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Abstract

Recent rapid technological advances (including high-capacity fiber-optic cables) in the tele-
communications industry have introduced numerous opportunities for services other than
traditional voice transmission. Disruptions in service for these high capacity systems can
be (and have been) disastrous. For these reasons, network reliability is critical. This thesis
studies the problem of topological design of survivable networks, that is, networks capable
of maintaining communication capabilities in response to equipment failure.

We study structural properties and develop strong formulations for a general Network
Design Problem with Connectivity Requirements (NDC) and for special cases. Using these
strong formulations, we devise dual-ascent methods that provide good lower bounds and
heuristic solutions with performance guarantees on their degree of suboptimality. In par-
ticular:

1. We develop a dual-ascent algorithm for a very general NDC problem. This algorithm
optimally solves special cases including the k-edge-disjoint path problem and the k-
node-disjoint path problem. The algorithm is the most general heuristic procedure of
this kind.

2. We investigate the polyhedral structure of a flow formulation for the unitary NDC
problem. By projecting out the flow variables, we show that the flow-based formula-
tion implies three new classes of valid inequalities—partition, odd-hole, and combina-
torial design—for a well-known cutset formulation of the problem.

3. Using this strong formulation, we devise and empirically test a dual-ascent solution
approach for the network design problem with low connectivity requirements. This
algorithm requires (on average) 950 seconds of CPU time on a Sun SPARCstation 10
workstation to solve problems with up to 300 nodes and 3000 edges. The algorithm
generates solutions known to be within 4 percent of optimality for typical telecom-
munication applications, and within 1 percent of optimality for classical Steiner tree
problems.

4. We develop a new (directed) formulation for the NDC Problem.

The results in this theses demonstrate the value of good problem formulations and the
effectiveness of dual-ascent solution procedures that exploit a problem’s special structure.

Thesis Supervisor: Thomas L. Magnanti
Title: George Eastman Professor of Management Science
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Chapter 1

Introduction

1.1 Motivation

In the past few years the telecommunications industry—its technology and its services—has
undergone drastic changes. Rapid technological advances have made it possible to provide
services other than the traditional voice transmission. The magazine Telephony, as cited
in [SP93], has estimated that US telecommunication companies (telcos) invested $23 billion
in telecommunication equipment alone in 1992. For the seven Baby Bells and GTE, this
investment accounted for approximately 15.8 percent of total revenues. Effective network
design and management are critical for assuring that the telcos are poised to meet future
demand and are profitable. Standard and Poor’s industry surveys [SP93] have attributed,
in part, the increased profits of telcos in 1992 (up to $11.1 billion in 1992 from $8.76 billion
in 1991 for the seven Baby Bells and GTE) to efficiencies resulting from effective network
upgrades and management.

Traditional voice transmission is now only part of the telcos’ overall offerings. The
market for data traffic has been growing at a rate of 20 percent per year, as opposed to
6 percent per year for voice, and is expected to grow at an even faster rate in the future. Data
transmission requires higher capacity lines: in anticipation of this demand, the telcos have
been installing high capacity fiber-optic cables' in some metropolitan areas. Fiber-optic
cables, because of their high capacity, can provide a wide variety of services including video
on demand (e.g., movies, music videos etc.), video conferencing, distance learning, remote
medical imaging and diagnoses, and telecommuting. Indeed, the potential capabilities of the

fiber-optic networks are so staggering (and futuristic) that the Vice President of the United

!Fiber-optic cables have the capability to carry orders of magnitude more traffic than the traditional
copper cable technology. A three inch thick copper cable contains 1200 pairs of copper wire and is capable
of carrying 14,400 calls. A 1/2-inch thick fiber optic cable contains 72 pairs of fiber, each capable of carrying
32,256 calls, and is capable of carrying approximately 4.5 million calls.

11



12 Introduction

States, Albert Gore, advocates building a fiber-optic information superhighway to bring
the US into the information age and increase its global competitiveness. The Governor
of the State of New York, Mario Cuomo, has said, “The American dream is riding on
Telecommunications.”

Fiber-optic cables are one of the fastest growing segments of the network equipment
market. For most telcos, upgrading their networks, including the part connecting the main
telecommunications network to residential customers, is a priority (providing fiber-optic
based service to residential customers is popularly called “fiber to the home” and “fiber
to the curb”). Standard and Poor estimates [SP94] that the major US telcos will spend
approximately $125 billion in coming years on the implementation of fiber-optic systems and
other related infrastructure. New Jersey Bell expects to spend $1 billion over seven years,
starting in 1993, to fully upgrade their network to a fiber-optic system. In November 1993,
Pacific Bell announced a $16 billion plan to install fiber-optic systems in their network
to bring fiber to the home in the urban areas of California. Similarly, Southern New
England Telephone has announced plans to invest $4.5 billion over the next fifteen years
in its Connecticut network to bring fiber to the home. The Japanese telephone company
Nippon Telephone and Telegraph has made fiber to the home a goal by the year 2015 and
expects to spend approximately $400 billion to achieve this goal. Further investments in
fiber-optic systems are anticipated when and if the telecommunications industry becomes
less regulated.

In the future, since society is likely to rely heavily on the varied services offered by
fiber-optic networks and other high bandwidth technologies, their reliability is critical. Dis-
ruptions in service, even now, are disastrous and not uncommon. For example, in 1991 a
major network outage created a queue of at least 35 planes in the three airports around
New York City (La Guardia, Kennedy and Newark), blocked 471,000 international calls,
and blocked more than 4.5 million domestic calls [TEM93a]. In 1990, a software malfunction
halted 50 percent of AT&T’s switched traffic [TEM93b] for nine hours. Banks, brokerage
firms and credit card firms rely on continuous error-free transmission of financial data val-
ued at millions of dollars per minute. The banking industry alone estimates a loss of more
than $100 million (see [TEM94]) during a snow storm on the East Coast of the US in 1993
that brought a nationwide network of automatic teller machines to a standstill.

Network survivability is defined as the ability of a network to maintain its communication
capabilities in the face of equipment failure. In a communication network, failures can be of
many types. Failures can occur because of software bugs in the network routing software,
or the loss of a facility in the network. For example, cables (links in the network) that carry
traffic, or switching equipment (nodes in the network) can fail.

Usually the equipment itself is quite reliable, but it fails because of natural disasters
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or human error. For example, the Network Reliability Council estimated [TEM93a] that
dig-ups (i.e., accidental cuts of cables) create 58 percent of fiber-optic cable failures. Cable
failures arise in several other ways: vehicle collisions with utility poles (7.5 percent), pro-
cedural errors (6.9 percent), and electric power lines contacting aerial cables (4.4 percent).
Other causes are rodent damage, sabotage, fire, firearms, floods, and excavations, each of
which was less than 4 percent. Since a single cable-sheath can carry as many as 4.5 million
calls, the consequences of a cut can be very damaging. Switching equipment failure, though
rare, does occur, at times because of fires (switches use very high DC voltages) and at times
because of floods. The consequences of switching equipment failure are usually more severe
than cable cuts, since many cables feed into the same switching equipment which is capa-
ble of processing millions of calls. The consequences of failure of an entire Central Office,
which usually contains many switches and processes the calls for a geographic region, can
be catastrophic.

Network survivability is an important issue for the telcos. In 1992 AT&T launched
a $600 million program to improve network survivability [TEM93b]. The telcos advocate
building alternate fiber routes to provide alternate routing capabilities in the case of cable
cuts or loss of switching equipment. In fact, there is a growing trend by the telcos to
build (bidirectional) ring networks. Ring networks provide the capability to detect and
reroute traffic in the case of failure of a single fiber-optic link or single intermediate routing
equipment. Currently, most telcos believe it is important to protect against single link and
single node failures in the network.

The telecommunications industry is also a rich field for network design problems other
than network survivability. The industry needs to make decisions ranging from facilities
upgrading, traffic routing, and network construction. Developing nations like China, India,
and Indonesia have a phone penetration rate of only 2 lines per 100 people (as opposed to 58
lines per 100 people in the US) and are making massive investments? to build telecommuni-
cation infrastructure to provide telephone service. Efficient network design and management

provide fast investment returns for the telcos and less expensive phone service for the public.

1.2 Problem Description and Thesis Objectives

This thesis studies the problem of topological design of survivable networks. Given a set
of nodes (offices, switches), possible links, costs for each link, and either the number of

permitted link or node failures (in a way we shall make more precise shortly) between each

2A case in point is China. China is planning to reach a phone penetration rate of 40 lines per 100 people
by the year 2020. Given China’s population, this means adding approximately 15-17 million lines per year
for the next 25 years. China is spending $6 billion on telecommunications equipment in 1994 and is expected
to spend about $90 billion on telecommunications equipment over the next 6 years.
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pair of nodes, we want to design a cost effective communication network. We refer to this
problem as the Network Design Problem with Connectivity Requirements (NDC).

Our model considers only costs associated with the topology of a network. The cost of
installing a cable between a pair of nodes typically will include the cost of digging trenches
and placing the fiber-optic cable into service. Other considerations, such as what facilities?
to install on each link are ignored. Our sole focus on topological design (i.e., if a link is in the
network or not) might appear to be myopic. However, there are two major justifications
for this viewpoint. First, currently network planners (see [CMW89]) use a hierarchical
approach, first deciding the topological design and then the facilities to install on these
links. Second, if we include demand considerations, the problem becomes very complicated.
Developing good methods to solve the NDC problem provides us a solid foundation (e.g.,
subroutines) to build upon when tackling the problem with demands.

As fiber-optic penetration increases, network planners will need to solve very large NDC
problems, that is, problems with up to several hundred nodes and several thousand links.
In this thesis our objective is to study the NDC problem and develop solution methods that

can solve large-scale versions of the NDC problem.

1.2.1 Formal Problem Description

We will now formulate the NDC problem more precisely, introducing notation and termi-
nology we need along the way.

We represent the network as a graph G with nodes N that represent switches and edges
FE that represent cables. We consider two types of models: those permitting at most one
edge and those permitting parallel edges between a pair of nodes. (In practice, the model
used by network planners at Bell Communications Research [CMW89] permits at most one
edge between a pair of nodes.)

We say that a set of paths Pi,..., P, between a pair of nodes s and ¢ are edge disjoint
if they have no edge in common. If the set of paths P;,..., P, have no node in common
other than s and ¢ (and so they have no edge in common), then we say the paths are node
disjoint.

An important result in graph theory, Menger’s theorem [Men27], relates edge (resp.
node) survivability between any pair of nodes to the number of edge-disjoint (resp. node-

disjoint) paths between these nodes.

Theorem 1.2.1 (Menger) In a graph:

1. The mazimum number of edge-disjoint paths between node s and node t equals the

minimum number of edges whose removal from the graph disconnects them.

3The type of facility (i.e., the number of fibers) to install depends upon the traffic estimates (demands).
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2. If the graph does not contain the edge {s,t}, the maximum number of node-disjoint
paths between node s and node t equals the minimum number of nodes whose removal

from the graph disconnects them.

Thus, ensuring k edge-disjoint paths between nodes s and ¢ guarantees that the communi-
cation between them survives the failure of up to k — 1 edges. Similarly, ensuring k& node-
disjoint paths between nodes s and ¢t guarantees the communication between nodes s and ¢
survives k — 1 node failures. In practice (see [CMW89]) planners usually specify survivabil-
ity requirements as the number of edge- or node-disjoint paths between various nodes in
the network.

We now formally state the network design problem with connectivity requirements.

Network Design Problem with Connectivity Requirements (NDC): We are given
an undirected graph G = (N, E), with node set N and edge set E, and a cost vector ¢ € R‘f‘
on the edges E. We are also given a symmetric |N|x|N| matrix R = [r;;] that prescribes the
number of edge- or node-disjoint paths needed between each pair of nodes: r;; represents the
required number of edge- or node-disjoint paths between nodes i and j (if the requirement
is for node-disjoint paths, then we use a superscript [n] to denote that the paths must be
node disjoint). We wish to select a set of edges that satisfy these requirements at minimum
cost, as measured by the sum of costs of edges we choose.

We refer to the requirements r;; as connectivity requirements, using the notation edge
connectivity if the paths must be edge disjoint and node connectivity if the paths must be
node disjoint. Note that for all pairs of nodes s and t we either specify edge-connectivity
requirements or node-connectivity requirements, but not both. In Chapter 4 we will discuss
a modeling extension that permits both edge- and node-connectivity requirements.

The NDC problem is an important combinatorial optimization problem. It is very general
and many network design problems can be cast as special cases of it. For example, the
Survivable Network Design Problem (SND) is a special case of the NDC problem. The SND
problem arises in a telecommunications problem in the Regional Bell Operating Companies
(RBOCs) (see [CMW89]). Each node v in the graph has a connectivity requirement r,.
For each distinct pair {s,t} of nodes, the network must contain at least rg = min{rs,r;}
disjoint s—t paths. The SND problem does not permit both edge- and node-connectivity
requirements. Therefore, all nodes have either an edge- or a node-connectivity requirement
(once again we denote node-connectivity requirements by the superscript [n]). Note that
the SND problem is an NDC problem with connectivity requirements rg = min{rg, r;}.

We now briefly describe other well-known network design problems, and show how to

represent them as NDC problems.

Minimum Spanning Tree: Design a minimum cost network that connects (spans) all
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the nodes in a network. The minimum spanning tree problem is an SND problem in

which each node has connectivity requirement 1.

Steiner Tree Problem: We are given a set T of terminal nodes in a graph that we wish
to connect. Find a minimum cost network to connect the nodes in T. Note that
the network design can use nodes from N not in 7. The minimum cost Steiner tree
problem is an SND problem in which the nodes in T have a connectivity requirement

of 1 and all the other nodes have a connectivity requirement 0.

Disjoint Path Problems: The k-edge-disjoint path problem requires that we find, at
minimum total cost, k edge-disjoint paths between a prespecified pair, say s and t, of
nodes. To specify the problem as an SND problem, we set the connectivity require-
ments of nodes s and t as k and the connectivity requirement of all other nodes as
zero. Similarly, for the k-node-disjoint path problem, we wish to find, at minimum
total cost, k node-disjoint paths between a prespecified pair of nodes (say s and t).
To formulate this problem as an SND problem, we set the requirements of nodes s

and ¢ as k[ and the requirements of all other nodes as zero.

Minimum Cost k-Edge-Connected Spanning Subgraph Problem: A graph is k-edge
connected if it remains connected after deleting fewer than k edges. Whitney [Whi32]
showed that a graph is k-edge-connected if and only if it contains k edge-disjoint
paths between every pair of nodes. Consequently, the minimum cost k-edge-connected
spanning subgraph problem is an SND problem in which each node has connectivity

requirement k.

Minimum Cost k-Node-Connected Spanning Subgraph Problem: A graph is k-node
connected if it remains connected after deleting fewer than k£ nodes. Whitney [Whi32]
showed that a graph is k-node-connected if and only if it contains k£ node-disjoint
paths between every pair of nodes. As a result, the minimum cost k-node-connected
spanning subgraph problem is an SND problem in which each node has requirement
k", Similarly, we can formulate Steiner versions of these problems (i.e., some of the

nodes need not be in the network) as SND problems.

Network Design with Low Connectivity Requirements (NDLC): For this special
case of the SND problem, which is of particular interest to the RBOCs, the connec-
tivity requirements r, are restricted to either {0,1,2} or {0, 1,2["} (corresponding to

edge- and node-connectivity versions of the NDLC problem).

Point to Point Connection Problem: Given a set of sources {s1,s2,...,sp} and a set

of destinations {t1,ts,...,tp}, we wish to find a minimum cost graph that has a path
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from s; to t; for i = 1 to P. We model the problem as an NDC problem as follows.
An element 7;; in the requirements matrix R is 1 if the node corresponding to row i
and node corresponding to column j are a source destination pair. All other entries

in R are 0.

Steiner Forest Problem: Given a graph G = (N, E) and node sets Ty, Ts, ..., Tp with
T;NT; = ¢ for all node set pairs %, j, design a graph at minimum cost that connects the
nodes in each node set. To formulate the Steiner forest problem as an NDC problem,
set r;; in the requirements matrix R to value 1 if the node corresponding to row ¢
and the node corresponding to column j are in the same node set (say T}). All other
elements of R are 0. Notice that the point to point connection problem is a special

case of the Steiner forest problem with 7; = {s;,t;} for i =1 to P.

These problems arise in many diverse settings in telecommunications, transportation, and
VLSI circuit design. These special cases show that the NDC problem models a wide variety
of connectivity problems on graphs. Therefore, methods for solving NDC problems have
many potential applications.

We classify NDC problems in two ways. If the connectivity requirements imply that all
nodes with a connectivity requirement must be connected, we say the problem is a unitary
NDC problem. Otherwise, it is a nonunitary NDC problem. For example, the SND problem
is a unitary NDC problem, and the Steiner forest problem is a nonunitary NDC problem.

In the next section we will briefly review different solution methods for combinatorial

optimization problems and motivate the solution methodology that we pursue.

1.2.2 Solution Methods

Because special cases of the NDC problem, like the Steiner tree problem [Kar72] and the
point to point connection problem [LMSL92|, are N'P-hard, the NDC problem is an N'P-
hard problem. For a comprehensive treatment of computational complexity theory and
recent developments in this problem domain, see the textbook by Papadimitriou [Pap94].
From a lay perspective, the fact that the NDC problem is NP-hard implies it is a very
difficult problem to solve: no one knows of a polynomial time algorithm that optimally
solves the problem. (The research community widely believes that there is no polynomial
time algorithm for AP-hard problems). Loosely speaking, by a polynomial time algorithm
we mean an algorithm whose worst-case running time is bounded by a polynomial in the
size of problem parameters. This means that all known algorithms that optimally solve the
problem, require in the worst case, an exponential number of operations.

Researchers approach NP-hard combinatorial optimization problems in many ways.

