Eg (these tokens always exist if Eg # 0);
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e cnd-tokens of edges in £y at nodes owned or shared by S (these tokens exist
if there exists an edge in Eg # () that covers exactly one child of 5).

Note that ¢(S) > 0, by the linear independence. We claim that ¢(S5) is an integer,
hence t(S) > 1. Let E; be the set of edges in Eg that cover exactly one child of S

and let Fy = Eg \ E; be the set of edges in Fg that cover two distinct children of S.

Let E' be the set of edges in E that cover both S and some child of S. Then,
t(S) = 0x(EL) + (|E1| - 02(Er)) + (|Ea| — 20a(E2))
[2(ES) + 2(E")] — 0[x(Er) + 22(E2) + x(E")] + | B1] + | E2|

0
0

=0(05(5)) =0 ) «(0s(R) +|Es| =0 f(5)~ > f(R)| +|Es].

ReCs ReCs

To each nonleaf biset S € £, we distribute tokens counted in #(S). Consequently,
every members of £ U C' gets one token, and the middle-tokens of the edges entering
the maximal members of £ are not assigned. We note that no tokens are counted
more than once because E;L N E;L, =0 and E5 N Eg = 0 hold for any distinct bisets
S,8" € L. This gives the contradiction |E| > |£| +|C]. a

We note that if C = (), i.e., if there are no degree bounds, then the same proof
applies for @ = 1 to show that any extreme point of P(f,b, E') has an edge e € E with
x(e) > 1/2. This coincides with the simple proof of the result of [12] given in [34].

LEMMA 5.4. If |C| > (a/2 — 1)|&], then there is e € E with x(e) > 1/« or there
is v € C with [65(v)| < B, where B = [42E2] 4 5.

Proof. Assume for a contradiction that 0 < z(e) < 1/« for every e € E and that
[0 (v)] > B+ 1 for every v € C. We give one token to each end-node of every edge
in E. We will show that these tokens can be distributed such that every member of
L U C gets two tokens, and each maximal member of £ gets four tokens leading to
the contradiction that |E| > |£| + |C|.

The number of tokens at each v € C' is at least § + 1. Hence we have at least
(8 +1)|C| tokens at the nodes in C. From these tokens, we give four tokens to every
leaf and 2(Az(v) + 2) tokens to every v € C. This is possible by (4.2) of Lemma 4.5
and the assumption |C| > (/2 — 1)|&|, as we verify below:

AE[+2) (A (v) +2) < 4E]+ 2(7E] + 3|C) = 2/E|(y + 2) + 6|C]|
vel
— ] (6 T 2%@ T 2)) <lcf <6 20y + 2)%)
<|CI(1+B).

Every v € C will keep two tokens. From the remaining 2(Az(v)+1) tokens, v will
give two tokens to every biset that owns or shares v. Now we discuss the tokens given
to bisets in £. We show that the tokens can be rearranged as claimed by induction
on the height of the forest corresponding to L.

Let S € £ be a biset that is not a leaf. By the induction hypothesis, we assume
that each descendant of S has at least two tokens, and each child of S has four tokens.
We move two tokens from each child to S. If § has at least two children then we are
done. If S has one child and owns or shares a node v € C, then S gets two tokens
from its child and two tokens from v. Let us consider the other case (i.e., S has one
child and owns or shares no node in C). In this case, each edge in E§ U Eg has

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 05/23/16 to 128.237.147.191. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

ITERATIVE ROUNDING FOR NODE-CONNECTIVITY PROBLEMS 1217

one end-node that is owned or shared by S, and this end-node is not contained by
C. We give the tokens of these end-nodes to S. Note that |[E§ U Eg| > 2, by linear
independence and the integrality of f. Hence S gets two tokens from its child and
two tokens from end-nodes of edges in E; U Eg. Consequently, we can always give
four tokens to S , keeping two tokens for each descendant of S. a

Applying Lemma 5.3 with 0 = |a/2], we get that if (|a/2] — 1)|E| > |C| and,
in particular, if (a/2 — 1)|€] > |C|, then there is e € E with z(e) > m > 1
Together with Lemma 5.4 this implies Theorem 3.2.

5.3. Degree approximation only (part (ii) of Theorem 3.2). We call a
biset in £ strictly black if it owns a node in C| black if one of its descendents is strictly
black (i.e., its inner-part contains a node in C), and white otherwise (i.e., its inner-
part contains no node in C). Let &, and &, denote the family of strictly black bisets
and white bisets in &, respectively.

LEMMA 5.5. If |&] < (v +4)|C|, then there is e € E with x(e) > 1/2, or there is
v e C with [6p(v)] < 1.59% + 7.57 + 16.

Proof. Assume for a contradiction that 0 < z(e) < 1/2 for every e € E and
|6g(v)| > 1.59% + 7.5y + 17 for every v € C. Identifying a node v € C as a biset
({v},{v}), we regard LUC as a biset family. £UC may not be strongly laminar, but
it is laminar. Therefore we can define the inclusion order on LU C.

We assign two tokens to every edge in E, putting one end-token at each of its
end-nodes. We will show that these tokens can be distributed such that every member
of LU C gets two tokens, and an extra token remains. This gives the contradiction
that |E| > |£]| + |C|.

Let e = uv € E. Note that there always exists a biset X € £ U C such that
e € 6p(X). Suppose that X is a minimal one among such bisets. Without loss of
generality, let u € X. We give the end-token of e at u to X. If there also exists a
biset Y € £ U C such that e € §5(Y) and v € Y, then we give the end-token of e
at v to the minimal such biset Y. Otherwise, the end-token of e at v is given to the
minimal biset X’ such that X ¢ X’ and e ¢ §5(X").