Often, they sacrifice optimality and focus on finding good solutions. These methods are
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called heuristics and can be quite effective. For example, Johnson [Joh90] reported solutions
within 1 percent of optimality for 10,000 city Traveling Salesman Problems* (TSP) and
Bentley [Ben92] reported solutions within 4 percent of optimality for million city TSPs,
using local search algorithms. However, a heuristic, by itself, does not usually provide
information on the quality of the solution.

In order to assess the quality of a heuristic it is important to provide lower bounds® on
the value of the optimal solution. One approach to providing lower bounds to combinatorial
optimization problems is to formulate them as Integer Linear Programming (IP) problems.
Solving the continuous relaxation (that is, the Linear Programming (LP) relaxation) of the
IP yields a lower bound on the value of the optimal solution. If solving the LP relaxation
provides an integer solution, then we have also found the optimal solution. Often the
solutions provided by the LP relaxation are fractional and the bounds they provide are
weak. In order to improve the LP bound we can add valid inequalities to the model,
inequalities that eliminate the LP fractional optimal solution but do not eliminate any
integer feasible solution. Methods that iteratively add such valid inequalities are called
cutting plane methods. Gomory [Gom63] in the early sixties first developed a general theory
for these methods. The best valid inequalities to add to a formulation are those that are in a
certain sense the deepest, ones that lie on the face of the convex hull® of the integer feasible
solutions to the problem. Such inequalities are called facets.” The polyhedral approach
attempts to describe by linear inequalities the convex hull of the feasible integer solutions
to a combinatorial optimization problem.

For N'P-hard problems, describing the convex hull by linear inequalities is itself an N/P-
hard problem. However, often even a partial description of the convex hull is very useful: in
many cases, solving the linear program based on the partial description provides an integer
solution. Even if they do not provide integer solutions, LP relaxation bounds frequently are
close enough to the optimal objective value that a branch and bound procedure finds the
optimal solution reasonably quickly. Polyhedral combinatorics is the branch of mathematical
programming that studies the linear inequality representations of the convex hull of the
integer feasible solutions to combinatorial optimization problems. Many early efforts with
the polyhedral method have studied the TSP (see [GP85]). Recently, using the polyhedral

“The traveling salesman problem is to find a minimum cost tour (sequence of edges) in a graph that visits
every node (city) exactly once.
SWithout loss of generality, we assume the problem is a minimization problem.

. . . . 1 i
5x is a conver combination of a set of points x!,x%,...,x' if x = Zi:l Aix' for some vector A =

(A1, A2, ..., \;) with Zi:l Ai=1land \; >0 fori=1,...,1. The conver hull of a set S is the set of all
points that are convex combinations of points in S.

"To be more precise, a valid inequality F, for a polyhedron P, is facet-defining if it is a face of the
polyhedron P whose dimension is one less than the dimension of P. Consequently, a facet belongs to the set
of inequalities that are essential (nonredundant) to the linear inequality description of the polyhedron P.
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method, researchers have been able to solve to optimality a TSP with as many as 7397 cities
[ABCC94]. Following up on the success of the polyhedral method for the TSP, researchers
have studied the polyhedral structure of many other combinatorial optimization problems
(see Nemhauser and Wolsey [NW88], Hoffman and Padberg [HP85]).

Although the polyhedral approach has met with some success after many years of effort
on the TSP, in general the polyhedral approach can be computationally intensive. There
are three main ingredients to the polyhedral method. (i) Finding classes of facet-defining
inequalities for the combinatorial optimization problem. This can be quite a challenging
task by itself. (ii) Solving the so called separation problem. Most combinatorial optimiza-
tion problems have exponentially many facet-defining inequalities. Instead of adding all
of these inequalities explicitly to the LP, researchers add the inequalities only if required.
Therefore, given a fractional solution to an LP relaxation of the problem, and a class of
facet-defining inequalities, we need to either produce a violated inequality or show that the
solution satisfies all the inequalities. This is the separation problem. For N'P-hard combi-
natorial optimization problems, often the associated separation problem for given classes
of facet-defining inequalities is N'P-hard. (iii) Implementing cutting plane methods (e.g.,
determining which facets to use, how to generate them, and how to combine facets with
an LP solver) based on the the results of the first two steps. This step is very much an
art and is often problem and instance dependent. Therefore, polyhedral methods have not
been particularly successful as a generic solution approach for quickly solving large-scale
problems. Another disadvantage is that the polyhedral method can take a very long time
to solve large-scale problems. If we terminate it before it obtains the optimal solution, the
method provides only a fractional solution. Thus, the polyhedral method, although very
useful to find provably optimal solutions and useful for several important classes of special
applications, is unable to provide a good solution for a given problem when it terminates,
perhaps because of running time limitations, before it finds the optimal solution.

Two other methods, Lagrangian relaxzation and dual-ascent have been effective for solving
many large-scale combinatorial optimization problems. Lagrangian relaxation methods are
typically used in formulations that have a set of relatively easy constraints and a set of
complicating constraints. By relaxing the complicating constraints and penalizing violations
to them in the objective function, we obtain a simpler problem, called the subproblem, to
solve. The objective value to the subproblem is a lower bound on the optimal objective
value. The Lagrangian dual problem seeks the choice of Lagrange multipliers (the penalties
for violating the constraints) that provide the best lower bound; that is, the choice of
Lagrange multipliers that provides the largest objective value when we solve the subproblem.
Lagrange multiplier theory shows that the bound provided by the solution of the Lagrangian

dual is always as large as the objective value of the linear programming relaxation of the
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problem. Lagrange multiplier methods have proven to be quite effective in practice. In a
seminal paper, Held and Karp [HK70] used Lagrangian relaxation on the subtour elimination
formulation of the TSP to provide a lower bound on an optimal tour. In practice, these
bounds are within 2 percent of the optimal solution [Joh90].

Linear programming theory shows that solving a linear program is equivalent to solving
its dual. Sometimes instead of solving the LP relaxation of a problem, we might solve the
dual, perhaps because it exhibits some special structure that we can exploit. Dual-ascent
methods operate on the LP dual. They choose the dual variables iteratively, improving the
dual objective (maximization) at each step. Dual-ascent methods also arise in Lagrangian
relaxation: in this setting, we iteratively adjust the Lagrange multipliers on the relaxed
constraints in a way that increases the objective value of the subproblem (dual objective) at
each step. Of course, since we are not solving the dual optimally, the dual-ascent procedure
need not give the best possible bound. However, it is often an extremely quick method
for finding a lower bound and has proven to be very effective in practice for a number
of problems. For example, Erlenkotter [Erl78] used a dual-ascent procedure to develop
a solution procedure for the uncapacitated facility location problem.® In computational
experiments the lower bounds produced by his dual-ascent algorithm were always within
1 percent of the optimal integer solution. Wong [Won84] devised a very successful dual-
ascent algorithm for the Steiner tree problem. He reported an average gap of less than
1 percent between the upper and lower bounds that his dual-ascent algorithm produces.
Balakrishnan, Magnanti and Wong [BMW89] generalized this approach for uncapacitated
fixed charge network design problems,” solving problems with up to 45 nodes and 500 edges
to within 4 percent of optimality. Balakrishnan, Magnanti and Mirchandani [BMM94b)]
used a dual-ascent approach to solve large-scale two-level network design problems, ' solving
problems with up to 500 nodes and 5000 edges to within 1 percent of optimality.

Another approach to formulating combinatorial optimization problems is to introduce

additional continuous variables. Such formulations are called extended formulations. For

8The uncapacitated facility location problem can be described as follows. Let I = {1,...,n} denote
possible locations for a distribution facility, and let ¢; denote the cost of opening (locating) a facility at
location . Let J = {1,...,m} denote customers, and let d;; denote the cost of satisfying customer j’s
demand from a facility at location i. The problem is to determine, at minimum cost, which facilities to
open, and for each customer, the facility that satisfies its demand.

In the uncapacitated fixed-charge network design problem, we are given a set of nodes, a set of un-
capacitated edges (arcs), and, between selected pairs of nodes, a required flow that must be routed over
the network. Each edge (arc) has two types of costs: a per unit flow cost and a fixed cost for using the
edge (arc). The problem is to select a subset of edges (arcs) that minimizes the sum of the routing costs
and the fixed-charge costs.

1071 the two-level network design problem, we are given a network with two possible facility types for each
edge—primary and secondary—and a partition of the nodes into two types—primary nodes and secondary
nodes. In this scenario, primary edges are more expensive than secondary edges. We wish to design a
minimum cost connected network that connects the primary nodes to each other by primary edges.
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example, network design problems can often be formulated with integer variables to repre-
sent the edges (the natural! variables) and with continuous variables interpreted as flows in
the network. Extended formulations can be compact (i.e., they have a polynomial number
of variables and constraints) and represent an exponential set of constraints in the space of
the natural variables. For example, Wong [Won80] presented a compact multicommodity
flow formulation of the TSP that has the same LP relaxation as the well-known (exponen-
tial) subtour elimination formulation. In many problem settings, it is easier to solve these
extended formulations or use their structure, since they often have network flow variables,
to devise Lagrangian or dual-ascent methods. For example, Wong’s dual-ascent procedure,
which is one of the most successful algorithms for the Steiner tree problem to date, is based
on an extended flow-based formulation.

Dual-ascent methods can be attractive for another reason: for certain problems the dual
information they provide can be used to devise a heuristic solution to the combinatorial
optimization problem. These methods might be attractive because the heuristics are based
on the dual variable information and therefore in a certain sense have some basis from
optimization theory. Whenever the dual-ascent method operates on the dual of an LP
relaxation, the best bound it provides can only be as good as the LP itself. Therefore, it is
important to use strong formulations, in a polyhedral sense,'? when developing dual-ascent
methods (and Lagrangian methods).

In this thesis our goal is to study formulations and methods to solve large-scale NDC
problems. We study flow-based extended formulations for the NDC problem and examine
the strength of different flow-based formulations. For special cases of the NDC problem, we
show how to improve the flow-based formulation. In developing solution methodologies, we
focus mainly on a dual-ascent approach. We seek dual-ascent methods that provide good

lower bounds and heuristic solutions to the NDC problem. We concentrate on two issues:

e How to improve formulations for the NDC problem or special cases of the problem,

and

e How to use strong formulations to devise dual-ascent methods that provide good lower

bounds and heuristic solutions.

1A formulation is a natural formulation if it has one variable for each member of its “ground set”. For
example, a natural formulation for the NDC problem would contain one binary (or integer) decision variable
for each edge in the graph.

2There might be more than one way to model an integer program. Although these formulations are
equivalent as integer programs, when solved as LPs, one formulation might be better—i.e., consistently
provide a better solution—than the others because it contains many facet-defining inequalities, or because
it most closely approximates the convex hull of the integer feasible points. Such a formulation is called a
strong formulation.
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1.3 Formulations for the NDC Problem

1.3.1 Notation

In this thesis we work with undirected graphs and directed graphs. We refer to an undirected
graph as a graph and a directed graph as a digraph. In order to distinguish between directed
and undirected edges, we use edge to refer to an undirected edge and arc to refer to a
directed edge. We also use braces to denote an edge between nodes i and j, i.e., {3,;j}, and
parentheses to denote a directed arc from node i to node j, i.e., (,5). For a directed arc
(i,7), we refer to node i as the tail of the arc and node j as the head of the arc. If one
endpoint of an edge is node i, we say that the edge is incident to node i. Similarly, if the
head or tail of an arc is node 4, we say that the arc is incident to node i.

We refer to the set of node-connectivity requirements in the matrix R as R™. At times,

we will refer to connectivity requirements of a set of nodes. Let

econ(T') := max{r;lj€T;ie N\T};
ncon(T) := max{ri|ri; € RMj e T;ie N\T}.

Econ(T) is the maximum edge-connectivity requirement between any node in 7' and its
complement. Similarly, ncon(7") is the maximum node-connectivity requirement between
any node in 7" and its complement.

In models that permit parallel edges, we let G = (N, E) represent the underlying graph
and b;; represent the number of parallel edges allowed between nodes 7 and j. For example,
if a model permits two edges between nodes ¢ and j, then the graph G contains the edge
{i,7} and b;; = 2.

We will also consider graphs obtained by deleting nodes or edges from a graph G. We
let G — Z denote the graph obtained by deleting a set Z (of nodes, edges, or combinations of
nodes and edges). In deleting any node, we also delete all the edges incident to that node.

In an undirected graph, any set of nodes T' defines a cut {N\T}{T} = {{i,j} : i €
N\T,j € T}. We let 6(T) denote the set of edges in this cut and refer to 6(T) as a
cut. We use 6g(T), in case of possible ambiguity, to indicate which graph the cut T is
defined on. Similarly, any set of nodes 7" in a directed graph defines a dicut {N\T'}—
{T} = {(i,j) :i € N\T,j € T}. We let 6~ (T') denote the set of arcs in this dicut, that
is the set of arcs directed into T'. Also, let §*(T') denote the set of arcs directed out of T'.
An st cutis a cut, say §(T), with s ¢ T and t € T. Similarly, an s— dicut is a dicut, say
0 (T),withs¢g T and t €T.

Sometimes, we will contract a set of nodes in a graph or digraph. To contract a set of

nodes 7' in a graph
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1. Add a single node, say ¢, to the graph (digraph).

2. Replace an edge {i,j} in 6(T) with j € T by the edge {i,t}. (For a digraph (7,7) in
07 (T) [resp. (i,7) in 6(T)] by the arc (i,t) [resp. (t,7)].) If this operation creates

parallel edges (arcs) between nodes, delete all but the smallest cost parallel edge (arc).
3. Delete the nodes in 7" and all edges (arcs) incident to them.

The capacity of a cut 6(W) is defined as the sum of the capacity of the edges in the cut.
The capacity of a dicut 6~ (W) is defined as the sum of the capacity of the arcs in the dicut.

Sometimes we will want to eliminate the variables from an “extended” formulation of a
problem. Let A and B be two given matrices and b be a column vector, all with the same
number of rows. Consider the polyhedron P = {(x,f) : Ax + Bf < b}. The polyhedron
Q = {x: Ax + Bf < b for some vector f} obtained by eliminating the f variables is called
the projection of the the polyhedron P.

If two formulations for a problem provide, for all objective function coefficients, the same
optimal objective value when solved as LPs, we say the two formulations are equivalent.

We say that adding an inequality Z strengthens a formulation of a (mixed) integer
programming problem if it is valid and adding it to the formulation improves the objective
value of the LP relaxation of the formulation for some choice of the objective function
coefficients. We say that a formulation P; is stronger than a formulation Py if, when solved
as LPs, the objective value of Py is always better than the objective value of Po, and
sometimes is strictly better than the objective value of Ps.

Throughout this thesis, we use some complexity notions as applied to network design
problems. Typically, the network problems we consider have the following associated data
parameters: number of nodes |N|, number of edges |F|, costs, and sometimes, capacities
on the edges. We represent the largest cost by C and the largest edge capacity by U. An
algorithm is said to be a polynomial time algorithm if its worst-case running time is bounded
by a polynomial in the size of the problem parameters. For network design problems, this
means the worst-case running time is bounded by a polynomial in |N|, |E|, logU, and
logC. A polynomial time algorithm is said to be strongly polynomial if its worst-case
running time is bounded by a polynomial function in the number of nodes |N| and the
number of edges |F|. Otherwise, we say the polynomial algorithm is weakly polynomial. An
algorithm is psuedopolynomial if its worst-case running time is bounded by a polynomial in
IN|, |E|, and C, and U.

1.3.2 Formulation

In Section 1.2.1 we stated Menger’s theorem in terms of paths and edges (or nodes) whose

deletion destroys these paths. Another equivalent statement of Menger’s theorem relates
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paths and edges across cutsets:

Theorem 1.3.1 The mazimum number of edge-disjoint paths between nodes s and t in a

graph equals the minimum number of edges across every s—t cut.

Menger’s theorem permits us to state the following well-known “cutset” formulation for
the NDC problem. Let z;; be an integer variable that represents the number of copies of

edge {i,7} in the network.

Cutset formulation for the NDC problem:

Minimize Z CijTij (1.1a)
{ijteE
for all pairs s,t € N, s # t and

subject to: Tii > T 1.1b
) Z / ' for all T with s € N\T, t € T} ( )

{i,j}es(T)
if ry > 2 with ro, € R, and
for all pai teN t and
Z vy > 1ot — 7] or all pairs s,t € N, s.;é an (1.1¢)
(ij}edg 2(T) for all Z C N\{s,t} with 0 < |Z| < rg,
and for all T'C N\Z; with s ¢ T, t € T}
Tij < bij for all {Z,]} € F; (1.1(].)
zy; > 0 and integer, for all {i,j} € E. (1.1e)

Constraint (1.1b) says that if the desired design must contain either rg edge- or node-
disjoint paths between nodes s and ¢, then the network contains at least ry edges across
each s—t cut. Moreover, if the paths between nodes s and t are to be node disjoint, then
deleting any subset of k£ < rg nodes should leave at least ry; — k paths between s and t.
Constraint (1.1c) represents this condition. Constraint (1.1d) says that the network can
contain at most b;; copies of edge {i,j}. For models that do not permit parallel edges,
bi; = 1. For models that permit parallel edges, b;; represents the maximum number of
parallel edges between nodes ¢ and j.

Note that we could model the node-connectivity requirements with fewer constraints
of type (1.1c) since if a network contains rg node-disjoint paths between nodes s and t,
then if we delete any rg — 1 nodes, the network will still contain a path between nodes s
and t. To model this condition requires the use of constraint (1.1c) for only those sets Z
containing rs — 1 nodes. Therefore, in the integer programming model the other constraints
of type (1.1c) are redundant.

As shown by the example in Figure 1-1, however, the additional constraints can improve

(strengthen) the LP relaxation of this model. In this example, we want to find, at minimum
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Figure 1-1: Example to show that constraints (1.1c) can strengthen the formulation. We
wish to find 3 node-disjoint paths between nodes s and ¢: (a) Costs of the edges, (b) Optimal
LP solution for the LP model that contains constraint (1.1c) only for those sets Z containing
2 nodes. This solution is not feasible for the LP model that contains all constraints of

type (1.1c).

cost, 3 node-disjoint paths between nodes s and ¢t. Figure 1-1a shows the edge costs and
Figure 1-1b shows the (fractional) optimal solution (cost 36 units) to the LP relaxation of
the model that contains constraint (1.1c) only for those sets Z containing s — 1 = 2 nodes.
Note that deleting any two of the nodes a, b, ¢, d, e and f satisfies constraint (1.1c).
On the other hand, this solution is not feasible to the LP relaxation of the model that
contains all constraints of type (1.1c). The solution violates constraint (1.1c) when T' = {t}
and Z = {c}. The lefthand side of this constraint x4 + xe + x4 has value 1.5 and the
righthand side rg — 1 has value 2.

By deleting redundant constraints in the LP relaxation of the cutset formulation, we

obtain the following formulation.

Cutset formulation (II) for the NDC problem:

Minimize Z CijTij
{i,j}€E
subject to: Z xi; > econ(T) for all T' with ¢ # T # N,
{1.7}€8(T)
for all T € N\Z with ¢ # T # N\Z,
Z xi; > ncong—z(T) —|Z| and forall ZC N
{i.7}€0—2(T) with 0 < |Z| < ncong_z(T');

zij < bij for all {i,j} € E;
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xi; > 0 and integer, for all {i,j} € E.

Consider an alternative way to formulate the problem. We can enforce the connectivity
requirements of the matrix R using commodity flows. For each pair {s,¢} of nodes, with
rse > 1, create a commodity, arbitrarily choosing one of the nodes as the origin of the
commodity and the other node as the destination. Let K denote the set of commodities
and let g, for each k € K, denote the edge- or node-connectivity requirement between the
origin and destination of commodity k. Let K[ denote the subset of commodities that
correspond to node-connectivity requirements. For example, if ry = 3 then ¢ = 3 for the
commodity k corresponding to the node pair {s,t}. The following Mixed Integer Program,
with x;; representing the number of copies of edge {i,j} in the network and fi]} flows, is a

valid formulation for the NDC problem.

Undirected flow formulation for the NDC problem:

Minimize Z CijTij (1.2a)
{i,j}eE
—qr  if i =O(k);
subject to: Z fj’_fi - Z k= qr ifi=D(k); forallie N and k€ K (1.2b)
JEN leN 0  otherwise;
k
flli } < xyj for all {i,j} € Eand k € K (1.2¢)
ji
k< for all k € K" and all i # O(k), D(k) (1.2d)
leN
fZ’;,kaZ >0 for all {i,j} € Eand k € K (1.2e)
zij < byj for all {i,j} € E; (1.2f)
zi; > 0 and integer, for all {i,j} € E. (1.2g)

Constraint (1.2¢) in this formulation permits us to send flow on an edge only if it is in
the design. The number of units of flow of a commodity we can send on an edge equals
the number of copies of that edge in the graph. This capacity constraint, together with
the flow balance constraints (1.2b), enforce the edge-connectivity requirements. Consider
for example the model that does not allow parallel edges (that is, each b;; = 1). If we
want to send 3 units of flow from node s to node ¢, then the formulation forces us to send
this flow on 3 edge-disjoint paths between these nodes. Suppose the requirements are for
node-disjoint paths. Then constraint (1.2d) ensures that at most one unit of a commodity
flows into (and out of due to flow balance constraint (1.2b)) any node that is not the source

or destination of the commodity. This ensures that the network will contain the required
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number of node-disjoint paths.

Note that the solution in Figure 1-1b has no feasible flow satisfying constraint (1.2d).
The only feasible flow, with the values of the edge variables shown in Figure 1-1b, that
sends 3 units of flow from s to ¢ has fsc = foe = 1, and fsq = foc = feoo = for = fsa =
fat = fse = fet = fsf = fr+ = 1/2. (This solution sends one unit of flow on the path s-c-t,
and half a unit of flow on the paths s-a-c-b-t, s-d-t, s-e-t and s-f-t). However, this solution
has 1.5 units of flow flowing into node ¢, violating constraint (1.2d). (This formulation also
provides the integer optimal solution for the problem in Figure (1-1).)

We will come back to the cutset and undirected flow formulation in Chapter 4, where
we will show that they are equivalent. We will then describe a dual-ascent algorithm for

the NDC problem based on the undirected flow formulation.

1.4 Organization of the Thesis

In Chapter 2 we review the NDC problem literature. We discuss heuristics as well as
exact algorithms. We also introduce a directed network design problem with connectivity
requirements and review its literature.

In Chapter 3 we describe the basic principles underlying the dual-ascent method. We
illustrate the method by considering the minimum spanning tree problem and the more
general minimum cost branching problem.'® Our discussion shows how to use the dual-
ascent approach to derive Edmonds’ algorithm [Edm67] for the minimum cost branching
problem. We then provide a Lagrangian duality interpretation of Edmonds’ algorithm.
Finally, we show how to extend these ideas to derive Wong’s algorithm [Won84] for the
Steiner branching problem.

In Chapter 4 we consider the network design problem with connectivity requirements.
We compare the flow-based formulation to the traditional cutset formulation. We then
provide a dual-ascent algorithm that generates both a feasible heuristic solution and a
lower bound for the problem. For the k-edge-disjoint path problem and the k-node-disjoint
path problem, the dual-ascent algorithm provides the optimal solution. We also compare
our method with that of Goemans et al. [GGW93, WGMV93, GGP94] and describe
similarities and differences between the two algorithms. We then consider several modeling
extensions to the NDC model. These extensions permit connectivity requirements of the

following type: the network design must contain k edge-disjoint paths between nodes s

3The minimum cost branching problem can be described as follows. Given a digraph D = (N,A) and a
designated root node r, design a minimum cost network that contains a directed path from the root node
to all other nodes. In the Steiner version of this problem, the minimum cost Steiner branching problem, we
are also given a set T (r € T) of terminal nodes. We need to design a minimum cost network containing a
directed path from the root node r to every node in T'.
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and t, of which at least [ must be node disjoint. We also show how to modify the dual-
ascent algorithm for the NDC problem so that it applies to directed network design problems
with connectivity requirements.

In Chapter 5 we consider the unitary network design problem with connectivity require-
ments. Motivated by a result due to Nash-Williams [NW60], we show how to to strengthen
the flow-based formulation (1.2) for the unitary NDC problem. We investigate the poly-
hedral structure of the improved formulation by projecting out the flow variables, and
show that the improved flow-based formulation implies three classes of valid inequalities—
partition, odd-hole, and combinatorial design—for the cutset formulation in the space of the
edge variables (these inequalities are generalizations of known inequalities for the Steiner
tree problem). Each of these three classes of valid inequalities is new for the unitary NDC
problem.

In Chapter 6 we consider the network design problem with low connectivity require-
ments. We use the improved formulation described in Chapter 5 to devise a new dual-
ascent algorithm for this problem. We then study the computational performance of the
dual-ascent algorithm. When applied to problems with up to 300 nodes and 3000 edges, the
dual-ascent procedure generates solutions known to be within about 4 percent of optimality.

In Chapter 7 we develop an improved flow-based model for the NDC problem (i.e., both
unitary and non-unitary). We first consider the Steiner forest problem and introduce a
flow-based formulation on a directed network that is stronger than Formulation (1.2). We
then generalize this directing procedure and develop an improved flow model for all NDC
problems. To our knowledge the literature does not contain a directed model for the Steiner
forest problem.

In Chapter 8 we summarize this thesis.
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Literature Review

In this chapter we review the extensive literature on the network design problem with
connectivity requirements (NDC). In later chapters, we elaborate on some of these results.
Part of the material in this chapter draws on references cited in [Sto92] and [Fra94].

The NDC problem is a special class of the general network design problem. Network
design is a fertile field with many different problem variants that are not restricted to the
design of physical networks, and include many transportation planning and production
planning problems. For surveys of network design problems, see the papers by Magnanti
and Wong [MW84] and by Minoux [Min89]. A good collection of recent research results
on network design problems is the book Network Models edited by Ball, Magnanti, Monma
and Nemhauser [BMMNO95].

One special case of the NDC problem—the Steiner tree problem—is well studied. For
this reason, we will not review the Steiner tree problem in detail. For a comprehensive
survey of this problem, see the recent book by Hwang, Richards and Winter [HRW92].

In this chapter, unless otherwise specified we assume the NDC model does not permit
edge replication. Usually (if this is not the case we will explicitly mention it), algorithms
for the model that does not permit edge replication also apply to the model that permits
edge replication. To apply these algorithms replace each edge by min(b;;, "max) copies of
the edge. On the other hand, algorithms designed for the model that allows (unlimited)?
edge replication usually do not apply to the model that does not permit edge replication.

The plan for the rest of this chapter is as follows. We first describe polynomially solvable
cases of the NDC problem. Next, we describe heuristics for the NDC problem, and then
describe exact (not polynomial) algorithms for the NDC problem. Finally, we describe a

directed version of the NDC problem and review its literature.

n this chapter every model with edge replication permits unlimited edge replication. Therefore, the
constant b;; in model (1.2) is equal to rmax-.

29
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2.1 Polynomially Solvable Cases

The NDC problem is polynomially solvable for certain restricted choices of edge costs c¢;;,

connectivity requirements r;;, or structures of the underlying graph G.

2.1.1 Graph Augmentation Problems

In these problems the underlying graph is complete and the edge costs are either 0 or 1.
These problems have the following interpretation. Starting from the graph defined by the
zero-cost edges, add the fewest possible edges (augment the graph) to satisfy the connec-
tivity requirements. If all edge costs are 1, these problems are also referred to as uniform
cost problems. Observe that uniform cost problems are graph augmentation problems with

an empty starting graph.

Uniform Cost Problems: Harary [Har62] first considered problems of this type in the
context of the k-node-connected spanning subgraph problem. He constructively showed
that the minimum number of edges in a k-node-connected graph on |N| nodes is [@W
Chou and Frank [CF70] considered the edge-connectivity version of the NDC model
with edge replication. They constructively showed how to find the optimal solution to
this problem. The running time of their algorithm grows linearly with 7y, the highest
connectivity requirement; therefore, the algorithm is psuedopolynomial. Sridhar and Chan-
drasekaran [SC92] described a strongly polynomial algorithm that solves the same problem.
They modify the Gomory-Hu [GH61] network synthesis algorithm? so that it provides inte-
ger capacities for the edges. Frank and Chou [FC70, FC69] described an algorithm to solve

the edge-connectivity version of the NDC problem without edge replication.

Edge-Connectivity Augmentation: Eswaran and Tarjan [ET76] introduced graph aug-
mentation problems. They showed how to solve the 2-edge-connected augmentation prob-
lem. Cai and Sun [CS89] and Watanabe and Nakamura [WN87] solved the general k-edge-
connected augmentation problem with edge replication. Frank [Fra92] generalized these
results by showing how to solve the edge-connectivity version of the NDC augmentation
problem with edge replication. It is an important open problem to find algorithms for the

model without edge replication. Taoka, Takafuji and Watanabe [TTW93] have recently

In the network synthesis problem we are given a symmetric requirement matrix R whose entries can
be fractional. We need to decide on capacities b;; for the edges so that for every pair of nodes s and ¢, the
network can send at least rs: units of flow. This can be considered as the fractional version of the uniform
cost problem. Gomory and Hu [GH61] described an algorithm for this problem. Even if all entries in R are
integer, the Gomory-Hu algorithm can give fractional solutions.
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taken a step in this direction. They showed how to solve the k-edge-connected augmenta-
tion problem for the model without edge replication when k& < 5 (this algorithm does not

apply to the model that permits edge replication).

Node-Connectivity Augmentation: The node-connectivity augmentation problem is
quite difficult. In fact, at present, it is not known if the problem is NP-hard or whether
it is polynomially solvable (even for the model that permits edge replication). As a conse-
quence, results for the node-connectivity version are limited. Eswaran and Tarjan [ET76]
showed how to determine the exact number of edges to be added to make a graph 2-node
connected. Using Eswaran and Tarjan’s result Rosenthal and Goldner [RG77] provided an
O(|N|+|E|) algorithm (here E is the set of zero-cost edges) for the problem of constructing
2-node-connected graphs. Watanabe and Nakamura [WN88] described an algorithm for
constructing 3-node-connected graphs. Recently, Jordédn [Jor94] showed how to augment
a (k — 1)-node-connected graph to a k-node-connected graph using at most max(0,k — 3)
more edges than the optimal augmentation. Other than these results, not much is known

about node-connectivity augmentation problems.

2.1.2 Restricted Connectivity Requirements

The following special cases of the NDC are polynomially solvable.

e The minimum spanning tree problem. In this case, r; = 1 for all nodes in the SND
model. Kruksal’s [Kru56] and Prim’s [Pri57] algorithms are well-known algorithms

for solving this problem.

e The k-edge-disjoint or k-node-disjoint path problem. This problem can be formulated
as a minimum cost flow problem, which is polynomially solvable. Suurbaale [Suu74]

has devised a specialized algorithm for this problem.

e The Steiner tree problem when either the number of terminal nodes or the number
of Steiner nodes is bounded. Dreyfus and Wagner [DW71], Lawler [Law76], and

Levin [Lev71] have given dynamic programming algorithms for this problem.

2.1.3 Restricted Graphs: Series-Parallel Graphs

Researchers have studied versions of the NDC problem on special graphs called series-
parallel graphs (or 2-trees). These graphs can be constructed by a recursive construction
process. As a result, many problems that are NP-hard on general graphs are polynomi-
ally solvable, using a dynamic programming algorithm, on series-parallel graphs. This is

formalized in various ways by Arnborg and Proskurowski [AP89], and Bern, Lawler and
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Wong [BLW8T7|. Although the basic algorithm design philosophy for problems on series-
parallel graphs is quite easy, deriving a linear time algorithm is not so straightforward. For
example, to prove the correctness of a linear time algorithm for the edge-connectivity ver-
sion of the NDLC on series-parallel graphs, Raghavan [Rag92] has considered 110 different
cases. We now summarize the polynomial algorithms for various special cases of the NDC
problem on series-parallel graphs. Wald and Colbourn [WC83] described a linear time al-
gorithm for the Steiner tree problem on series-parallel graphs. Winter [Win87] described
linear time algorithms for the Steiner 2-node-connected and Steiner 2-edge-connected span-
ning subgraph problems on series-parallel graphs. Raghavan [Rag92] described linear time
algorithms for both the edge- and node-connectivity versions of the NDLC problem on
series-parallel graphs.

Other researchers have focused on providing complete polyhedral descriptions for special
cases of the NDC problem on series-parallel graphs. This characterization is important
because valid inequalities for a problem on a series-parallel graph are usually valid for general
graphs. Consequently, a formulation that provides a complete polyhedral description of the
problem on series-parallel graphs is often a strong formulation for the problem on general
graphs (for example, the Steiner branching problem).

Goemans [Goe94b] and Margot, Prodon and Liebling [MPL94] independently provided
polyhedral descriptions for the node weighted Steiner tree problem on series-parallel graphs—
that is, a Steiner tree problem with a fixed cost (in addition to the cost of its incident edges)
for selecting a Steiner node in the network design. These formulations are extended formu-
lations for the Steiner tree problem on series-parallel graphs.

Coullard, Rais, Rardin and Wagner [CRRW91a] provided a complete polyhedral descrip-
tion of the Steiner 2-node-connected spanning subgraph polytope on series-parallel graphs.
Baiou and Mahjoub [BM93] described the Steiner 2-edge-connected spanning subgraph
polytope on series-parallel graphs.

Chopra [Cho89] studied the minimum cost k-edge-connected spanning subgraph prob-
lem. He provided a complete linear inequality description of the polytope associated with
the k-edge-connected spanning subgraph problem on an outerplanar graph® when k is odd.

Researchers have studied two other classes of decomposable graphs (i.e., graphs that can
be constructed recursively): the so called Wy-free graphs and Halin graphs. Coullard, Rais,
Rardin and Wagner [CRRW91b] studied the Steiner 2-node-connected subgraph problem
on Wy-free graphs. They described a linear time algorithm for this problem and provide a
complete polyhedral description of this problem. Winter [Win85] described linear time al-
gorithms for the Steiner 2-node-connected and Steiner 2-edge-connected spanning subgraph

problems on Halin graphs.

3 An outerplanar graph is a special type of series-parallel graph.
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Recently, Margot and Schaffers [MS91, MS94| reported on a general theory to derive
complete polyhedral descriptions for problems on graphs that can be constructed recursively.
With this unifying theory, they provide alternate proofs for many of the results cited in this
section.

It is interesting to note that although there is a linear time algorithm to solve the
Steiner tree problem on series-parallel graphs, no one has been able to provide a complete
polyhedral description of the Steiner tree problem on series-parallel graph in the space of
the natural edge variables. Perhaps, the recent results by Margot and Schaffers will provide

some clues as to how to solve this open problem.

2.2 Heuristics for the NDC Problem

Steiglitz, Weiner, and Kleitman [SWKG69] seem to have been the first to consider the NDC
problem. They considered problems with node-connectivity requirements, describing a
heuristic algorithm that works in two steps. It first incrementally adds edges to the graph
and creates a feasible solution. Then, it makes local improvements, using pairwise exchanges
of edges until no more local improvements are possible. They applied their heuristics to two
real-world problems. Their heuristic required approximately 12 minutes of running time on
a UNIVAC 1108 for a 6-node-connected spanning subgraph problem on a 58 node graph
(the larger of the two problems).

Monma and Shallcross [MS89] described heuristics for the network design problem with
low connectivity requirements (NDLC). Their heuristic method also has two parts. It first
constructs a feasible solution and then applies a number of local interchange heuristics.
Their heuristics were designed to work well on sparse underlying graphs. For some sparse
telephone network design problems with 116 nodes, their heuristics required up to 156 sec-
onds of running time on an IBM-PC/AT.

Using similar ideas to those used by Monma and Shallcross, Ko and Monma [KM89] have
proposed heuristics for designing k-edge-connected and k-node-connected graphs. They
tested their method on random problems. Running times, on a VAX 8650, for their heuristic
varied from 13 seconds for problems with 20 nodes and k£ = 3, to 120 seconds for problems
with 40 nodes and k£ = 5.