Since bisets in &, and nodes in C' are leaves of LU C', they obtain one token from
each edge incident to them after this distribution. Hence each biset S € &, has three
tokens and each node v € C has |dg(v)| tokens. We make each v € C keep only two
tokens, return 1/3 tokens to each edge in dg(v), and release the other tokens. Then
the total number of released tokens is

> (3106 = 2) > €167 +57-+9) > (1-+ )] + 5(C],
vel
where the first inequality follows from |6z (v)| > 1.59% + 7.5y + 16.5, v € C, and
the last one follows from |E€| < (v 4 4)|C|. We redistribute these tokens to bisets as
follows:
e one token is given to each biset in &;
e four tokens are given to each biset in &;
e if v € C' is shared by a biset X, then one token is given to X;
e if v € C is owned by a biset X and v is shared by no biset in £, then two
tokens are given to X:
e if v € C is owned by a biset X and v is shared by some bisets in £, then one
token is given to X.
If a biset owns or shares more than one node in C, it obtains tokens from each of
those nodes in C' following the last three rules. This redistribution is possible because
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the number of tokens we need is

[Ewl +4lEp] + D (1 + max{1, Ar(v)}) < (€] = [C) +4|C| +|C| +7[€] +|C]
vel
= (1+y)[El+5]C],
where the above inequality follows from |Ey| + |Eb] = |€], |Eb| < |C], and (4.2).

Now all tokens given to bisets in £ and nodes in C' have been redistributed such
that
each node in C' has two tokens,
each biset in &£ has four tokens,
each pair of v € C' and e € dg(v) has 1/3 tokens,
cach biset X € £ has at least one token from each owning node in C, and
one token from each sharing node in C. If a node v owned by X is shared by
no biset, then X has two tokens from v.

Let S € £, and let £’ be the family of S and its proper descendants. In what
follows, we make each biset in £’ receive at least two tokens, and S receive four tokens.
For this, we redistribute tokens that were given to the bisets in £’, and those kept by
pairs of edge e and its end-node v € C such that e is incident to a biset in £’ and
v is shared or owned by this biset. We prove that this redistribution is possible by
induction on the height of the tree defined from L£’. If the height is one, the claim
follows from that each biset in £ has four tokens. Hence let us consider the case where
the height of the tree is more than one.

By the induction hypothesis, we can assume that each descendant has at least
two tokens, and each child of S has four tokens. S can obtain two tokens from each
of its children. Thus S can collect four tokens in each of the following cases:

e S has more than one child;

e S owns a node in C that is shared by no biset in L;

e S owns or shares at least two nodes in C.
In the rest, we discuss the other case, and show that S collects at least two tokens in
addition to the tokens given from the child. Let Y be the child of S,

By the linear independence, |ES U Eg| > 2 always holds, and |Ed U Eg| > 3
holds when either EZ or Eyg is empty by the assumption that z(e) < 1/2, e € E. Let
us discuss how many tokens are given to S from the end-nodes of edges in EgL UEyg.

Lete=uv € EgL Without loss of generality, we let « € S and v € V'\ S*. Notice
that S owns u. Hence if u € C, then S receives one or two tokens from u. If u ¢C, S
obtains the end-token of e at u. Let e/ = u'v’ € Eg. We let v/ € S be the end-node
which is within Y and, consequently, v" € ST\ Y. By the strong laminarity of L,
no biset X € £ with ¢/ € d(X) contains v in its inner-part. This implies that, if
v’ &€ C, S obtains the end-token of ¢/ at v/. If v/ € C, then S owns or shares v/, and
obtains one or two tokens from v’. Summing up, if there is more than one node such
as u or v/, then we are done. Even if there exists exactly one such node, S receives
at least two tokens unless the node is in C' and is shared by some bisets.

Consider the case Eg # () # E&. We define e = uv and ¢’ = u'v’ as above. The
above discussion shows that S receives two tokens unless uw =o' € C. If u =’ € C ,
this node is not contained by Y, and hence no biset in £ shares it. This means that
S always receives at least two tokens in this case.

Next, consider the case of EY = (. Then |[Eg| > 3, and all edges in Eg are
incident to the same node v in C'N (St \ YT). Each of the edges in Eg has 1/3
tokens corresponding to v’ S collects one token from these edges, and another token
from v’. Therefore, we are done. The claim is proven similarly when Eg = (. O
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We next discuss the case where |E] > (v +4)|C|, and prove the following lemma.

LEMMA 5.6. If x is mazimal in P(f,b,E) and every edge in E is incident to
some node in B, and |E| > (v +4)|C|, then there is e € E with z(e) > 1/2.

Under the assumption in Lemma 5.6, each edge e € E is incident to a node in
{v € B: z(0g(v)) = b(v)} since otherwise we can increase x*(e). Since Lemma 4.2
holds for arbitrary £ and C' that satisfy the conditions described in the lemma, we
can define C' as an inclusionwise maximal subset of {v € B: z(dg(v)) = b(v)} such
that the vectors in yg(C) are linearly independent. If C' contains no end-node of
e € E, then the incidence vector of dg(v) defined from an end-node v of e is linearly
independent from those in y g (C). Since this contradicts the maximality of C', we can
observe that each edge e € E is incident to at least one node in C.