Goemans and Talluri [GT91] studied the k-edge-connected spanning subgraph problem.
They showed that if k is even or 1 and G is a k-edge-connected graph, then replacing any
two nonadjacent edges (a,c) and (b,d) in G by either the edges (a,d) and (c,b), or the
edges (a,b) and (c,d) produces a k-edge-connected graph. As a result, 2-opt* is a feasible

1A 2-opt heuristic starts with a feasible network. It then replaces two edges contained in the solution by
two edges that are not, if the solution remains feasible and its cost decreases. It continues in this fashion
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heuristic for the Steiner k-edge-connected spanning subgraph problem when k is even or 1.

2.2.1 Approximation Algorithms for the NDC Problem

An approximation algorithm is an algorithm that provides a heuristic solution with a prov-
able worst-case ratio between the value of the heuristic solution and the value of an optimal
integer solution. An a-approximation algorithm, or an algorithm with a worst-case ratio
of a, is an algorithm that provides a heuristic solution that is always guaranteed to have
a solution value that is at most a times the optimal (integer) solution value. For the
general NDC problem no approximation algorithms are known. However for special cases
researchers have been able to provide approximation algorithms.

One of the earliest approximation results was for the Steiner tree problem. Several
authors (see El-Arbi [EA78], Kou et al. [KMB81], Plesnik [Ple81], and Takahashi and Mat-
suyama [TM80]) independently proposed a minimum spanning tree heuristic that has a
worst-case ratio of 2 — (2/|T'|) (recall that T denotes the set of required nodes). This

algorithm can be described as follows:

Minimum spanning tree heuristic (Takahashi and Matsuyama)
1. Select an arbitrary node ¢ € T' as the initial tree B. Let 7" = {i}.
2. While T\T" # ¢

e determine a node j € T closest to B (break ties arbitrarily),
e update B by adding the shortest path joining node j to B,
o T'=TU{j}.

Zelikovsky [Zel93] described a %—approximation algorithm for the Steiner tree problem
that runs in O(|T|(|E| + |N||T| + |N|log |N])) time. Berman and Ramaiyer [BR92] build
upon Zelikovsky’s ideas and proposed a %-approximation algorithm for the Steiner tree
problem that runs in O(|N|7/?) time. Currently, this is the best worst-case bound of any
approximation algorithm for the Steiner tree problem.

Frederickson and J4J4 [FJ81] described a 3-approximation algorithm for the 2-edge-
connected spanning subgraph problem. Khuller and Vishkin [KV92] improved upon this
worst-case ratio by giving a 2-approximation algorithm for the k-edge-connected spanning
subgraph problem. Their algorithm replaces each undirected edge {i,j} by two directed
arcs, (i,7) and (j,7), each with the same cost as {7,7}. It then arbitrarily selects one of

the nodes as a root node and solves the minimum cost k-branching problem. That is, it

until no further improvement is possible.
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designs a digraph that contains k arc-disjoint branchings rooted at the root node. Since
the k-branching problem is a matroid intersection problem (see Section 2.4.1), it is solvable
optimally in polynomial time [Edm79]. Next, they showed that the network designed by
selecting an edge {i,j} if at least one of the arcs (i,j) or (j,7) is in the solution to the
k-branching problem is a k-edge-connected subgraph whose cost is no more than twice that
of the optimal solution.

Balakrishnan, Magnanti and Mirchandani [BMM94a| described a tree completion heuris-
tic that is a 2-approximation algorithm for the k-path Steiner tree problem. In the k-path
Steiner tree problem we are given a set 1" of terminal nodes we wish to connect. In addition
we require that two prespecified nodes in T', say s and ¢, are connected by k edge-disjoint

paths. The tree completion heuristic can be described as follows:

Tree completion heuristic for k-path Steiner tree problem

1. Solve the k-edge-disjoint path problem between nodes s and t. Set B to be the edges
in these k edge-disjoint paths. Set T” to be the set of terminal nodes that are incident
to edges in B.

2. While T\T" # ¢ (continue with Step 2 of the minimum spanning tree heuristic)

e determine a node j € T closest to B (break ties arbitrarily),
e update B by adding the shortest path joining node j to B,
o T'=TU{j}.

Goemans and Bertsimas [GB93] were the first researchers to devise an approximation
algorithm for the SND problem. They described a tree heuristic for the edge-connectivity
version of the SND problem that permits edge replication. Its simplicity makes it worth
describing.

Tree heuristic

1. Compute, for all pairs of nodes i, j, the shortest path lengths cgj with respect to the

cost vector c.

2. Prepare a sorted list L = {0 = pg < p1 < p2 < ... < pp} consisting of all distinct

connectivity types.
3. Set x =0.
4. For k=1topdo

o Let Ny ={ie N:r>pi}.
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e Compute Ty = (N, Ff), the minimum spanning tree with respect to ¢’ of the
complete graph induced by Ny.

o Let z;; = zi; + (pr, — pr—1) for all edges {i,j} € Ej.

5. If x;; > 0, replace each edge {7,j} in the complete graph on N by z;; copies of the

shortest path from node ¢ to node j.

Goemans and Bertsimas showed that the worst-case ratio 67 of the tree heuristic is

(o) (X5

In this expression, T' denotes the nodes with connectivity requirement greater than 0. When
applied to the Steiner tree problem the tree heuristic reduces to the well-known minimum
spanning tree heuristic. In proving the worst-case ratio of the tree heuristic, Goemans
and Bertsimas actually showed that 61 is the ratio between the tree heuristic’s solution
and the optimal linear programming value of a cutset model for the SND problem (see
Formulation (1.1) on page 24). As a result, they bounded the ratio between the optimal
IP solution and optimal LP solution for the cutset model. Goemans and Bertsimas also
showed that if p; = 1 and p > 2, the worst-case ratio of the tree heuristic improves by a
unit to 67 — 1.

Goemans and Bertsimas described another algorithm called the improved tree heuris-
tic for the edge-connectivity version of the SND problem that allows edge replication.
This heuristic improves upon the tree heuristic when there is a gap in the connectivity
requirements—that is, when two consecutive values of p differ by more than 1. Suppose
the two consecutive values of p differ by 2. The improved tree heuristic adds to the current
solution (i) one copy of the minimum spanning tree T} computed by the tree heuristic, and
(ii) a minimum weight matching M}, with respect to the edge cost vector ¢/, on the odd
degree vertices of Tj,. Since the union of T}, and M, is Eulerian,® it is 2-edge connected.
Therefore, the resulting network has at least 2 more edge-disjoint paths between the nodes
in T, UM}, (when applied to the 2-edge-connected spanning subgraph problem, the improved
tree heuristic is Christofides’ heuristic [Chr76] for the TSP without its short-cutting step).
In general, if the gap in the connectivity requirement is even, the improved tree heuristic
adds (pr — pr—1)/2 copies of the tree Ty and the matching My to the solution. If the gap
in the connectivity requirement is odd, it adds (pp — px—1 + 1)/2 copies of the tree T} and

®An Eulerian graph is a connected graph whose nodes all have even degrees. In 1736, in a result that
many researchers believe is the origin of graph theory, Euler [Eul36] showed that it is possible to start from
any any node in an Eulerian graph, traverse all edges in the graph and return to the start node without
traversing any edge twice. As a result, an Eulerian graph is 2-edge connected.



2.2 Heuristics for the NDC Problem 37

(pr — pr—1 — 1)/2 copies of the matching My to the solution. Goemans and Bertsimas

showed that the worst-case ratio @ of the improved tree heuristic is

Zp: (Pr — pr— 1)

In this expression, f(I) = %l if [ is even and f(l) = %H—% if 1 is odd. For the Steiner k-edge-
connected subgraph problem, their algorithm gives a worst-case ratio of 3/2 when k is even
and 3/241/(2k) when k is odd. Again, in proving the worst-case ratio of the improved tree
heuristic, Goemans and Bertsimas actually showed that 65 is the ratio between the value of
the improved tree heuristic’s solution and the optimal LP value of the cutset model for the
SND problem, thereby bounding the ratio between the optimal IP and optimal LP values
for the cutset model. Goemans and Bertsimas also showed that if p; = 1 and p > 2, the
worst-case ratio of the improved tree heuristic improves by a unit to o — 1.

Building upon the work of Goemans and Bertsimas, Goemans and Williamson [GW92]
described an algorithm for network design problems that can be formulated as integer
programs with a certain type of cut constraint. This class of problems include the edge-
connectivity version of the NDC problem with edge replication. Suppose that rs assumes
at most p different nonzero values, 0 = pg < p1 < p2 < ... < pp. Then their algorithm has

a worst-case ratio of ;.6 That is,

= () (250

In this expression, T is the set of nodes that need to be connected. In proving the worst-case
ratio of this heuristic, Goemans and Williamson showed that 6 is the ratio between the
value of the heuristic’s solution and the optimal LP solution to the cutset model for the
NDC problem, and therefore a bound on the ratio between the optimal IP and optimal
LP values for the cutset model. Although Goemans and Williamson do not show this,
arguments similar to those used by Goemans and Bertsimas will reduce the worst-case ratio
of the heuristic by 1 to #; — 1 when p; = 1 and p > 2. A reduced ratio does not apply to
the optimal IP to optimal LP ratio of the cutset model.

Williamson, Goemans, Mihail and Vazirani [WGMV93] and Gabow, Goemans and
Williamson [GGW93] described an approximation algorithm for a class of problems that in-
clude the edge-connectivity version of the NDC problem without edge replication (their

algorithm is the first approximation algorithm for the edge-connectivity version of the

P Pk —Pk—1

k=1 pn ) However, their paper implies

5Goemans and Williamson stated a worst-case ratio of 2 (

this ratio.
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NDC problem without edge replication). They described an approximate version of the
primal-dual” method for combinatorial optimization problems that can be formulated as
IPs. Using this approximate version of the primal-dual method, they derived a worst-case
guarantee for their algorithm. If rp, is the maximum value of rg, their algorithm has a
worst-case bound of 27y, and a running time of O(|N |rmax (| N|rmax + +/]E]log log [N])).
Goemans, Goldberg, Plotkin, Shmoys, Tardos and Williamson [GGPT94] made a simple
modification to [WGMV93]’s algorithm and improved the worst-case ratio to 2H("max),
where H(rmax) = 1+ % + % + ...+ ——. Again, this ratio also bounds the ratio be-

Tmax

tween the optimal IP and optimal LP values to the cutset model for the NDC problem.
When edge replication is not permitted, the approach that Goemans and Bertsimas used
to improve the worst-case ratio for problems with p; = 1 and p > 2 (same notation as Goe-
mans and Williamson) does not work. In fact, the algorithm achieves its worst-case ratio
for the k-edge-disjoint path problem (a polynomially solvable problem, see Section 2.1.2).
The underlying methodology for all these algorithms ([GW92], [WGMV93], [GGW93], and
[GGP194]) applies to many other problems. For example, Ravi and Williamson [RW93]
used the approximate version of the primal-dual method to derive the first approximation
algorithm for the minimum cost k-node-connected spanning subgraph problem.

Balakrishnan, Magnanti and Mirchandani [BMM94a] introduced a new extended for-
mulation for the edge-connectivity version of the NDC problem, that we refer to as the
enhanced cutset model. They strengthened the results of Goemans and Bertsimas and
Goemans and Williamson (for the edge-connectivity version of the NDC problem) by show-
ing that the improved worst-case ratios of #; — 1, 65 — 1 and f3 — 1 also apply to the ratio
between the values of the heuristics and the optimal LP solution of the enhanced cutset
model.

So far, we have described approximation results for edge-connectivity versions of the
NDC problem. We now describe some approximation results for the node-connectivity
version of the NDC problem, and an approximation result for a uniform cost problem

where the underlying graph is not complete.

Node Connectivity: There are very few approximation results for node-connectivity
problems. Frederickson and J&J& [FJ81] described a 3-approximation algorithm for the
2-node-connected spanning subgraph problem that runs in O(|N|?) time. Khuller and
Thurimella [KT93] showed how to improve this algorithm so that it runs in O(|E| +

"A primal-dual method for solving a linear program can be viewed as a special case of the dual-ascent
method. It starts with a dual feasible solution and an infeasible solution to the primal that together satisfy
the linear programming complementary slackness conditions. At each subsequent iteration, the method
alternately improves the feasibility of the primal and the value of the dual solution (thereby providing
ascent). The method maintains complementary slackness and terminates when the primal solution becomes
feasible.
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|N|log|N|) time. Ravi and Williamson [RW93] described a 2H (k)-approximation algorithm

for the minimum cost k-node-connected spanning subgraph problem.

Uniform Cost Problem when the Underlying Graph is not Complete: Khuller
and Vishkin [KV92] considered the 2-edge- and 2-node-connected spanning subgraph prob-
lem when the underlying graph is arbitrary, edge replication is prohibited, and all edge
costs are 1. This problem is NP-hard [KV92| (recall that when the graph is complete,
this problem is polynomially solvable). They described a 3/2-approximation algorithm for
the 2-edge-connected spanning subgraph problem and a 5/3-approximation algorithm for
the 2-node-connected spanning subgraph problem. They also showed that it is NP-hard to
approximate the optimal solution to within an additive constant (i.e., find a solution whose

cost is no more than C' units more than the optimal solution, where C' is a constant).

2.2.2 Cost Function Satisfies Triangle Inequality

Some researchers have concentrated on the version of the NDC problem applied to complete
graphs whose edge costs satisfy the triangle inequality (i.e., cir, < ¢ +cji). In this section,
unless specified otherwise, we assume that the edge costs satisfy the triangle inequality and
the underlying graph is complete.

Frederickson and J&J4 [FJ82] showed that when the cost function satisfies the triangle
inequality, a 2-edge-connected graph can be made 2-node connected without increasing
(and possibly decreasing) its cost. As a result, any algorithm that applies to the Steiner
2-node-connected spanning subgraph problem also applies to the Steiner 2-edge-connected
spanning subgraph problem and vice versa. Consequently, we will not distinguish between
the Steiner 2-node-connected and Steiner 2-edge-connected subgraph problems.

By viewing the solution to the NDLC problem as a 2-node-connected network with
trees attached to it, Frederickson and JaJa’s result extends to the NDLC problem. Thus,
for the NDLC problem, the optimal objective value of the edge-connectivity model is equal
to the optimal objective value of the node-connectivity model. In other words, the edge-
connectivity version of the NDLC problem is equivalent to the node-connectivity version
of the NDLC problem. As a result, we do not make distinctions between the edge- and
node-connectivity versions of the NDLC problem.

Frederickson and JaJa [FJ82] showed that Christofides’ heuristic [Chr76] for the TSP
is a 3/2-approximation algorithm for the 2-node-connected spanning subgraph problem.
They also described a slight modification of Christofides’ heuristic, and showed that it is
a 3/2-approximation algorithm whose solution is guaranteed to be no worse (and in some
cases better) than Christofides’ heuristic.

A similar argument to the one used by Frederickson and J4Ja [FJ82], regarding the
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equivalence of 2-edge-connected and 2-node-connected graphs, establishes the following re-

sult.

Proposition 2.2.1 When costs satisfy the triangle inequality, it is possible to transform,
with no increase in cost, any 2-edge-connected graph that contains 3 or more nodes and con-
tains replicated edges, into a 2-node-connected graph without replicated edges. Furthermore,

this transformation can be done in polynomial time.

As a consequence, Proposition 2.2.1 and Goemans and Bertsimas’ result regarding the
worst-case ratio of the improved tree heuristic (which for the Steiner 2-edge-connected sub-
graph problem is Christofides’ heuristic without the short-cutting step [assuming there are
more than 3 required nodes|) shows that Christofides’ heuristic is also a 3/2-approximation
algorithm for the Steiner 2-node-connected problem in the model without edge replica-
tion. Note that if the problem has exactly two nodes with connectivity requirement 2,
Christofides’ heuristic will give a solution that contains two parallel edges between the two
required nodes. But, when only two nodes have connectivity requirement 2, the problem is
the 2-edge-disjoint path problem which is optimally solvable in polynomial time.

Monma, Munson and Pulleyblank [MMP90] studied structural properties of 2-node-
connected graphs. They showed that when the cost function satisfies the triangle inequality,
in some optimal solution, the degree of each node is either 2 or 3. They also showed that
the optimal TSP tour is a 4/3-approximation algorithm for the 2-node-connected spanning
subgraph problem. For the Steiner 2-node-connected subgraph problem, they showed that
the worst-case ratio of the minimum cost 2-node-connected network over the required nodes
(that is a 2-node-connected network on the graph induced by the required nodes) to the
minimum cost Steiner 2-node-connected network is 4/3.

Balakrishnan, Magnanti and Mirchandani [BMM94a] used Frederickson and J4J4’s re-
sult to develop a tree completion heuristic that has a worst-case ratio of 5/2 for the NDLC
model without edge replication. Their algorithm first applies Frederickson and JaJ&’s algo-
rithm on the graph defined by the nodes with connectivity requirement 2. It then sets B
to be the set of edges in this solution, and sets 7" to be the set of terminal nodes that are
incident to edges in B. It continues with Step 2 of the minimum spanning tree heuristic
(tree completion stage) to obtain a feasible solution for the problem. Their algorithm as-
sumes at least three nodes have a connectivity requirement of 2. If only two nodes have a
connectivity requirement of two, we can apply the tree completion heuristic for the k-path
Steiner tree problem to obtain a heuristic with a worst-case ratio of 2. If no node has a
connectivity requirement of 2, we obtain the Steiner tree problem for which the minimum
spanning tree heuristic gives a worst-case ratio of 2.

We can improve upon Balakrishnan, Magnanti and Mirchandani’s result by using Propo-

sition 2.2.1 to provide a 2-approximation algorithm for the NDLC problem. In the previous
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paragraph we showed how to find a solution whose cost is no more than twice the cost of
the optimal solution when two or fewer nodes have a connectivity requirement of 2. If three
or more nodes have a connectivity requirement of 2, we apply Goemans and Bertsimas’
tree heuristic. The solution of this heuristic contains a 2-edge-connected component with
trees attached to it. Using Proposition 2.2.1 we can convert, with no increase in cost, the
2-edge-connected component that has replicated edges to a 2-node-connected component
without replicated edges. Since Goemans and Bertsimas’ tree heuristic has a worst-case
ratio of 2, this heuristic also has a worst-case ratio of 2.

Using a simple doubling argument, Balakrishnan, Magnanti and Mirchandani [BMM94a]
showed that optimally solving the NDLC problem (without edge replication) on a graph
that contains only the required nodes is no more than twice as expensive as an optimal
solution. Their result can be viewed as a generalization of a similar result for the Steiner
tree problem. When the costs satisfy the triangle inequality, the solution of Goemans
and Bertsimas’ tree heuristic contains only edges between required nodes. Therefore, if
the number of nodes with connectivity requirement 2 is not equal to 2, Proposition 2.2.1
together with the worst-case bound of Goemans and Bertsimas’ tree heuristic constructively
proves Balakrishnan, Magnanti and Mirchandani’s result.®

Bienstock, Brickell and Monma [BBM90] showed that a generalization of Monma, Mun-
son and Pulleyblank’s result is not true. They showed that the optimal cost of the k-
edge-connected spanning subgraph problem does not equal the optimal cost of the k-node-
connected spanning subgraph problem. They also showed that in the optimal solution to
the k-edge-connected spanning subgraph each node has degree k or k + 1. This statement
regarding the degree of a node in the optimal solution is also true for the k-node-connected

spanning subgraph problem if the number of nodes in the graph is greater than 2k.

2.3 Exact Algorithms for the NDC Problem

The first exact algorithm for the SND problem is due to Christofides and Whitlock [CW81].
They described a cutting plane algorithm combined with branch and bound. The cutting
plane algorithm is based on the cutset formulation. If the solution obtained by the cutting
plane algorithm is not integer, they apply a branch and bound procedure. They reported
successfully solving problems with more than 100 nodes.

Grotschel, Monma and Stoer [GMS92a, GMS92b, GMS92¢, GMS95, St092] considered
a polyhedral approach for the SND problem. They described valid inequalities and facets

for the problem, incorporated them in a cutting plane routine, and reported on successful

8 Actually, it establishes a stronger result. It shows that a heuristic solution on the terminal nodes is no
more than twice as expensive as the optimal solution.
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computations for some real-world problems. Their cutting plane algorithms perform well
for low-connectivity problems. The largest NDLC problem they solve (after preprocessing
to reduce the size of the graph) has 39 nodes and 86 edges. The cutting plane algorithm
required 21 seconds on a SUN 4/50 IPX (a 28.5 MIPS machine) for this problem. The
largest SND problem they solve has 461 nodes, 1096 edges and rmax = 3. The cutting
plane algorithm required 10122 minutes, on a SUN 4/50 IPX workstation, to solve this
problem (by applying some heuristics to reduce the size of this graph they were able to
bring down the running time to 426 minutes). Grotschel, Monma and Stoer [Sto92] stated
that in their experience the cutset formulation used by Christofides and Whitlock is weak,
except for the Steiner k-edge-connected and Steiner k-node-connected spanning subgraph
problems when k is large. Conceivably,? the test problems of Christofides and Whitlock are
of this type.

Chopra [Cho92b] considered a version of the NDLC problem that permits edge replica-
tion. Based on a result due to Robbins [Rob39], he directed the network and introduced
a directed cut formulation. He then developed a cutting plane algorithm for this formula-
tion. In his computational studies, he solved four types of problems—sparse graphs with
Euclidean edge costs, sparse graphs with random edge costs, complete graphs with Eu-
clidean edge costs, and complete graphs with random edge costs. The largest sparse graph
problem he solved contains 100 nodes and 200 edges. The cutting plane algorithm required
25 minutes to solve this problem on a VAX 8700 computer. The largest complete graph
problem he solved had 50 nodes and 1225 edges, and required a running time of 5.6 minutes
(336 seconds) on a VAX 8700 computer. Chopra reported that the lower bounds provided by
solving the LP relaxation of the directed cut formulation were consistently within 1 percent
of the optimal objective value.

Boyd and Hao [BH93| studied the polytope associated with the minimum cost 2-edge-
connected spanning subgraph problem. They introduced a class of valid inequalities for
this polytope and described necessary and sufficient conditions for these valid inequalities
to define facets. Although they do not provide computational results, they indicate that

these inequalities will be useful in a cutting plane method.

2.4 Directed Network Design Problems with Connectivity

Requirements

For the most part, the problems we consider in this thesis are defined on undirected graphs.

In some telecommunications applications, the medium transporting data cannot carry traffic

9The original paper by Christofides and Whitlock, as cited in [CW81], does not appear to be published.
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in both directions, and so the connectivity requirements are specified on directed graphs
(digraphs). In his Ph.D. thesis, Dahl [Dah92] described several real-world applications of
the directed network design problem with connectivity requirements (DNDC). Formally, we

can describe the problem as follows.

Directed Network Design Problem with Connectivity Requirements: Given a
digraph D = (N, A) with node set N, arc set A, cost vector ¢ € le‘ on the arcs A, and
a |N| x |N| matrix R = [r;;] that prescribes the number of arc- or node-disjoint paths!®
needed between each pair of nodes, select a set of arcs that satisfy these requirements at
minimum cost.

We now briefly describe other well-known network design problems, and show how to

represent them as DNDC problems.

Minimum Cost Branching Problem: Given a root node r, we wish to design a mini-
mum cost network that has a directed path from the root node to every other node.
The minimum cost branching problem is a DNDC problem in which r.; = 1if i # r

and is 0 otherwise.

Minimum Cost k-Branching Problem: Given a root node r, we wish to design a min-
imum cost network that has k arc-disjoint branchings rooted at node r. Edmonds
[Edm73] showed that a graph contains k arc-disjoint branchings rooted at a given
node 7 if and only if it contains k arc-disjoint directed paths from node r to every
other node. Consequently, the minimum cost k-branching problem is a DNDC prob-
lem in which r,; = k if i # r and is 0 otherwise. Similarly we could formulate Steiner

versions of the problem.

Disjoint Path Problems: The k-arc-disjoint path problem requires that we find at mini-
mum total cost k arc-disjoint paths between a prespecified pair, say s and ¢, of nodes.
To specify the problem as a DNDC problem, we set g = k and set all other entries
in the connectivity matrix R to zero. Similarly, for the k-node-disjoint path problem,
we wish to find at minimum total cost & node-disjoint paths between a prespecified
pair of nodes (say s and t). To formulate this problem as a DNDC problem, we set

re = k™ and set all other entries in the connectivity matrix R to zero.

Minimum Cost k-Arc-Connected Spanning Digraph Problem: A digraph is k-arc

connected if between every pair of nodes it contains at least k arc-disjoint paths.!!

10This is a generalization of the problem described in Dahl [Dah92]. He permits either arc-connectivity
requirements or node-connectivity requirements in the matrix R but not both.
A digraph is strongly connected if it contains a directed path from each node to every other node.
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The minimum cost k-arc-connected spanning digraph problem is a DNDC problem in

which rg = k for every pair of nodes in N.

Minimum Cost k-Node-Connected Spanning Digraph Problem: A digraph is k-node
connected if between every pair of nodes it contains at least k£ node-disjoint paths.
The minimum cost k-node-connected spanning digraph problem is a DNDC problem
in which rg = kl" for every pair of nodes in N. Similarly, we can formulate Steiner

versions of these problems as DNDC problems.

2.4.1 Polynomially Solvable Cases

Like the NDC problem, various special versions of the DNDC problem with specialized

costs, connectivity requirements, or graphical structure are polynomially solvable.

Digraph Augmentation Problems

In these problems, the arc costs are either 0 or 1. In addition, unless otherwise specified

the underlying digraph is complete and the model permits arc replication.

Uniform Cost Problems: Fulkerson and Shapley [FST71] solved the problem of con-
structing a k-arc-connected spanning digraph on |N| nodes with the minimum number of
arcs. It is interesting to note that the Steiner version of this problem (i.e. when some nodes

are not required to be in the k-arc-connected network) is A'P-hard [Fra92].

Arc-Connectivity Augmentation: Eswaran and Tarjan [ET76] solved the problem of
constructing l-arc-connected spanning digraphs (strongly connected digraphs). Kajitani
and Ueno [KUS86] solved the problem of constructing k-arc-connected spanning digraphs
when the starting digraph is a branching. Frank [Fra92| generalized these results by solving

the augmentation problem for the k-arc-connected spanning digraph problem.

Node-Connectivity Augmentation: Eswaran and Tarjan [ET76] showed how to solve
the 1-node-connected spanning digraph problem. (Note that a l-arc-connected digraph
is also a 1-node-connected digraph and vice versa. Consequently, the 1-node-connected
spanning digraph problem is identical to the 1-arc-connected spanning digraph problem.)

As cited in [Fra94], several other problems are polynomially solvable. Masuzawa, Hagihara

A digraph is k-arc connected if deleting fewer than k arcs creates a strongly connected digraph. Again,
Whitney [Whi32] showed that a digraph is k-arc connected if and only if it contains at least k arc-disjoint
paths between each pair of nodes. Similarly, a digraph is k-node connected if deleting fewer than k£ nodes
creates a strongly connected digraph. Whitney’s result implies that a digraph is k-node connected if and
only if it contains at least k£ node-disjoint paths between each pair of nodes.
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and Tokura showed how to solve the k-node-connected spanning digraph problem when
the starting digraph is a branching. Frank and Jordan described an algorithm for the 3-
node-connected spanning digraph problem when the starting digraph is a 2-node-connected
spanning digraph. Frank and Jordén described a necessary and sufficient condition on the
number of arcs to add to an arbitrary digraph to make it k-node connected. Unfortunately,
this result is of a theoretical nature and does not provide a combinatorial algorithm for
the k-node-connected spanning digraph augmentation problem. The result can be used
to provide an algorithm for the problem by using the ellipsoid algorithm as a subroutine

(which is not very practical).

Restricted Connectivity Requirements

The following restricted connected requirements are optimally solvable.

e The minimum cost branching problem. Edmonds [Edm67] described an algorithm for

this problem, which we will see in Chapter 3.

e The k-arc-disjoint or k-node-disjoint path problem on a digraph. This problem can
be formulated as a minimum cost flow problem, which is polynomially solvable. Su-

urbaale [Suu74] has devised a specialized algorithm for this problem.

e The minimum cost k-branching problem. This is a matroid intersection problem.!?
Consequently, it can be solved optimally [Edm79]. The most efficient implementation

of an algorithm for the minimum cost k-branching algorithm is due to Gabow [Gab91].

e The node-disjoint version of the k-branching problem. In this problem we wish to
find k& node-disjoint directed paths between the root node and every other node in
the graph. Using a tricky reduction to submodular flows, Frank and Tardos [F'T89]

described an algorithm for this problem.

Restricted Graphs: Series-Parallel Graphs

Prodon, Liebling and Groflin [PLGS85] described a dicut model for the Steiner branching

problem and showed that it provides a complete polyhedral description (of the dominant) on

2Edmonds [Edm70] showed how to formulate the problem as the intersection of two matroids: (i) a
partition matroid in which a set is independent if it contains at most k arcs directed into any node ¢ # r;
and (ii) the k-fold sum of a graphic matroid. A set is independent in a graphic matroid if it contains no
cycle. Matroid theory tells us that the matroid sum of k matroids defined on the same set S is a matroid
in which the independent sets are all subsets of S that can be partitioned into k subsets, the ith subset
being independent in the ith matroid. If the £ matroids are identical, their matroid sum is called a k-fold
sum. Consequently, a set is independent for the k-fold sum of a graphic matroid if it can be partitioned into
k subsets, none of which contain a cycle.
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series-parallel graphs (a digraph is called series-parallel if the graph obtained by replacing
the directed arcs by undirected edges is series-parallel).

Chopra [Cho92a] described a dicut model for the minimum cost 1-arc-connected span-
ning digraph problem and showed that it provides a complete polyhedral description (of

the dominant) of the problem on series-parallel graphs.

2.4.2 Heuristics

The only heuristic that we are aware of for a DNDC problem is Wong’s algorithm for the
Steiner branching problem (which we shall see in Chapter 3).
Heuristics for the DNDC problem appear not to have generated much research and so

this topic seems to be an open area for research.

2.4.3 Exact Algorithms

Chopra [Cho92b] considered the minimum cost 1-arc-connected spanning digraph problem.
He studied the problem from a polyhedral point of view and described several classes of
valid inequalities and facets for the dicut model.

Dahl [Dah92] studied a more general version of the DNDC problem. He presented
two models for the DNDC problem: one, a natural directed cut (dicut) model and the
other a directed flow formulation. For the dicut model, he presented several classes of
strong valid inequalities and described a cutting plane solution algorithm. He investigated
the performance of the cutting plane algorithm on two types of problems: the Steiner
k-branching problem and the k-node-connected spanning digraph problem.

In computational experiments, reported in his thesis, Dahl solved several Steiner k-
branching problems on sparse graphs. The largest Steiner k-branching problem contained
178 nodes and 880 arcs with £ = 1. His cutting plane algorithm required 126 seconds to
solve this problem on a SUN SPARC SLC (a 12 MIPS machine) workstation.

Dahl [Dah94] also solved several Steiner 2-arc-connected digraph problems with the
cutting plane algorithm. The largest problem he solved had 70 nodes and 2386 arcs, and
the cutting plane algorithm required 1194 seconds on a Solbourne workstation.'?

Dahl’s results indicate that the dicut model and the directed flow model are strong

formulations for both problems.

Dahl does not indicate the speed of the workstation. A comparable workstation (same chip) is the Sun
SPARCstation 10, which is a 90 MIPS machine.
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2.5 Concluding Remarks

In this chapter we have reviewed previous work on the NDC and the DNDC problem. The
NDC problem has attracted considerable attention in recent years (of the 86 papers cited
in this chapter, 40 are from the past five years, i.e., 1990-94).

We categorized research efforts on the NDC problem into three main areas: polyno-
mially solvable cases, heuristics, and exact algorithms. Early research efforts on the NDC
problem focused on characterizing polynomially solvable cases. More recently, researchers
have focused on devising approximation algorithms for the NDC problem (or its special
cases) and have used a polyhedral approach to optimally solve this problem.

There are several potential avenues for future research. The research community has
shown considerable interest in finding better approximation algorithms for the NDC prob-
lem, and a significant number of researchers in the computer science community are working
on this problem. DNDC problems have attracted little attention from the research com-
munity. Designing and analyzing heuristics for them seems a promising avenue of research.
(It is interesting to note that no approximation algorithms are known for the directed
connectivity problems.)

As is evident from the discussion in this chapter, other than for the Steiner tree and
Steiner branching problem, to our knowledge, research on dual-ascent algorithms for the
NDC and DNDC problem appears to be quite limited. The success of the dual-ascent
method for the Steiner tree problem suggests that this approach might be a promising
avenue for future research.

Much of the research on the NDC problem has focused on special cases of the problem,
and on the edge-connectivity version of the NDC problem. For example, Goemans et al.’s
[GGP194] approximation algorithm does not apply to the node-connectivity version of
the problem. Further research is needed to develop models and algorithms for the node-
connectivity version of the NDC problem. In the polyhedral approach, again much of
the work focuses on special cases of the NDC problem. Typically, strong formulations for
optimization problems lead to better solution algorithms. One important research area is
to develop better (stronger) models for the NDC problem.

In this thesis we address some of the these potential research directions. We design
dual-ascent algorithms for the NDC and DNDC problem (and their special cases). These
algorithms apply to the most general case of the NDC and DNDC problem. Throughout
the course of this thesis, we address modeling issues. We discuss alternative modeling

approaches and show how to strengthen models for the NDC problem.
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Chapter 3
Dual-Ascent for Network Design

In the first part of this chapter, we introduce some of the basic ideas of dual-ascent as applied
to network design, using the minimum spanning tree (MST) problem as an example. Since
the MST problem is a NDC problem, we can model it using either of the two formulations
presented in Chapter 1. We first present slightly different versions of the cutset and flow
formulation. Next we show how to strengthen the flow formulation by directing the model.
As we will see in several points in this thesis, directing an undirected model often provides
better models for network design problems. Finally, we use the improved formulation to
develop a dual-ascent algorithm that also provides a feasible tree solution to the problem.
The arguments in this chapter show that this algorithm also solves the more general min-
imum cost branching problem. This dual-ascent algorithm, although derived in a different
manner, is identical to a combinatorial algorithm developed by Edmonds [Edm67].

As an aid to our later development, we next present a Lagrangian duality interpreta-
tion of dual-ascent. This interpretation will will prove invaluable in deriving a dual-ascent
algorithm for the NDC problem (see Chapter 4).

Finally, we show how to extend the ideas underlying the branching problem to the
Steiner branching problem. As a result, we derive Wong’s dual-ascent algorithm [Won84].
Our derivation provides a different interpretation of the root component rule in Wong’s
algorithm. The ideas presented in this section will be useful later as we develop a dual-
ascent algorithm for the network design problem with low-connectivity requirements (see
Chapter 6).

Much of the material presented in this chapter is fairly well-known (for example, see
Magnanti and Wolsey [MW95] for a survey on formulations and algorithms for tree opti-
mization problems). This chapter contributes to the thesis (and literature) in several ways.
First, it synthesizes results for the (spanning tree and) branching problem in the context
of dual-ascent. Second, it provides a different way to interpret Wong’s algorithm. This

interpretation will prove to be useful when we consider the network design problem with
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low connectivity requirements. Third, the chapter presents several efficient algorithms for

implementing Wong’s algorithm.

3.1 Formulations for the Minimum Spanning Tree Problem

When specialized, the cutset formulation (1.1) for the NDC problem becomes a well-known
integer programming model for the minimum spanning tree problem. This formulation has

the decision variables

{ 1 if edge {i,7} is in the minimum spanning tree;
Tij =

0 otherwise.