We again count bisets in £ and nodes in C for proving Lemma 5.6, but the way
of distributing tokens is different here. Let e = uv € E. By the assumption, at least
one of the end-nodes of e is in C. If C contains both end-nodes of e, then we assign
no token to e. If C contains exactly one end-node, say v, of e, then we assign one
token. This token will be given to a biset in £ as follows. If £ contains a biset S such
that e € 05(S) and u € S, then the token is given to such a minimal biset. If there
exists no such bisets and £ contains a biset X such that e € 65(X) and v € X, then
the token is given to the minimal biset in {Y eL:XcYue Y+}. Since the total
number of tokens is at most ||, it suffices to show that an extra token remains after
redistributing tokens so that each biset in £ and each node in C' owns one token.

Let S € &,. Since z(e) < 1/2 for each e € E, [65(5)| > 2f(S S) + 1. Since
S contains no nodes in C, each edge in dp( S) gives a token to S. Thus S has
2f(8) +1 > f(S) + 2 tokens. We make each S € &, release one token. Then the
number of released tokens is at least |Eyw| > |€] — |C] > (v + 3)|C|. Recall that the
number of strictly black bisets is at most |C|. We redistribute the released token to
the nodes in C' and the strictly black bisets so that each v € C has one token, and
each strictly black biset has v + 2 tokens. Note that each S € &, still has at least
f(S) +1 tokens after this redistribution.

We first count tokens in a tree which consists of only white bisets.

LEMMA 5.7. Let R € L be a white biset, and L' = {8 € £: S C R}. We can
distribute tokens owned by bisets in L' so that each biset in L' has at least one token,
and R has at least 1 + f(R) tokens when 0 < z(e) < 1/2 for each e € E.

Proof. We prove this by induction on the height of the tree representing £’. If
the height is one, then £’ = {R} and R € &,. Thus the lemma follows in this case.

Assume that the height is at least two. Applying the induction hypothesis to the
trees rooted at the children of R, we can allocate tokens so that each biset below the
children of R has one token, and each child S of R has 1+ f(S) tokens. We can move
dgecy [0S S) tokens from the children to R.

If > s Secn f(s ) f(R), then we are done. Hence consider the other case. When
ZSGCR (S) = f(R), |E+| > 1 holds by the linear independence. When > 5. f(S §) <

f(R), |EL| > 1+2( (R) — ZSGCR (S)) holds by z*(e) < 1/2,e € E. In cither case,

B> 1+ f(R) — > gecy F(9). R is given a token from each e € E}; because e has

an end-node v € R such that R is a minimal biset with e € 5E(R) and v € R, and
v ¢ Cby RNC = 0. Thus R has already owned 1+ f(R) = > gcc,, f(S) tokens. With

the tokens from the children, R obtains 1+ f(R) tokens. O
We next give a token distribution scheme for trees in which the maximal bisets
are black. Together with Lemma 5.7, this finishes the proof of Lemma 5.6.
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LEMMA 5.8. Let R € L be a black biset, and L' = {S € L: S C R}. We can
distribute tokens owned by bisets in L' so that each biset in L' has at least one token,
and R has at least 2 tokens when 0 < z(e) < 1/2 for each e € E.

Proof. We show how to rearrange the tokens so that each biset in £’ obtains at
least one token, and R obtains at least 2+~ — |T'(R)NC| > 2 tokens. Our proof is by
induction on the height of the tree. If the height is one, then the claim holds because
it consists of a strictly black biset. Hence suppose that the height is at least two.

Let B be the set of black children of ]:2, and W be the set of white children of
R. Apply the induction hypothesis to the subtrees rooted at the black children, and
Lemma 5.7 to the subtrees rooted at the white children. Then each biset below the
children has one token, each X € B has 2 +7- IT(X) N C| tokens, and each Y € W
has 1+ f(Y) > 2 tokens. If B = (), then R is strictly black, and it has already given
~ + 2 tokens. Since this finishes the claim, suppose that B # ). Since each child of R
needs only one token, we can move extra tokens from the children to R. The number
of tokens R obtains is at least

(5.1) W+ ) 1+ T(X)nC)).
XeB

Let S be an arbitrary biset in B. A node v € I'(S) N C is either in R or ['(R). If
v is in R, then we are done because R is a strictly black biset that owns v. Therefore
assume that each v € I'(S) N C is in ['(R). This means that ['(S)NC C I'(R) N C,
and hence |T'(S) N C| < [I'(R) N C|. Hence (5. 1) is at least the required number of
tokens if [W| > 1, if |B| > 2, or 1fF(S)ﬂCC1"( )nC.

Let |B| =1, |W| =0, and I'(S) N C = I'(R) N C. Notice that S is the only child
of R in this case. It suffices to find one more token for R. The linear independence
between yg(R) and xg(S) implies that at least one of E} and Ej is not empty.

Let e € E};. Then e has an end-node v in R\ S. If v € C, then R is a strictly
black biset that owns v, and hence R has the required number of tokens in this case
as mentioned above. If v & C, then e gives a token to R. Thus we are done when
EL #0.

Let ¢ = w0 € By Then €’ has an end-node, say «/, in RT \ ST. If «/ € C,
then [(S)NC =T(R ) N C implies that v’ € R and, hence, Risa strlctly black biset.
Let w' ¢ C. Then o' € C. L has no biset Z with e/ € 5E(A) and v € Z by the
strong laminarity of £. ¢’ € 6g(S), v’ € SN C, and R is the minimal biset such that
S C Rand « € R*. Hence, ¢ gives one token to R in this case, which completes the
proof. a

6. Proof of Theorem 1.3. Here we prove Theorem 1.3, stating that Surviv-
able Network on undirected graphs admits the following approximation ratios for any
integer o > 1:

(i) O(k®log|T|)-(a, ab(v)+k/a) for Degree-Bounded Node-Connectivity Survivable

Network;
(ii) O(klogk) - (a, ab(v) + k/«) for Degree-Bounded Rooted Survivable Network;
(iii) LO(k log? k) - (o, ab(v) + k/a) for Degree-Bounded Subset k-Connected Sub-
graph with &k < (1 —¢)|T] and 0 < e < 1.