Cutset formulation for the MST problem:

Minimize Z CijTij (3.1a)
{i,j}eE
subject to: Z xyj > 1 forall T, ¢ CT C N; (3.1b)
{i.j}ed(T)
x;; > 0 and integer. (3.1c)

This formulation is based upon the fact that any feasible tree must contain at least
one edge joining every set T and its complement. Notice, the model imposes no capacity
constraint on x;;. Since all costs are nonnegative, any feasible integer solution with x;; > 1
can be converted to one with z;; = 1 without increasing its cost and yet retaining feasibility.
Consequently, model (3.1) always has an optimal solution with unreplicated edges, and thus
requires no capacity constraint on the x;; variables.

Alternatively, we can formulate the problem with flow variables to impose the connec-
tivity requirements. As a notational convenience, we assume the nodes of the graph are
numbered 0, 1,...,|N| — 1. Arbitrarily select one of the nodes in the graph, which we call
the root node and, without loss of generality, assume that it is node 0. For each node 1,
other than the root node, create a commodity ¢ with the origin as the root node and node
as the destination node. Since a minimum spanning tree contains a path between every pair
of nodes, it has a path from the root node to every other node. Thus, if we can send flow
on an edge only if it belongs to the minimum spanning tree, then in a minimum spanning
tree it is possible to send one unit of commodity 7 from the root node to node i for every
node ¢ other than the root node in the graph. Consequently, we can formulate the minimum

spanning tree problem in the following equivalent way.
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Undirected flow formulation for the MST problem:

Minimize Z Cijl’ij (3'23)
{i,j}eE
1 ifi=0;
subject to: Z f]k, — Z fﬁ = 1 ifi=k forallie Nand ke K (3.2b)
JEN leN 0  otherwise;
fi]; } < @y for all {7, j
Do < g ,jt€Fand ke K (3.2¢)
J
k>0 for all {i,j} € Eand k € K (3.2d)
zij > 0 and integer; for all {i,j} € E. (3.2e)

Notice that this formulation is similar to Formulation (1.2), except that it has fewer
commodities and does not impose a capacity constraint on the edge choice variables x;;.
The celebrated max-flow min-cut theorem [FF56] is an invaluable tool for comparing

formulations of network design models.

Theorem 3.1.1 (Max-Flow Min-Cut Theorem) The mazimum value of the flow from
an origin node s to a destination node t in a capacitated network equals the minimum

capacity among all s—t cuts.

The max-flow min-cut theorem implies that the previous two formulations are equivalent.
That is, if we consider z;; as edge capacities for the flow formulation, then z;; is feasible
for this formulation if and only if it is feasible for the cutset formulation. Moreover, since
the flow costs are zero, the objective value is the same in both models.

Our discussion shows that the projection of the feasible region of the LP relaxation of
the undirected flow formulation for the MST problem onto the space of the x variables (that
is, {x : (x,f) is feasible for the LP relaxation of model (3.2)}) is the feasible space of the
LP relaxation of the cutset formulation.

Notice that the cutset formulation has an exponential number of constraints while the
undirected flow formulation has a polynomial number of constraints (as a function of the
number of edges and number of nodes). Therefore, the undirected flow formulation is a
compact formulation that is equivalent to the exponentially sized cutset formulation.

However, solving the LP relaxation of either the undirected flow or cutset formulation
need not provide an optimal solution. For example, in Figure 3-1 the LP relaxation of the
undirected flow model provides a solution value of 2.5 whereas the optimal solution has
cost 4.

Why does the solution in Figure 3-1 give us fractional solutions? Notice that the optimal

solution sends flow on edge {2,3} in both directions. However, in any feasible minimum
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(a) (b) (€)

Figure 3-1: The LP relaxation of the minimum spanning tree has a fractional solution.
(a) Graph G with all edge costs equal to 1. (b) Fractional solution. Send 1 unit of flow
from node 0 to any other node by sending by 1/2 a unit of flow clockwise and 1/2 a unit of
flow anticlockwise around the cycle. (¢) An optimal minimum spanning tree.

spanning tree, we can send flow from the root node to every other node without sending flow
on any edge in both directions. This observation shows that we can replace inequality (3.2c)
in the undirected flow formulation for the MST problem by the stronger valid inequality
fikj + fjhi < w;; for all commodity pairs k and h (as shown by Balakrishnan, Magnanti and
Wong [BMW89] and Martin [Mar86]). Doing so, we obtain the following formulation:

Improved undirected flow formulation for the MST problem:

Minimize Y ¢y (3.3a)
{i,j}eE
-1 ifi=0;
subject to: Z ffi — Z fl-k = 1 ifi=k forallic Nandke K (3.3b)
jeN leN 0  otherwise;
£+ £ < ay for all {i,j} € Eand k,h € K (3.3¢)
k>0 for all {i,j} € E and k € K (3.3d)
zi; > 0 and integer; for all {i,j} € E. (3.3¢)

We can also formulate the MST problem on a digraph. To convert the undirected graph
to a digraph D = (N, A), we replace each undirected edge {i, 7} by two directed arcs (i, )
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and (j,7), each with the same cost as the undirected edge {i,j}. In the directed flow
formulation, let y;; be 1 if arc (i, j) is in the design and be 0 otherwise. The directed flow

formulation is

Directed flow formulation for the MST problem:

Minimize Y c¢ijyi; (3.4a)
(1,j)€A
1 ifi=0;
subject to: Z ffi — Z fﬁ = 1 ifi=k forallic Nandke K (3.4b)
jeN leN 0  otherwise;
£ < i for all (i,j) € Aand k € K (3.4c)
fh=0 for all (i,j) € Aand k € K (3.4d)
yij > 0 and integer for all (i,7) € A. (3.4e)

For the minimum spanning tree problem, the improved undirected flow formulation (3.3)
and the directed flow formulation (3.4) are equivalent. That is, they provide the same
optimal objective value when solved as LPs. To see this result, note that we can convert
any optimal solution (y,f) to the LP relaxation of the directed flow formulation into a
feasible solution, with the same cost, to the LP relaxation of the improved undirected flow
formulation by setting x;; = v;; + y;i, and Z]; = ffj, for all 4, j, and k. Similarly, to convert
an optimal solution to the LP relaxation of the improved undirected flow formulation to a
feasible solution, with the same cost, to the LP relaxation of the directed flow formulation
set yij = maxkeK{fi]}}, and yj; = x;; — yi;. The constraint fl-kj + fjhi < x;; implies that
maxgex{ ffz} < yj;- Thus, we satisfy all the constraints of the directed flow formulation
without any change in the objective function value.

The directed flow formulation actually models the more general minimum cost branching
problem. Recall that in a minimum cost branching problem, we are given a digraph D =
(N, A) and a root node. We need to find a minimum cost network that has a directed
path from the root node to every other node. Note that in the minimum cost branching
problem, the arc costs need not be symmetric. Moreover, no feasible branching will contain
arcs directed into the root. Therefore, without loss of generality, we assume the digraph D

contains no arcs directed into the root node.

3.2 Dual-Ascent for the Minimum Spanning Tree Problem

We will describe an algorithm that solves the dual to the LP relaxation of the directed flow

formulation for the branching problem. From this algorithm, we will also obtain a feasi-
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ble solution to the branching problem that has the same objective value, thereby proving
(i) the algorithm solves the minimum cost branching problem, and (ii) for all nonnegative
cost vectors, the LP relaxation of the directed flow formulation for the branching prob-
lem provides integer optimal solutions (later we show that the algorithm also solves the

branching problem for arbitrary cost vectors).

Dual of directed flow formulation for the MST problem:

Maximize Z of (3.5a)
keK
subject to: fué—“ —of < wfj for all (i,j) € Aand k € K (3.5b)
> wfj < ¢y forall (i,j) € A (3.5¢)
keK
wfj >0 forall (i,j) € Aand k € K. (3.5d)

In this dual linear program, v;? is the dual variable for the flow balance constraint (3.4b)
at node j for commodity k (we refer to the vé‘? variables as node potentials), and wfj is the
dual variable for constraint (3.4c). Since for each commodity k, one flow balance constraint
in the primal problem (3.4) is redundant, we can choose an arbitrary value for one dual
variable vf . We set vf = 0 for each commodity k € K.

One way to provide a lower bound on the cost of the optimal branching is to find a
dual feasible solution. Notice that for given values of the w variables, the dual problem
separates by commodity. The subproblem corresponding to commodity & is the dual to the
(directed) shortest path problem from node 0 to node k with arc lengths wf] If we prescribe
feasible values for the w variables, it is easy to calculate the shortest path lengths for each
subproblem and thereby obtain a dual solution for that choice of w.

To maintain dual feasibility, we need to ensure the solution satisfies constraints (3.5¢)
and 3.5d. Let s;; be the slack in constraint (3.5¢) (i.e., s;j = ¢ij — > ek wf]) If 5,56 =0,
constraint (3.5¢) is tight and we say the arc (4, j) is tight. We refer to the network defined
by the tight arcs as the auziliary network.

How do we select values for the w variables? If the auxiliary network contains no

1

directed path from the root node to any node k, then by Menger’s theorem," some directed

The following directed version of Menger’s theorem is similar to the undirected version as described in
Theorem 1.2.1:
Theorem 3.2.1 (Menger) In a directed graph,

1. The mazimum number of arc-disjoint paths from node s to node t equals the minimum number of arcs
whose removal from the digraph eliminates all the paths from node s to node t.

2. If the digraph does not contain the arc (s,t), the mazimum number of node-disjoint paths from node
s to node t equals the minimum number of nodes whose removal from the digraph eliminates all the
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cut (dicut) between the root and node k contains no arcs. In this case, we can improve

the dual objective by simultaneously increasing wfj

original network and thus the length of the shortest path from the root to node k. The

for all the arcs (7, 7) in this dicut in the

maximum increase is constrained by the minimum slack among the arcs in the dicut, since

as we increase wfj for all arcs in the dicut, the slack s;; decreases until one of the arcs

k.
ij

while maintaining dual feasibility. We refer to a dicut that contains no tight arc as a loose

becomes tight. At this point, we cannot increase the wf; values for all arcs in the dicut
dicut and the procedure of increasing the wfj values for all arcs in a loose dicut, until the
slack on one of the arcs becomes zero, as a basic dual-ascent step.

Consider the example shown in Figure 3-2a. The digraph provides dual variable values
for a commodity whose origin is node a and destination is node d. (For simplicity we have
dropped the superscript k.) The bold arcs are in the auxiliary network. The figure shows
the values of vf next to the nodes and the values of wfj and s;; next to the arcs. The a—d
dicut, with the arcs (b,c) and (g, f), contains no bold arcs, and is therefore a loose dicut.
The maximum increase in wfj for this a—d dicut is the minimum slack, of value 2 on arc
(g, f). After we have incremented the wl'fc and w'; ¢ values by 2, the new shortest path length
to node d, i.e. vfj, increases by 2 units from 5 to 7. The new auxiliary network contains the
additional arc (g, f). As shown in Figure 3-2b, we have identified a new loose a—d dicut.

The dual-ascent algorithm we develop identifies a commodity k satisfying the property
that the auxiliary network contains no path from the commodity’s origin (node 0) to its
destination (node k). The algorithm then finds a loose 0—k dicut and performs a basic
dual-ascent step. Thus at each step, we examine the auxiliary network and see if it contains
a branching, i.e., a feasible solution to the primal problem. If it does not, we find a violated
constraint and improve the dual solution. When the algorithm terminates, it has generated
both primal and dual-feasible solutions. These basic steps constitute the essence of most of
the algorithms we describe in this thesis.

At the outset of our discussion we assume all arc costs are strictly positive (later we relax
this assumption). As a result, the auxiliary network is initially empty. For each commodity
1 to |[N| —1, set N(k) = {k}. Then for each commodity k, 6~ (N (k)) is a dicut. Since we
have assumed all costs are positive, for each commodity %k the dicut 6~ (N (k)) is a loose

dicut. Therefore, we can perform a basic dual-ascent step for each commodity k. After

paths from node s to node t.
Similarly, there is a directed version of the max-flow min-cut theorem:

Theorem 3.2.2 (Max-Flow Min-Cut) The mazimum value of the flow from an origin node s to a des-
tination node t in a capacitated directed network equals the minimum capacity among all s—t dicuts.
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Figure 3-2: An example of a basic dual-ascent step.
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doing so, we examine the auxiliary network.

Recall that a set of nodes S in a digraph is strongly connected if the digraph contains a
directed path between every (ordered) pair of nodes in S. A strongly connected component
is a maximal strongly connected set of nodes. That is, if we add any node to this set, the

nodes in the set will no longer be strongly connected.

Claim 3.2.3 If a digraph contains no branching, then some strongly connected component

has no incoming arc.

Proof: Suppose not. Note that each node in the digraph must have an incoming arc;
otherwise, this node defines a strongly connected component with no incoming arc. Contract
each strongly connected component in the digraph into a single node. By assumption, every
node, other than the root, in the reduced digraph has an incoming arc. Any such digraph
must contain either a branching or a directed cycle C. This is true because, if the digraph
does not contain a branching, it has a dicut 6~ (7"), with the root ¢ T', containing no arcs.
Since every member of T" has an incoming arc, it contains a cycle.

A branching on the reduced digraph can be extended to a branching in the digraph.
Therefore, the reduced digraph must contain a cycle C. But, the nodes on a directed cycle
belong to the same strongly connected component and so the reduced digraph has a strongly
connected component. This result, however, implies that the nodes from the original net-
work that we have contracted into nodes in C' are all strongly connected, contradicting our
assumption that each node in C' corresponds to a strongly connected component in the

original network. [ |

We apply this result to the auxiliary network. For each strongly connected component
with no incoming arc, we select any node ¢ that it contains, and set N (i) to be the set of
all nodes in this strongly connected component. Corresponding to every strongly connected
component with no incoming tight arc, we have identified a commodity (commodity )
and its associated loose dicut 6~ (N (7)). We perform the basic dual-ascent step for each
loose dicut. We then repeat the procedure, terminating when every strongly connected
component has an incoming arc.

At termination, the auxiliary network contains a branching. However, it could have
more edges than required in a branching. Therefore, we can delete some arcs and still
obtain a feasible solution. We sequentially consider the arcs in the opposite order that they
became tight (i.e., opposite order that the algorithm adds them to the auxiliary network).
We refer to this deletion scheme as the LIFO dropping rule.
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The dual-ascent algorithm for the branching problem can be described as follows.

Dual-ascent algorithm for the branching problem
1. Initialization. Set
(a) wk 5 =0forall (4,j) € Aand k € K,
(b) sij = ci; for all (i,7) € A,

(d) vF =0forallic Nand k € K,
(e

2. While the digraph Dz = (N, Z) induced by the arcs in Z contains a strongly connected

)
)
(c) Z=A(i,j) : (i,)) € A;s;; =0} (the set of zero-slack arcs),
)
) L

lN‘_l vF (the lower bound).

component with no incoming arc
(a) Select a node k that is in this strongly connected component, and set N (k) to
be the set of nodes in this strongly connected component.

(b) Find minimum slack.

° € = min Sij-

{(i.):ig) €6~ (N (k)Y

(¢) Update relevant dual variables, slacks, the auxiliary network Dy, and the lower

bound L.

o wj = wjte ¥ (i,5) € 57 (N(k)),

® S5 = S —€ V (i,5) € 6~ (N(k)),

o vF = fte Vie N(k),

[ ] L = L+ €,

o 7 = ZU{(i,j):(i,j) € (N(k)) and s;; = 0}.

3. The network defined by the arcs in Z (i.e., Dyz) contains a minimum cost branching.

Construct a branching by applying the LIFO dropping rule on D .

When it has terminated, the dual-ascent algorithm has in hand feasible values v, w for
the dual linear program (3.5). The algorithm has also found a feasible solution (y, f) to the
primal problem (3.4), defined as follows. Let y;; = 1 if the final auxiliary network contains
arc (7,7) and set y;; = 0 otherwise. Set Z]j = 1 if arc (¢,7) lies in the unique path in the
auxiliary network connecting the root node and node k. Set fikj = 0 otherwise.

We now show the dual-ascent algorithm solves the branching problem.

Theorem 3.2.4 The dual-ascent algorithm solves the minimum cost branching problem.
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Proof: To prove this result, we will first establish a simple property concerning the structure

of the solution the algorithm generates.

Claim 3.2.5 The solution determined by the dual-ascent algorithm satisfies the following
property: every loose dicut used (in a basic dual-ascent step) contains exactly one directed

arc.

Proof: Since we perform the LIFO dropping rule, we will consider dropping other arcs before
we consider dropping the tight arcs in any strongly connected component. Feasibility implies
that the strongly connected component has at least one incoming arc. There is at most
one because our dropping scheme will eliminate all but one arc directed into the strongly

connected component. |

Consider the complementary slackness conditions for the linear programming relaxation
of the directed flow formulation (3.4):

k .
Yij > 0 = Z Wi = Cig;
keK

k E_ ok _ k.
i >0 = v —v =w

R
d ks =—=— fk—y..
an wi; > [ij = Yij-

By design, the algorithm satisfies the first two (so called primal) complementary slack-
ness conditions. The solution also satisfies the dual complementary slackness condition
wfj (yij — flk) = (. Consider any loose dicut that the algorithm uses in a dual-ascent step.
If the algorithm chooses commodity k while considering this dicut, then by Claim 3.2.5
the final solution has exactly one arc, say (s,t), in the dicut and the flow from the root
to node k must flow across this arc. Therefore, for all arcs in the dicut fl-kj = y;; (with

k

fE =yy =1 and fi]} = y;; = 0 otherwise). Since the algorithm increases wj; from value

J
0 only for loose dicuts, this observation implies that the final solution satisfies the dual
complementary slackness conditions as well.