Part (i) follows from Theorem 1.2 and the decomposition of Node-Connectivity
Survivable Network into O(k? log |T'|) instances of Element-Connectivity Survivable Net-
work due to Chuzhoy and Khanna [8].

For proving (ii), we need to explain the algorithm of [36] for Rooted Survivable
Network without degree bounds. By the augmentation version, we denote instances of
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the problem in which G contains a subgraph J of zero edge cost such that x(s,v) >
r(s,v) — 1 for every v € T. In [36] it is shown that the augmentation version can
be decomposed into O(k) instances of Degree-Bounded f-Connected Subgraph with
skew supermodular f. The algorithm for the general version has k iterations. At
iteration ¢, one adds to J an edge set that increases the connectivity by one for each
node v such that x(s,v) = r(s,v) — k 4+ £ — 1. After iteration ¢ we have x(s,v) >
r(s,v) — k + £, hence after k iterations the solution becomes feasible. In [36] it is
shown that if the augmentation version admits an algorithm that computes a solution
of cost at most « times the optimal value of the corresponding biset LP relaxation,
then the general version admits ratio O(alogk). This is because if x is a feasible
solution to LP relaxation derived from an instance of Rooted Survivable Network,
then ;=777 is feasible to the LP relaxation derived from the augmentation version.
For the case with degree bounds, we proceed in the same way. When we solve an
augmentation version instance, the degree bounds b’ are defined by V' (v) = (ki(—;’ll]
for v € B. Then we claim that if there exists an (o, 8(b(v)))-approximation algorithm
for Degree-Bounded f-Connected Subgraph with skew supermodular f, then Degree-
Bounded Rooted Survivable Network admits ratio O(klogk) - (o, (b(v))). This and
Theorem 2.2 prove (ii).

We prove (iii). In the augmentation version of Subset k-Connected Subgraph, the
goal is to increase the connectivity between the terminals from k& — 1 to k, namely,
G contains a subgraph J of zero edge cost such that x(u,v) > k — 1 for all u,v € T.
We use a result of [37] that the augmentation version of Subset k-Connected Subgraph
with & < (1 — €)|T| is decomposed into 1O(log k) instances of augmentation versions
of Rooted Survivable Network with r(s,v) = k for all v € T. To solve the general
version of Subset k-Connected Subgraph, we repeatedly solve k& augmentation versions,
at iteration ¢ increasing the connectivity between the nodes in 7' from ¢ — 1 to /.
As in the rooted case, if x is a feasible solution to LP relaxation derived from an
instance of Subset k-Connected Subgraph, then ;=77 is feasible to the LP relaxation
derived from the augmentation version. Hence if the augmentation version admits an
algorithm that computes a solution of cost at most « times the optimal value of the
corresponding biset LP relaxation, then the general version admits ratio O(«logk).
This extends to the degree-bounded setting, if at iteration ¢ we scale the degree
bounds to b'(v) = (ki(l})-?—l] for each v € B. Then we claim that if the augmentation
version of Degree-Bounded Rooted Survivable Network admits ratio (o, 8(b(v))) then
Degree-Bounded Subset k-Connected Subgraph admits ratio %O(log2 k) - (o, B(b(v))).
By [36] the augmentation version of Rooted Survivable Network can be decomposed
into O(k) instances of f-Connected Subgraph with skew supermodular f, and this also
extends to the degree-bounded setting. Overall, we obtain that if Degree-Bounded f-
Connected Subgraph with skew supermodular f admits ratio (o, 8(b(v))), then Degree-
Bounded Subset k-Connected Subgraph admits ratio %O(klog2 k) - (o, B(b(v))). This
and Theorem 2.2 prove (iii).

Part (iii) does not mention the case k > (1 — €)|T|. In this case, compute a mini-
mum cost set of k internally disjoint (u,v)-paths for each pair of u,v € T, and define
a solution as the union of these paths. Note that the & internally disjoint (u, v)-paths
can be computed by a minimum cost flow algorithm. The edge cost of this solution
is O(k?) times the optimal, and the degree of each node is O(k?) because |T| = O(k).

7. Proof of Theorem 1.4. We need to describe the algorithm of [38] for Degree-
Bounded k-Connected Subgraph. The algorithm uses the following procedure due to
Khuller and Raghavachari [25], that is also used in the next section.
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Procedure EXTERNAL k-OUT-CONNECTIVITY

Input: A graph G = (V, E), an integer k, and R C V with |R| = k.

Output: A subgraph J of G.

Step 1: Let G’ be obtained from G by adding a new node s and all edges between
s and R, of cost zero each.

Step 2: Compute a k-out-connected from s spanning subgraph J' of G'.

Step 3: Return J = (J'\ {s}).

Assume that Degree-Bounded k-Out-connected Subgraph admits an (a, 5(b(v)))-
approximation algorithm. For undirected graphs, the algorithm of [38] is as follows.

ALGORITHM. DEGREE BOUNDED k-CONNECTIVITY.

Step 1: Apply Procedure EXTERNAL k-OUT-CONNECTIVITY, where J’ is com-
puted using the (a, B(b(v)))-approximation algorithm for Degree-Bounded
k-Out-connected Subgraph with degree bounds ' (v) = b(v) +1if v € R
and V' (v) = b(v) otherwise.

Step 2: Let F' be a set of edges on V' such that J U I is k-connected.

Step 3: For every ut € F' compute a minimum cost inclusion-minimal edge set
I, C E\ J such that J U I,; contains k internally disjoint ut-paths.

Step 4: Return JU I, where I = Uycply;.

In the case of directed graphs, Procedure EXTERNAL k-OUT-CONNECTIVITY com-
putes a subgraph J’ = J~ UJ*, where J7 is k-out-connected from s and is computed
by the (a, 5(b(v)))-approximation algorithm, while J~ is a minimum cost subgraph
which is k-in-connected to s, namely, k ;- (v, s) > k for each v € V' \ {s}.

LEMMA 7.1 (see [38]). Algorithm DEGREE BOUNDED k-CONNECTIVITY has ratio
(a+|F|, B(b(v))+2|F|+kd/2) for undirected graphs, and (a+1+|F|, B(b(v))+k+|F|+
kd/2) for digraphs, where F is the edge set computed at Step 2, d = maxyey [0F(v)]
for undirected graphs, and d = max,ev |64 (v)| for digraphs.

Let F' be an edge set that satisfies the condition at Step 2 of Algorithm DEGREE
BOUNDED k-CONNECTIVITY. In [20, 38], it is shown that there exists such an edge
set F' on R. Moreover, if F' is an inclusion-minimal such edge set, then F' is a forest in
the undirected case, and F' contains no alternating cycle (a cycle such that every two
successive arcs have opposite directions) in the directed case. The latter property is a
known consequence from the undirected and directed critical cycle theorems of Mader
[32, 33]. In addition, the latter property implies |F'| < 2|R| — 1. This can be seen as
follows. We make a copy R’ of R, and replace each arc uv € F by an undirected edge
uv’, where v’ is the copy of v. Then we obtain an undirected edge set on RU R’. This
edge set is a forest if F' contains no alternating cycle. Thus |F| < 2|R| — 1.

Therefore, we can find in polynomial time F' with |F| < |R| —1 =k — 1 in the
undirected case, and |F| < 2|R| —1 = 2k — 1 in the directed case. We improve
this by showing that F' as above can be converted in polynomial time into an edge
set F' such that |F'| < |F|, max,ey |0p/ (v)] = O(Vk) for undirected graphs, and
max,cy |07 (v)] = O(Vk) for digraphs.

7.1. Undirected graphs. We start by proving the following.

LEMMA 7.2. Let G = (V,EUF) be a simple k-connected undirected graph such
that [6g(v)] > p for allv € V, and G\ {€'} is not k-connected for each ¢’ € F. Let
d =maxyey [0p(v)| >4, let u eV with |0p(u)] = d, and let e = ut € dp(u). Suppose
that for every v € V with |0 (v)| < d—2 the graph G\ {ut}U{vt} is not k-connected.
Then d(d+p—k—2)<3p—k+1.
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Proof. F'is a forest by Mader’s critical cycle theorem for undirected graphs.
Consider the graph G \ {e} and the biset family

F={SeV:iuestcV\ST IO =k—-1050rS) ={e}}.

F is a ring biset family, namely, that (i) the intersection of the inner-parts of the
members of F is nonempty, and (ii) XNY,XUY € F for any X,Y € F. Indeed,
(i) is obvious because the inner-part of each biset in F includes t. (ii) follows from
the fact that the functions |I'(+)| and |dgur(-)| satisfy the submodular inequality (the
reverse of (2.1)), and the biset family {S € V:u € S,t € V' \ St} is closed under
union and intersection. This implies that F has a unique minimal member S, and
that for every v € S the graph G \ {ut} U {vt} is k-connected. Thus [6p(v)] > d—1
for every v € S, implying that [dpur(v)] > p+d— 1.

Let K = I'(S), so |K| = k — 1. Let I be the set of edges in F with at least
one end-node in S. Every edge in I\ {e} has both of its end-nodes in S U K because
Spur(S) = {e}. In G, every v € S\ {u} has at least p+d— 1 neighbors in (S\ {v})UK,
implying (|S|—1)+(k—1)>p+d—1,s0p+d—k+1<|S|. Since I is a forest
on aset SUK U{t} of |[S|+ k nodes, |I| <|S|+ k — 1. Let {;(S) be the set of edges
in I with both end-nodes in S, so I is a disjoint union of §;(S) and (;(S). Hence
107 (S)| +1¢r(S)| = || < |S] 4k — 1. On the other hand, (d —1)[S| < >, cq[01(v)| =
[07(S)] + 2|¢r(S)|. Summarizing, we have the following:

(7.1) p+d—k+1<|S|,
(72) 10:(S)] + ¢ (S)| < S|+ k-1,
(7.3) 167(S)[ +2[¢r(S)] = (d —1)|S].

Subtracting (7.2) from (7.3) gives [(;(S)] > (d — 2)|S| — k + 1 and thus |0;(5)| <
2k —2 — (d — 3)|S]. Since [67(S)] > 0 we get (d — 3)|S| < 2k — 2. Combining with
(7.1) we get

2k -2

— 1< < .
prd—k+1<|8| <~

Multiplying by d — 3 and rearranging terms we obtain d(d +p —k —2) <3p—k+ 1,
as claimed. d

COROLLARY 7.3. Let G = (V,EUF) be a simple k-connected undirected graph
such that |6g(v)| > k—1 for allv € V.. Then there exists a polynomial time algorithm
that finds a set F' of edges on V with |F'| < |F| such that G' = (V,E U F’) is
k-connected and such that |§p:(v)| < max{3,2 + V2k+ 1} for allve V.