We have exhibited a feasible primal solution and a feasible dual solution that satisfy

complementary slackness. Therefore, our primal and dual solutions are optimal. |

Now that we know the dual-ascent algorithm finds an optimal solution, we can interpret
the steps of the algorithm combinatorially. Recall that we assumed all arc costs c;; are
greater than zero.

Combinatorial algorithm for branching problem

Step 1. Set Z = {¢}.
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Step 2. For each node, other than the root, decrease the cost of all arcs into the node
by the cost of the smallest cost arc directed into that node. If the cost of any arc

becomes zero, add it to Z.

Step 3. Identify all strongly connected components in the network defined by zero-cost
arcs. Contract each strongly connected component in the digraph. If the contraction

creates parallel arcs between nodes, delete all but the smallest cost parallel arc.

Step 4. If some node, other than the root, in the digraph has no incoming tight arc go
to Step 2.

Step 5. Expand the digraph. The network defined by the arcs in Z contains a minimum
cost branching. Construct a minimum cost branching by applying the LIFO dropping
rule to Z.

Even if the digraph contains some zero-cost arcs, this combinatorial algorithm (and the
dual-ascent algorithm) still solves the minimum cost branching problem. We will see shortly

how to apply this combinatorial algorithm to a problem that has some negative-cost arcs.

Example

Figure 3-3 illustrates the algorithm. Initially, Z = {¢}. In Step 2 for each node other than
root node 0, subtract the cost of the minimum arc into the node from every arc directed into
it. For example, the cost of the minimum arc into node 4 is 1. Therefore, we subtract 1 from
the cost of arcs (7,4), (5,4) and (2,4). Figure 3-3b shows the zero-cost arcs in bold. We add
the arcs (0,1), (0,2), (5,8), (8,5), (7,4), (6,7), (3,6) and (4, 3) to the list Z. We now apply
Step 3. Nodes 3, 4, 6 and 7 form one strongly connected component and nodes 5 and 8 form
another strongly connected component. Contracting these strongly connected components
gives the digraph shown in Figure 3-3c. Since none of the nodes in Figure 3-3c¢ have an
incoming tight arc, we proceed to Step 2 of the algorithm. In Step 2 we subtract 2 from the
cost of arcs into node {3,4,6,7} and 4 from the cost of arcs into node {5, 8}, resulting in
the digraph shown in Figure 3-3d. Add arcs (5,4) and (7,8) to the list Z. Nodes {3,4,6,7}
and {5,8} form a strongly connected component. By contracting the strongly connected
component, we create the digraph shown in Figure 3-3e. Since node {3,4,5,6,7,8} has
no incoming tight arc, we subtract 1 from the cost of the arcs into node {3,4,5,6,7,8},
obtaining the digraph shown in Figure 3-3f. Add arc (2,3) to the list Z. The resulting
network has no strongly connected component and every node has an incoming tight arc.
Therefore, we apply Step 5 of the algorithm. The arcs of Z in LIFO order are (2,3), (5,4),
(7,8), (0,1), (0,2), (5,8), (8,5), (7,4), (6,7), (3,6) and (4,3). If we delete arc (2,3), the

network defined by the arcs in Z contains no path from the root node to nodes 3, 4, 5, 6,
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Figure 3-3: Minimum cost branching algorithm.
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7 and 8. Therefore, we retain arc (2,3). Proceeding in this fashion, we find the optimal

solution shown in Figure 3-3g.

Extension to Negative-Cost Arcs

The earlier definition of a branching was valid for networks with no negative-cost arcs. The
precise definition of a branching is as follows. Given a digraph D = (N, A) and a root
node r, a branching is a digraph that contains |N| — 1 arcs (i.e., the network obtained by
replacing the directed arcs by undirected edges is a tree) and has a directed path from
the root node to every other node. When costs are nonnegative, it is easy to convert any
solution that contains more than |[N| — 1 arcs and has a path from the root node to every
other node to a solution that contains |N| — 1 arcs. Therefore, in our prior definition of the
branching problem we omitted this condition. (Similarly, in our definition of the minimum
spanning tree problem, we omitted the condition that a spanning tree contains |[N|—1 edges
because we assumed edge costs are nonnegative.)

The combinatorial algorithm will solve the minimum cost branching problem if the
digraph has some negative-cost arcs. Suppose the network has negative-cost arcs. We can
convert this problem to an equivalent problem with nonnegative arc costs. Consider any
node i, other than the root node, that has negative-cost arcs directed into it. Suppose we
subtract any constant ¢; from all arcs into node 7. Since, each node (except the root) in a
branching has exactly one incoming arc,? any feasible solution to the transformed problem
costs t; less than that of the same solution in the original problem. Thus, the transformed
problem and the original problem have the same optimal solutions. By subtracting the cost
of the smallest incoming arc into each node from all arcs directed into that node, we obtain
a problem with nonnegative arc costs. Now we can apply the combinatorial algorithm.

The combinatorial algorithm we have presented for the minimum cost branching is
identical to Edmonds’ algorithm [Edm67], as developed and analyzed in another way by
Magnanti and Wolsey [MW95]. Our discussion shows how linear programming duality
can provide a way to derive combinatorial algorithms for solving certain combinatorial

optimization problems.

3.3 Lagrangian Duality Interpretation of Dual-Ascent

In this section we provide a Lagrangian duality interpretation of the dual-ascent algorithm
presented in Section 3.2. We consider this interpretation not only for its pedagogical value

but, more importantly, because it provides deeper insight into the dual-ascent algorithm.

2This result follows from the fact that a branching contains |N| —1 arcs and every node, except the root,
in a branching has at least one arc directed into it.
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The Lagrangian dual problem to the directed flow formulation can be obtained by a
standard procedure in duality theory. Relax all the constraints, except nonnegativity, and
consider the Lagrangian dual of the directed flow formulation for the MST problem. For
each commodity k, view vf as the Lagrange multiplier associated with the flow conservation
constraint for node ¢, and wfj > 0 as the Lagrange multiplier associated with the constraint
fl-kj < y;j. Let df denote the demand of commodity &k at node i. For the model (3.2), we are
considering, for each commodity k, d]]j =1,dk =1, and dé‘? =0 for j # k.

The corresponding Lagrangian function is

Liy.f,vow) = > ey + > (A5 =D fh+> fiel+ > > (G —wijw

(i,j)€EA iEN keK JEN lEN (i,j)EAkEK

Rearranging the terms we obtain

L(y.f,v,w) = szfvf_‘_ Z (Cij_zwfj)yij‘F Z Z(’U —U —I—w )f

keK ieN (i,7)€A keK (i,)eAkeEK

The value of the Lagrangian dual function Z(v,w) for any vector (v,w) is

Z(V,w):min{L(y,f, v, wW)|

yi; > 0 and integer for all (4, j) € A,
.£) '

fk>0forall( j)€Aand k € K.

Because the Lagrangian function L(y, f, v, w) is separable in the arc flows and arc variables,
its minimization decomposes by arc for the arc variables y, and by arc and commodity for
the flow variables f. If ¢;; — > e wfj > 0, then y;; = 0, and if ¢;; — > ek wfj < 0, we
can make Z(v,w) as small as desired by setting y;; to an arbitrarily large integer value.
Similarly, if v¥ — vj —|—wk > 0, then fk = 0, and if vf —vj +wfj < 0, then Z(v,w) is
unbounded from below. Therefore,

ifejj — > wk, >0, and
) dkvk ) keK Wig = Y
Z(v,w) = 2kek LuieN G vF — vf + wfj > 0 for all (7,7) € A;

—00 otherwise.

The Lagrangian dual problem is to find a set of Lagrange multipliers that maximize the

dual function. That is,

Maximize Z(v,w)
subject to: w > 0

v unrestricted in sign.
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Suppose we are given a node potential vector ¥. Then, if (i) @f—@f—i—w% >0, and (ii) ¢;;—
Y okeK wfj > 0, for all (i,j) € A, the dual function Z(¥,w) is equal to Y jcx Sien d¥vF.

The first condition together with wfj > 0 can be stated as wfj > max(O,T;é‘? — oF). Now
observe that satisfying this condition at equality does not change the value of the Lagrangian

function. Therefore, we can restrict our attention to solutions (v,w) of the form wfj =

maX(O,vf —oF) for all (i,5) € A and k € K. Consequently, we can write the Lagrangian

dual problem as a maximization problem over the node potentials v. The Lagrangian dual

problem is
Maximize Z(v)
subject to no constraint on v
with
if ¢;; — max (0, vF —vF) >0
Zke[{ ZiEN dfvf K ZI?GK X( j 7 ) =
Z(v) = for all (i,7) € A;

—00 otherwise.

Since the sum of demands over all the nodes for any commodity is zero, increasing all
the node potentials by the same amount does not change the value of the dual function.
Therefore, for each commodity we can fix the node potential for one node at any desired
value. We will set vf = 0 for all commodities. We can transform any dual solution with v§
nonzero to one with vf zero by subtracting vf from vf for each node j in the digraph.

Let us make a few observations concerning the Lagrangian dual problem. Consider
any solution (v,w) to the Lagrangian dual problem with wfj = maX(O,vé‘? — o) for all
(i,j) € A. If the value of the Lagrangian dual function is bounded for this (v, w) pair,
then (v,w) is a feasible solution to Formulation (3.5) with the same objective value as
Z(v). Note that any feasible solution (v, w) to Formulation (3.5) defines a feasible solution
v to the Lagrangian dual problem with the same objective value. Therefore, the LP dual
and the Lagrangian dual problems are equivalent if the Lagrangian dual problem is bounded
from below. (If the Lagrangian-dual problem is unbounded from below, then for all node
potentials, ¢;j — > ek max(O,vé-C —oF) < 0 for some arc (i,j) € A, and so the LP dual is
infeasible.) Because of this equivalence, from now on we refer to Lagrangian dual function
and the Lagrangian dual problem as the dual function and dual problem respectively.

Let us now interpret the dual-ascent algorithm of the previous section. Starting with
a feasible dual solution (v,w) = (0,0), the dual-ascent algorithm sequentially updates the
values of v and w at each iteration. The dual-ascent algorithm selects a loose dicut 6~ (7T')

k

and a commodity k& and performs a basic dual-ascent step. It increases wy; for all arcs in

J
the loose dicut §~(7") and the node potentials for commodity k for all nodes in T' by an

equal amount, leaving all the other variables wfj and node potential values unchanged.
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We now show that starting with the solution (v, w) = (0, 0), the dual-ascent algorithm

for the minimum cost branching problem, described in Section 3.2, maintains the property

wfj = max(O,vé‘? — o).

First, observe that the algorithm couples any increase in wfj with an equal increase in v;? ,

keeping v¥ fixed. Moreover, once a node j € N(k), it is always in N (k). The strongly
k

150
we never change the value of wfi (it stays at value zero) and so throughout the algorithm

k. and wfj = vf —vF = max(0,vf — v;“) and wfi = 0 = max(0,vf — vf) We can

therefore interpret the dual-ascent algorithm solely in terms of node potential changes.

connected components become larger in each iteration, implying that if we increase w
k
v 2 v

Mathematically, each iteration of the dual-ascent algorithm involves a node potential

change along a direction of the form ’yéi = (0,... ,0,76“, ’yf, e ,fyﬁw_l, 0,...,0), with

! 1 if jeT and ] = k;
Y=

0 otherwise.

In this equation, T is a subset of nodes and k is a commodity. We refer to such a direction
as a basic direction.

The direction 7% improves the dual function Z(v) if 4% is a direction of ascent. That
is, if the directional derivative of the the dual function Z(v) in the direction v% is positive.

The directional derivative is given by,

Z'(v; ’Y’f/f“) = limayo Z(V"'O‘+;)_Z(V)
if for all (i, 7) with j € T,i & T,
) Xjerd ) A (3.6)
= Cij — 2pex max(0,vj —v7) > 0;
undefined otherwise.

The quantity ¢;j — > _j.c g max(0, v;? — vf ) for the dual-ascent algorithm is ¢;; — > e wfj,
which equals the slack s;; for arc (7,7). Also, observe that in the dual-ascent algorithm all
the arcs in a loose dicut, say 6~ (N (k)), have a positive slack. Furthermore, only node k, the
destination of commodity k, in the set N (k) has positive demand, of 1 unit, for commodity
k. Therefore, equation (3.6) shows that the loose dicut 6~ (/N (k)) corresponds to an ascent
direction ’yjli,(k). The value of the directional derivative for a loose dicut is 1. Thus, every
unit increase in the node potentials for all the nodes in the set N (k) increases the objective
function by 1. This result is consistent with the shortest path interpretation, that is, every
unit increase in wfj for all arcs in the loose dicut increases the shortest path length, and

thus the dual objective function, by 1.
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This discussion shows that we can interpret the dual-ascent algorithm as a search for
basic directions that successively improve the dual function. By a judicious choice of these
basic directions, for the special case of the minimum cost branching problem, we were able
to obtain the optimal solution to the dual problem. The Lagrangian duality interpreta-
tion provides a slightly different framework for considering the dual-ascent algorithm. In
Chapter 4 we will develop a dual-ascent algorithm for the network design problem with
connectivity requirements based on this interpretation.

Our development of the Lagrangian duality interpretation of dual-ascent closely follows
the approach in the book by Bertsekas [Ber91], which describes the dual-ascent approach
for single commodity minimum cost network flow problems. Our description shows that the

same approach is effective for solving other combinatorial optimization problems.

3.4 Dual-Ascent for the Steiner Branching Problem

In this section we generalize the ideas presented in the dual-ascent algorithm for the branch-
ing problem. We characterize the loose dicuts used in the dual-ascent algorithm for the
branching problem, and apply this characterization to derive Wong’s dual-ascent algorithm
for the Steiner branching problem. Our derivation of Wong’s algorithm is significantly dif-
ferent than the one originally presented in [Won84|. Finally, we discuss several different

implementations of Wong’s algorithm.

3.4.1 Formulation for the Steiner Branching Problem

The Steiner branching problem is a generalization of the branching problem. Given a
directed graph D = (N, A), a root node r, and a set T (r ¢ T') of terminal nodes, we wish
to design a minimum cost network that contains a directed path from the root node r to
every node in 7.

We can formulate this problem as a variation of the directed flow formulation (3.4) for
the branching problem. In this directed flow formulation, let y;; be 1 if arc (4, j) is in the
design and be 0 otherwise. For each node i € T, create a commodity k& with the origin
as the root node and node ¢ as the destination node (i.e., D(k) = i), and require that the
network design have the capability to flow a unit of flow of each commodity from the root
node to this node. (Observe that the number of commodities in K is equal to the number of
terminal nodes, i.e., the number of nodes in 7".) The following mixed integer programming

problem models these requirements.
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Directed flow formulation for the Steiner problem:

Minimize Z CijYij (3-73)
(i,J)€A
1 ifi=0;
subject to: Y fr—>"fh = 1 ifi=D(k); forallie Nandke K (3.7b)
JEN leN 0  otherwise;
fllz- < i for all (i,j) € Aand k € K (3.7¢)
k . .
fij =0 for all (i,j) e Aand k € K (3.7d)
yij > 0 and integer for all (i,7) € A. (3.7e)

We will apply the dual-ascent algorithm to the following dual of the linear programming

relaxation of this formulation.

Dual of directed flow formulation for the Steiner branching problem:

Maximize Z UkD(k) (3.8a)
keK
subject to fué—“ —of < wfj for all (i,j) € Aand k € K (3.8b)
Z wfj < ¢ forall (i,j)€ A (3.8¢)
keK
wfj >0 forall (4,j) € Aand k € K. (3.8d)

3.4.2 Dual-Ascent Algorithm

Notice again that if we are given values for the w variables, the dual problem separates
by commodity. The subproblem corresponding to commodity k is the dual to the directed
shortest path problem between the root node and node D(k), with arc lengths wfj This
observation suggests a simple dual-ascent strategy. For any one of the commodities k € K,
identify and perform a basic dual-ascent step on a loose O(k)-D(k) dicut. Continue in this
fashion until for every commodity k, every O(k)—D(k) dicut contains a tight arc. Each step
of this strategy improves the dual objective value and at termination the auxiliary network
contains a Steiner branching (because it contains a path from the root node to every node
in T).

For the branching problem we identified a particular type of loose dicut and showed
that by performing basic dual-ascent steps on these loose dicuts, we solve the branching
problem optimally. The Steiner branching problem is NP-hard. Therefore, we will not
be able to describe a dual-ascent algorithm that solves the problem optimally. Instead we

use the dual-ascent algorithm to develop a heuristic solution to the problem and a lower
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bound on the cost of an optimal Steiner branching (and so, a guarantee on the degree of
suboptimality of the heuristic solution).

Let Z denote the set of tight arcs in the digraph. If 67 (S) is a loose O(k)-D(k) dicut
for some commodity k, we refer to S as an ascent set (that is, a set on which it is possible
to perform a basic dual-ascent step).

In the dual-ascent algorithm for the branching problem, we performed basic dual-ascent
steps on loose dicuts in the auxiliary network associated with strongly connected compo-
nents with no incoming arc. Let S denote a strongly connected component with no incoming
arc (an ascent set) and 0~ (5) its loose dicut. Observe that the auxiliary network contains at
least one arc directed into every subset of S (i.e., for all R C S, 67 (R)NZ # ¢). Therefore,
no subset of S defines a loose dicut. This observation suggests the following definition. A
set of nodes S is a minimal ascent set, if S is an ascent set and no subset of S is an ascent
set.

We will design a dual-ascent algorithm for the Steiner branching problem that uses
minimal ascent sets. Start by setting (v,w) = (0,0) and set Z to be the set of arcs with
zero slack. Consider the auxiliary network (i.e., D) and identify a minimal ascent set S.
Perform a basic dual-ascent step on the loose dicut 6~ (.S) and update the auxiliary network.
Continue in this fashion until the digraph contains no ascent sets. At the conclusion of
the ascent steps, the auxiliary network contains a feasible Steiner branching and the dual
solution provides a lower bound on the optimal Steiner branching. We can obtain a feasible
Steiner branching by applying the LIFO drop rule to the auxiliary network (we refer to this
method as the LIFO drop heuristic). The dual-ascent algorithm has the following formal

description.