Proof. Let w € V be a node that maximizes |dp(u)|. Lemma 7.2 with p =k — 1
implies that if |§F(u)| is larger than the required value, then we can replace an edge
ut € dp(u) by another edge vt such that [0p(v)| is at most [0x(u)| — 2, keeping the
graph k-connected. By repeating this replacement, we can obtain a required edge set
F'. O

The undirected part of Theorem 1.4 follows from Lemma 7.1, Corollary 7.3, and
our ability to find in polynomial time an edge set F' with |F| < k — 1 at Step 2 of
Algorithm DEGREE BOUNDED k-CONNECTIVITY.

7.2. Digraphs. We start by proving the directed counterpart of Lemma 7.2.
LEMMA 7.4. Let G = (V,EUF) be a simple k-connected digraph such that
|65 ()| > p for all v € V, and G\ {€'} is not k-connected for each ¢’ € F. Let
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d = max,ey |64 (v)] > 4, let w € V with |55 (u)| = d, and let e = ut € 6}.(u). Suppose
that for every v € V with |01 (v)| < d — 2 the graph G\ {e} U{vt} is not k-connected.
Then d(d+p—k—2) <3p—k+2.

Proof. Consider the graph G \ {e} and the biset family

F={8eV:iueStecV\SH DS =k—1,05,.(5 ={e}} .

As in Lemma 7.2, it can be shown that F is a ring biset family, so F has a unique
minimal member S, and that for every v € S the graph G\ {ut} U{vt} is k-connected.
Thus |64 (v)| > d — 1 for every v € S, implying that |6, ,(v)| > p+d— 1 for every
vesS.

Let K =T'(S), so |K| =k —1. Let I be the set of arcs in F with tail in S. Every
edge in I\ {e} has its head in SU K. In G, every v € S\ {u} has at least p +d — 1
neighbors in (S\ {v})UK, implying (|S|—1)+(k—1) > p+d—1,s0d—k+p+1 < |S].
Since F' has no alternating cycle, I is an arc set without alternating cycle on a set
S UK U({t} of |S| + k nodes. This implies that |I| < 2(|S| + k) — 1. On the other
hand, (d —1)|S| <Y, .5 |67 (v)| = |I|. Summarizing, we have the following:

(7.4) d—k+p+1<19),
(7.5) 7| < 2(|S|+ k) —1,
(7.6) 1] > (d - 1)IS].

From (7.5) and (7.6) we get (d—1)|S] < 2(|S|+k)—1s0 |S|(d—3) < 2k—1. Combining
with (7.4) we get

2k -1
- 1<|9) < .
d—k+p+1<]S| < 73

Multiplying by d — 3 and rearranging terms we obtain d(d +p —k —2) <3p—k+ 2,
as claimed. d

COROLLARY 7.5. Let G = (V,E U F) be a simple k-connected digraph such
that minyey |6, (v)| > k — 1 and minyey |65 (v)| > k — 1. Then there exists a poly-
nomial time algorithm that finds a set F' of arcs on V with |F'| < |F| such that
G' = (V,EUF") is k-connected and such that |5}, (v)| and |65, (v)| are both at most
max {3,1.5+ 2k +1.25} for allve V.

Proof. Let u € V be a node that maximizes |5} (u)|. Lemma 7.4 with p =k — 1
implies that if |6} (u)] is larger than the required value, then we can replace an edge
ut € 05 (u) by another edge vt such that |57 (v)| is at most |05 (u)| — 2, keeping the
graph k-connected. By repeating this replacement, we can obtain F” that satisfies
the conditions on connectivity and out-degree. Notice that |05, (v)| = [0 (v)| for all
v € V. Similarly we can decrease the in-degree of a node in V if it is larger than
the required value, by applying Lemma 7.4 to the graph obtained by reversing the
directions of all arcs. This gives the required edge set F”. a

The directed part of Theorem 1.4 follows from Lemma 7.1, Corollary 7.5, and
our ability to find in polynomial time an edge set F' with |F| < 2k — 1 at Step 2 of
Algorithm DEGREE BOUNDED k-CONNECTIVITY.

8. Proof of Theorem 1.5. First, we overview the algorithm of Cheriyan and
Végh [7], and show that it can be extended to the degree-bounded setting. Then, we
improve the bound on the number of nodes.
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8.1. Extension to the degree-bounded setting. Define a biset function
fFV = Zas

(S = {k— I0(S)| if S 7 0 and St£V,
0 otherwise.

By the node-connectivity version of Menger’s theorem, an undirected graph (V, F) is
k-connected if and only if [67(S)| > £#(S) for each S € V. Now suppose that our goal
is to augment a given graph (V, J) by a minimum cost edge set F' such that (V, JUF)
is k-connected. A natural LP relaxation for this problem is as follows (see [13]):

(8.1) T*:min{Zc(e) (e): z(0p(S)) > f5(S )VSEVO<J‘()§1V6€E},

eckE

where fJ( S) = f¥(8) —165(S)] is the residual biset function of f*. We will denote
Sy = {S: f%(S) > 0}. Recall also that we denote y = max ;g5 [I'(S 9)|, and note
that vy <k —1 for f = f"} In what follows, we assume that k > 2.

Two bisets X and Y cross if X NY # 0 and X+T UY™ # V, and negacross if
X\YT #Qand Y\ Xt #£ (. A biset function f is crossing supermodular if any
X,Y € V that cross satisfy the supermodular inequality (2.1). f is symmetric if
f(S,8%) = f(V\ ST,V \S) for any biset S = (S,ST) € V. It is known that the
function f ]j is crossing supermodular and symmetrlc for any edge set J.

A biset family F is independence free if any X, Y € F cross or negacross. We
say that a biset function f is independence free if the family {S € V: f(S) > 0} is
independence free, and that an edge set J is independence free if the biset function
ff} is independence free (namely, if the family S; is independence free). The idea
of Cheriyan and Végh is to find a “cheap” independence free edge set J. They also
showed that if .J is independence free, the iterative rounding algorithm of [12] for skew
supermodular biset functions computes an edge set F' C FE with ¢(F) < 27* such that
(V,JUF) is k-connected.

The step for finding such J is based on the following statement.

LEMMA 8.1 (see [7]). Let J' be an undirected graph on a node set VU {s} such
that J' is k-out-connected from s. Let R be the set of neighbors of s in J', and let
J = J\{s}. Let U =U{S:S € S;,|S| < k—1}. Then |U|l < |R|K*(k — 1).
Furthermore, if |V| > |U| + k, then there exists a polynomial time algorithm that
given an edge set E on V with costs returns one of the following:

(i) an edge set F C E with ¢(F) < 27* such that J U F is k-connected;

(i) the set U.

The algorithm constructs an edge set that corresponds to J’ in Lemma 8.1 by ap-
plying Procedure EXTERNAL k-OUT-CONNECTIVITY from the beginning of section 7.
Frank and Tardos [16] gave a polynomial-time algorithm for computing a subgraph
that is spanning k-out-connected from a root node in a directed graph. This im-
plies a 2-approximation algorithm for the same problem in undirected graphs [25];
then it computes a subgraph of cost at most 27*. Procedure EXTERNAL k-OUT-
CONNECTIVITY uses this 2-approximation algorithm in its Step 2.

The algorithm of Cheriyan and Végh has four steps. At every step, a certain edge
set of cost at most 27" is computed. If the algorithm terminates at Step 2, then it
returns the union of the edge sets computed at Steps 1 and 2, of overall cost at most
47*. Else, the algorithm returns the union of the edge sets computed at Steps 1, 3,
and 4, of overall cost at most 67%.
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ALGORITHM OF CHERIYAN AND VEGH.

Step 1: Compute a subgraph Jeoy of G by applying Procedure EXTERNAL k-
OUT-CONNECTIVITY for some R C V with |R| = k.

Step 2: Apply the algorithm from Lemma 8.1. If the algorithm returns an edge
set F as in Lemma 8.1(i) then return Joy U F and STOP.

Step 3: If the algorithm from Lemma 8.1 returns Ucy, then apply Procedure
EXTERNAL k-OUT-CONNECTIVITY for some R C V \ Ugy with |R| =
k, and add the computed edge set to Joy. (Then, the graph Joy is
independence free.)

Step 4: Apply the iterative rounding algorithm of [12] to compute an edge set
F C FE such that Joy U F'is k-connected.

Step 3 of this algorithm needs a condition |V| > |Ucv |+ k to find R. Lemma 8.1
shows that |Ucv| < k3(k — 1), and hence n > k3(k — 1) + k suffices to guarantee the
condition.

The algorithm can be extended to the degree-bounded setting as follows. At
Steps 1 and 3, we apply Procedure EXTERNAL k-OUT-CONNECTIVITY with degree
bounds b (v) = b(v) + 1 if v € R and b/'(v) = b(v); otherwise, using our algorithm
for undirected Degree-Bounded k-Out-connected Subgraph. At Steps 2 and 4, we use
our algorithm for Degree-Bounded f-Connected Subgraph with skew supermodular
f. I |V] > |U| + k, then following [7], we can design a polynomial-time algorithm
that returns either the set U, or an edge set F' C E such that J U F' is k-connected,
within the same ratio as our algorithm for Degree-Bounded f-Connected Subgraph with
skew supermodular f (with v =k — 1). These give (12,8b(v) + O(k))-approximation
algorithm for Degree-Bounded Undirected k-Connected Subgraph.

8.2. Improving the bound on the number of nodes. In the rest of the
paper, we improve the bound on n as described in Theorem 1.5. For the degree-
bounded setting, we simply improve the statement |U| < |R|k*(k — 1) (= k3(k — 1))
in Lemma 8.1 to |U| < 2k(k —1)(k — 0.5). Since the last claim in Lemma 8.1 requires
|[V| > |U| + k, this improvement proves our claim.

For the setting without degree bounds, we slightly modify the algorithm of Cheriyan
and Végh. Auletta et al. [2] gave a procedure for computing a spanning subgraph .J/
of an undirected graph G such that J' is k-out-connected from some node r in G,
[07:(r)] = k, and ¢(J') < 27* (this procedure does not apply in the degree-bounded
setting, if we care about the cost). We apply this procedure at Step 1, instead of
the EXTERNAL k-OUT-CONNECTIVITY procedure to obtain a subgraph .J' (instead of
Jov). Define U’ as [ J{S: S € Sy, |S| < k —1}. We apply Steps 2, 3, and 4 with .J’
and U’ instead of Joy and Ucy. We will prove that |U'|+k < k(k—1)(k —1.5) + k
holds, and hence we can weaken the assumption on |V to |V| > k(k—1)(k—1.5) + k.

Now we describe the main result in this subsection.

LEMMA 8.2. Let J' be an undirected graph such that J' is k-out-connected from
some node s with |67 (s)| = k and let J = J'\ {s}. Let U' =J{S: S € S;,|S| < p}
and U = J{S: S € S;,|S| < p}. Then |U’| < pk(k —1.5) and |U| < 2pk(k — 0.5). In
particular, forp ==k —1,

U +k<k(k—1)(k—15)+k and |U|+k<2k(k—1)(k—05)+k.

Let us say that a biset family F is weakly nega-uncrossable if for any X, YeF
with X\ Y+, Y\ Xt # 0, one of the bisets X\ Y, Y\ X is in F. We have the followmg
lemma on weakly nega-uncrossable families.
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LEMMA 8.3. If f is crossing supermodular and symmetric, then the biset family
F={8: f(S) >0} is weakly nega-uncrossable.

Proof. Suppose that X Y e .7-' satlsfy X\Y* ZQand Y\ XT # 0. Let X' be
(VAX*,V\X). Then, f(X")+f(Y) X)—i—f ) > 0 holds because f is symmetric.
Since X’ and Y are crossing, we have FX7) + f( ) < fX'NY) + f(X'UY) by
the crossing supermodularity of f. Note that X'NY =Y \ Xand X'UY = X \ Y.
Thus combining these gives FX\Y)+ f(Y\ X) >0, and hence f(X\Y) > 0 or

(Y\X)>Oh01ds u

Two bisets X and V are strongly disjoint if X \ VY =XorV\X =Y (note
that this is equivalent to X \' Y = X and ¥\ X = ¥ in particular, X C V \ Y+
and Y C V \ XT). Given a biset family F, let vz denote the maximum number of
pairwise strongly disjoint bisets in F.

LEMMA 8.4. Let F be a weakly nega-uncrossable biset family. Denote p =
maxg, - |S| and v = maxg_r|[L(S)]. Then |Uger S| < p(2y + Dvr.

Proof. Let F' = {3’1,5’2, ce 5’@} be a minimum size subfamily of F such that
Uf 1 Si = UgerS- We prove that [F'| < (2y + 1)vz. For every S; € F', there is
v; € S; such that v; ¢ S, for every j # 4. Arnong all bisets in F that are contained in
S and that includes v; in its inner- part, let C’ be a minimal one. Since F is weakly
nega-uncrossable, the minimality of C; implies that one of the following must hold for
any distinct C; and C’

° vleF(C’)oerEF(C)

e C;i=0C; \C or C' C \C’l7 namely, C;, C are strongly disjoint.
Construct an auxiliary directed graph J on node set C = {C1,Cs, .. Og}. Add an
arc C; C if v; € I‘(C ). The in-degree in J of a node C; is at most |I‘( C;)| <~. This
implies that every subgraph of the underlying graph of 7 has a node of degree < 2.
A graph is d-degenerate if every subgraph of it has a node of degree < d. It is known
that any d-degenerate graph is (d + 1)-colorable. Hence J is (2y + 1)-colorable, so
its node set can be partitioned into 2+ 4 1 independent sets. The members of each
independent set are pairwise strongly disjoint, hence their number is at most v¢.
Consequently, £ < (2y + 1)ve < (27 + 1)vr, as claimed. O

To prove Lemma 8.2, we need the following lemma, which is also used for proving
Lemma 8.1 in [7].

LEMMA 8.5 (see [25]). Let J' be an undirected graph such that J' is k-out-
connected from some node s, let R be the set of neighbors of s in J', and let J =
J'\{s}. Then SN R #( for any S € S;.

The following version of Lemma 8.5 is proved in [2]; we provide a proof sketch for
completeness of exposition.

LEMMA 8.6. Let J' be an undirected graph such that J' is k- out-connected from
some node s and let R be the set of neighbors of s in J'. Then s € T'(S S) and |SNR| > 2
for any S € Sy, Hence vs, <||R|/2].

Proof. Let S € Sy. If s ¢ T(S) then s € Sor s € V \ S*t. Since S # 0 and
St #£ V, and since J’ is k-out-connected from s, we easily obtain a contradiction to
Menger’s theorem. We prove that |[S N R| > 2. Let v € S, C = 6,;(5) UT(S), and
¢ =167(5)]+|0(S)| (< k—1). Consider a set of k internally disjoint paths from s to
v in J'. At most |S N R| of these paths may not contain a member in C. This implies
that each of the other at least k — |S N R| paths must contain an element from C'\ {s}.
Hence £ — 1 > k —|S N R|. This implies [SNR| >k — ({—1) > 2. O

Now let us prove Lemma 8.2. Let S} = {$: 5 € 8;,|5] < p}. Since Sy and
Sy are weakly nega-uncrossable by Lemma 8.3, so are ¥, and S'. We have |R| < k
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because d,/(s) = k. Thus Lemmas 8.5 and 8.6 imply vs» < k and vsn, < lk/2],
respectively. Applying Lemma 8.4 to S, we obtain

U] < p(20k — 1) + Dvisy < p(2k — )k = 2pk(k — 0.5).

When we apply Lemma 8.4 to S%,, we may assume v < k — 2. This is because, by
Lemma 8.6, s € I'(S) holds for any S € S/, and hence we can apply Lemma 8.4 after
removing s from the boundary of every biset in S%,. Hence we have

U"| < p(2(k = 2) + Dwsn, < p(2k — 3)[k/2] < pk(k — 1.5).

This concludes the proof of Lemma 8.2.

The claim on the degree-bounded setting of Theorem 1.5 is immediate from sec-
tion 8.1 and Lemma 8.2. As for the setting without degree bounds, we have to verify
that the above modification of the algorithm has no effect on the claim. More specif-
ically, we need to show that the algorithm claimed in Lemma 8.1 exists even if U is
replaced by U’ and J is replaced by J'. We note that the proof in [7] still holds even
after the replacement. Since it is not our main focus, we leave it to the readers.

9. Conclusion. We have presented iterative rounding algorithms and decompo-
sition results for various Degree-Bounded Survivable Network problems. We introduced
several novel ideas in the field, which may be applicable also to Node-Connectivity Sur-
vivable Network problems without degree bounds. We believe that this is an important
direction for future work.
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