Dual-ascent algorithm for the Steiner branching problem (Wong’s Algorithm)
1. Initialization. Set

(a) wk 5 =0forall (4,j) € Aand k € K,
(

b) si; = ¢ for all (4, ) € A,

)
)
(c) Z=A{(i,j) : (i,j) € A;s;5 =0} (the set of zero-slack arcs),
(d) vF =0foralli€ N and k € K,

)

() L= ek vD( k) (the lower bound).

2. While the digraph contains?® a minimal ascent set S,

3We show how to identify minimal ascent set and consider other implementation issues in Section 3.4.3.
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(a) Select a node I € T'N S and identify the commodity k associated with it (i.e.,
D(k) =1). Set N(k) to be the set of nodes in Dz that have a directed path to

node {.

(b) Find minimum slack.

° € = min Sij-

{():()) €5~ (N ()}
(¢) Update relevant dual variables, slacks, the auxiliary network Dy, and the lower

bound L.

o wj = wjte ¥ (i,5) € 57 (N(k)),

® S5 = S —€ Y (i,5) € 0~ (N(k)),

o vF = fte Vie N(k),

[ ] L = L+ €,

o 7 = ZU{(i,j):(i,j) €5 (N(k)) and s;; = 0}.

3. The network defined by the arcs in Z contains a Steiner branching. Construct a

Steiner branching by applying the LIFO dropping rule to Z.

Our development and presentation of Wong’s algorithm is quite different from Wong’s
original development [Won84|. His dual-ascent procedure uses a root component rule to
identify ascent sets on which to perform basic dual-ascent steps.* We show that the ascent
sets that the root component rule identifies are minimal ascent sets.

To describe the root component rule, we introduce some notation. If the auxiliary
network contains a directed path from node i to node j and no directed path from node j
to node 7, then we say that node i dangles from node j. A strongly connected component R
is a root component if it contains a member of 7' and no member of 7'U {0} dangles from a
member of R. Let Sg = {j : there is a directed path in Dy from node j to a node in R}.
Wong’s algorithm performs a basic dual-ascent step on the dicut 6~ (Sg) associated with a
root component R.

Suppose R is a root component. Observe that every node in "N Sg is also in R;
otherwise, this node dangles from a member of R, and thus R is not a root component.
Moreover, no subset of Si is an ascent set since every subset of S that contains a node
in 7" has an incoming tight arc (if the subset of Sk does not contain a node in 7', then it
cannot be an ascent set because it does not define an O(k)-D(k) dicut for any commodity).
Therefore, Sr is a minimal ascent set.

Suppose R is not a root component. Then some node i € T dangles from a member

of R. Let S; = {j : there is a directed path in Dz from node j to node i}. Because node i

4For convenience, we use the phrase “perform a basic dual-ascent step on an ascent set S” to mean
“perform a basic dual-ascent step on the loose dicut §~(S).”
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dangles from a member of R, every node in S; is also in Si and every member of R is not
in S; (i.e., S; C Sg). As a result, Sg is not a minimal ascent set.’

We note that Wong’s dual-ascent algorithm satisfies the property that for each com-
modity and arc in the network

wfj = maX(O,v;g — o).

k
ij
v¥ fixed. Moreover, once a node j € N (k), it is always in N (k) since the set N (k) is defined

Observe that the algorithm couples any increase in w¥; with an equal increase in vf, keeping
as the set of nodes in Dy that have a directed path to D(k) in the auxiliary network and
the algorithm never drops any arc from Dy (until Step 3). We can, therefore, interpret
the dual-ascent algorithm solely in terms of node potential changes. Consequently, we need
not maintain values of the w variables. Furthermore, if our interest is only in the value of
the dual objective, that is the lower bound, we need not store the node potentials. The
slacks on the arcs provide the necessary information to update the lower bound, auxiliary
networks and slack (see Step 2 of Wong’s algorithm).

Wong’s dual ascent algorithm has proven to be very effective for the undirected Steiner
tree problem. To apply the algorithm to this problem, we first convert the undirected
Steiner tree problem to a (directed) Steiner branching problem in exactly the same way
we converted the minimum spanning tree problem to a branching problem.® In his com-
putational experiments, Wong solved Steiner tree problems with up to 60 nodes and 120
edges, with an average gap of less than 1 percent between the upper and lower bounds of
the dual-ascent algorithm. In Section 3.4.3 we describe several implementations of Wong’s
algorithm and some preliminary computational experience with a particular implementa-
tion of the algorithm. In these experiments, we solved problems with as many as 300 nodes
and 6000 edges (12000 arcs) to within 1 percent of optimality. These experiments confirm
the effectiveness of Wong’s algorithm, with the LIFO drop heuristic, as a heuristic method

for Steiner tree problems.

50Observe that all minimal ascent sets are defined by the ascent sets associated with root components. To
see this, consider any minimal ascent set (. By definition, a minimal ascent set has no incoming tight arcs
and contains at least one node, say %, from 7. Let R denote the strongly connected component that node
i belongs to and define Sg = {j : the network contains a directed path in Dz from node j to a node in R}.
We claim Sgr = Q. This result is true because Sg is an ascent set and is a subset of @ (since the network
has no arcs directed into @, Sr only contains nodes from @). But @ is a minimal ascent set, and therefore
Sr = Q.

5An interesting question is whether the choice of the root node in this conversion affects the optimal
objective value of the LP relaxation of the directed flow formulation (3.7). Goemans and Myung [GM93]
proved that in converting an undirected Steiner tree problem to a Steiner branching problem, the choice
of the root node does not change the optimal objective value of the LP relaxation of this formulation.
Therefore, we can arbitrarily choose any one of the nodes as the root node without affecting the quality of
the solution.
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Example

To illustrate Wong’s dual-ascent algorithm, we consider the example shown in Figure 3-4.
Figure 3-4a shows the arc costs, node 0 is the root node, and T' = {3,5,7,8}. Initially,
Z ={¢}, (v,w)=1(0,0), and L = 0.

The sets {3},{5},{7} and {8} are minimal ascent sets. The algorithm first performs
a basic dual-ascent step on {3}. As a result, arc (1,3) becomes tight and is added to Z.
The dual objective increases by 1 unit to L = 1. The algorithm then performs a basic
dual-ascent step on the minimal ascent set {5}.7 As a result, arc (8,5) becomes tight and is
added to Z. The dual objective increases by 1 unit to L = 2. The algorithm then performs
a basic dual-ascent step on the minimal ascent set {7}. Arcs (3,7) and (5,7) become tight
and are added to Z. The dual objective increases by 5 units to L = 7. The algorithm then
performs a basic dual-ascent step on the minimal ascent set {8}. As a result, arc (5,8)
becomes tight and is added to Z, and the dual objective increases by 1 unit to L = 8.
Figure 3-4b shows the digraph at the conclusion of the first four iterations.

At this point, sets {3,1} and {5,8} are minimal ascent sets. The dual-ascent algorithm
performs a basic dual-ascent step on the minimal ascent set {3,1}. As a result, arc (4, 3)
becomes tight and is added to Z. The dual objective increases by 3 units to L = 11. The
algorithm then performs a basic dual-ascent step on the minimal ascent set {5,8}. At the
conclusion of this step, arc (2,5) becomes tight and is added it to Z. The dual objective
increases by 2 units to L = 13. Figure 3-4c shows the digraph at the conclusion of these
two iterations.

At this stage, {3,1,4} and {5,8,2} are minimal ascent sets. The algorithm performs a
basic dual-ascent step on the ascent set {3,1,4}. Asaresult, arc (0, 1) becomes tight and the
algorithm adds it to Z. The dual objective increases by 6 units to L = 19. The algorithm
then performs a dual-ascent step on the minimal ascent set {5, 8,2}. The arc (0,2) become
tight and the algorithm adds it to Z. The dual objective increases by 6 units to L = 25.
Figure 3-4d shows the resulting digraph.

At this point, the network has no ascent set. Therefore, we apply the LIFO drop
heuristic. The arcs of Z in LIFO order are (1,3), (8,5), (3,7), (5,7), (5,8), (4,3), (2,5),
(0,1), and (0,2). If we delete arc (0, 2) the network defined by the arcs in Z contains no path
from the root node to terminal nodes 5 and 8. Therefore, we retain arc (0,2). Proceeding
in this fashion, we find the solution shown in Figure 3-4e. The cost of this feasible solution

is 25 units. Since the lower bound is 25 units, we have obtained an optimal solution to the

"In Section 3.4.3 we prove the following property. Suppose S is a minimal ascent set. Then after a
sequence of basic dual-ascent steps, S is either a minimal ascent set or no longer an ascent set (i.e., it has
a tight arc directed into it). Consequently, {5} is a minimal ascent set because it has no tight arc directed
into it (it is still an ascent set).
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—@ tight arcs
|:| terminal node

O Steiner nodes

Figure 3-4: Wong’s algorithm.
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Steiner branching problem.

This example illustrates the effectiveness of performing dual-ascent steps only on min-
imal ascent sets. Suppose the algorithm performed a basic dual-ascent step on the set
S ={1,2,3,4,5,7,8} in Figure 3-4c. Note that S is not a minimal ascent set because it
contains two ascent sets—{3,1,4} and {5,8,2}. At the conclusion of a basic dual-ascent
step on S, both arcs (0, 1) and (0, 2) become tight and the dual objective increases by 6 units
to L = 19. No more ascent is possible since the resulting network has no ascent set. The
primal solution obtained by performing the LIFO drop heuristic has cost 25, but the dual

lower bound is only 19.

3.4.3 Identifying Minimal Ascent Sets: Alternative Implementations of
the Dual-Ascent Algorithm

In this section we first show how to identify minimal ascent sets (actually root compo-
nents). We then describe four different implementations of the dual-ascent algorithm. The
first three implementations rely on explicit identification of minimal ascent sets. The fourth
implementation (by Balakrishnan, Magnanti and Wong [BMW89]) does not explicitly iden-
tify minimal ascent sets but nevertheless simulates the minimal ascent set rule. Finally, we
report on some (limited) computational experiments with the last implementation.

In this section we assume that the reader is familiar with elementary graph algorithms
and data structures. For completeness, in Figure 3-5 we describe the following three algo-

rithms from Cormen, Leiserson and Rivest [CLR90]:
e Depth first search,
e Identifying strongly connected components in a digraph, and
e Topological sort of a digraph.®

All three algorithms run in O(]A|) time.
The DFS algorithm produces the following output. The pred array defines the depth
first search forest Dpred = (N, Apred), With

Apred = {(pred[i], i) : i € N and pred[i] # —1}.

Each component of the forest is a rooted tree. The forest contains a directed path from the

root of each tree to all the nodes in that tree. The color array keeps track of nodes scanned.

8A digraph can be topologically sorted if its nodes can be ordered in such a way that the tail of an arc
appears on the sorted list before the head of that arc. A well-known result in graph theory is that a digraph
can be topologically sorted if and only if it is acyclic.
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DFS(D)
1 forie N

2 pred[i] = —1;

3. color[i] = green;

4. time = 0;

5 forie N

6 if (color[i] = green)

7 then DFS-Visit(i);

DFS-Visit (i)

1. color[i] = yellow.

2. time = time + 1;

3. start[i] = time;

4. while i’s adjacency list is nonempty
D. select a node j from i’s adjacency list;
6. if (color[j] = green)

7. then pred[j] = i;

8. DFS-Visit(j);

9.  color[i] = red;

10.  time = time + 1;

11.  finish[i] = time;

Strongly-Connected-Components(D)

1. call DFS(D) to compute finishing times finish[i] for each node .

2. compute DT, the transpose® of digraph D.

3. call DFS(DT), but in the main loop of DFS (line 5 of DFS), consider
the nodes in order of decreasing finish[i] (as computed in line 1).

4. output the nodes of each tree in the depth first forest of step 3 as a
separate strongly connected component.

Topological-Sort (D)

1. call DFS(D) to compute finishing times finish[i] for each node 1.
2. as each node is finished, insert it onto a linked list.

3. return the linked list of vertices.

@DT | the transpose of D, is the digraph DT = (N, AT) defined by the arc set AT =
{(4,5) : (§,4) € A}.

Figure 3-5: Graph algorithms: Depth first search, Strongly connected components, Topo-
logical sort.
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(Color([i] is green if node i is unscanned, color[i] is yellow if the algorithm is in the process
of scanning from node i, and color[i] is red if node i has been scanned.) The start array
indicates the order in which the DF'S algorithm first examined the nodes (i.e., indicates order
in which the color of a node becomes yellow). The finish array indicates the order in which
the algorithm finished scanning the adjacency list of the nodes (i.e., indicates order in which
the color of a node becomes red). The start and finish array satisfy some useful properties
which prove to be useful in reasoning the correctness of Strongly-Connected-Components

and Topological-Sort.

A Linear Time Algorithm to Identify Root Components

We now provide a linear time algorithm to identify all root components in the auxiliary
network Dyz. We will use this algorithm in three implementations of the dual-ascent al-
gorithm. We note that since the nodes in a root component are strongly connected, it is
sufficient to identify root components on the digraph obtained by contracting all strongly
connected components. If a strongly connected component in Dy contains a terminal node,
then it is a terminal node in the contracted network.

Observe that a digraph with no strongly connected components is acyclic, and therefore
can be topologically sorted. Consequently, we show how to identify root components on a
topologically sorted digraph (i.e., for any arc (i, j) in this digraph ¢ < j) in which the root
node is first in the topological order.”

The algorithm for identifying root components is an adaptation of the depth first search
algorithm and its correctness relies on the fact that the digraph is topologically sorted. In
this algorithm, req[i] = 1 if node i is a terminal node or the root node; otherwise, req[i| = 0.
The output of this algorithm is the array root. Except for the root node, root[i] = 1 if

node i is a root component, and is 0 otherwise (root[i] is always 1 for the root node).

Theorem 3.4.1 The algorithm Root-Components described in Figure 3-6 correctly identi-

fies root components in linear time.

Proof: Lines 1 through 4 of the algorithm are the initialization. Line 5 performs depth
first search from the root node and identifies all nodes in Dy that the root node reaches.!?
Any node that the root node reaches cannot be a root component. We now argue that any
node that the algorithm considers in line 7 (besides the root node) is a root component.

This is true because the algorithm initiates depth first search only from required nodes

9Recall the root node has no incoming arc, so in some topological ordering, the root node has the lowest
index. To obtain such an ordering, topologically sort the network obtained by deleting the root node and
append the root to the front of the topological order.

107f the network contains a directed path from node i to node j, we say node i reaches node j.
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Root-Components
fori=0to [N|—1
pred[i| = —1;
color[i] = green;
root[i] = 0;
fori=0to |[N|—1
if ((color[i] = green) and (reqli]=1))
then root[i] = 1;
DFS-Visit(i);

S IR N

Figure 3-6: Algorithm to find root components.

(i.e., req[i] = 1). As a result, any node the algorithm considers in line 7 is not reachable
from any lower numbered required node. Furthermore, because the nodes are in topological
order, no such node is reachable from any higher numbered node. Therefore, the node is a
root component.

The algorithm for identifying root components is a depth first search algorithm. Con-

sequently, Root-Components is an O(|A|) procedure. |

We also note that we can reduce the size of the digraph D in the dual-ascent procedure,
by contracting every strongly connected component in the auxiliary network Dz to a single
node in the digraph D. If this contraction creates parallel arcs, we retain the arc with the
smallest slack. Although contraction does not improve the complexity analysis of any of the
implementations we discuss, it might prove to be useful in practice, especially when solving
large-scale problems.

We now briefly describe four different algorithms that implement the minimal ascent set

rule, but perform their dual-ascent steps in different ways.

Implementation 1

This implementation first identifies a single root component and performs a basic dual-
ascent step on the minimal ascent set associated with it. The algorithm continues in this
fashion (i.e., again identifies a root component [it could be the same root component or
another one] and performs a basic dual-ascent step on the minimal ascent set associated

with it) until no more ascent is possible. By performing depth first search from the root
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component on the transpose'’ of Dz, we can identify the minimal ascent set associated
with a root component in O(|A|) (since Z C A) time. Note that we can terminate the
algorithm for finding root components after finding the first root component, because this
implementation performs ascent on a single root component. Performing a basic dual-ascent
step requires identifying the arc with minimum slack that is directed into the minimal
ascent set, a computation that requires O(|A|) time if we sequentially scan all the arcs in
the digraph.

We provide two arguments to deduce the complexity of this algorithm. Identifying a
minimal ascent set S in the digraph requires O(|A|) time, and identifying the minimum
slack arc in 07 (S) requires O(|A|) time. The dual-ascent algorithm performs at most |A]
iterations because, after |A| iterations all the arcs in the original digraph D are tight. This
argument shows the dual-ascent algorithm is an O(]A|?) procedure. The second argument
is as follows. At the conclusion of an iteration of the dual-ascent algorithm, one additional
node can reach a node in 7' (that is, some node not in the minimal ascent set S can
reach the terminal nodes in S). Therefore, after at most |T||N| iterations the auxiliary
network contains a path from every node in the network to every node in T'. This analysis
leads to a bound of O(|T'||N||A|) operations. Combining these two arguments shows that
Implementation 1 is an O(|A| min(|T'||N|,|A|)) algorithm.

Implementation 2

In this implementation, we find the minimal ascent sets, Si,...,S),, corresponding to all
root components. We then sequentially perform a basic dual-ascent step on each of the
sets S1,...,5,. We continue by again finding all minimal ascent sets and sequentially
performing basic dual-ascent steps on each set. (The example in Figure 3-4 is similar to
this implementation). The correctness of this implementation follows from the following

property that we mentioned earlier.

Proposition 3.4.2 Suppose S is a minimal ascent set. Then after a sequence basic dual-
ascent steps, S is either a minimal ascent set or no longer an ascent set (i.e., it has a tight

arc directed into it).

Proof: By definition, no subset of a minimal ascent set is an ascent set. Therefore, if S has

no tight arc directed into it, it is still a minimal ascent set. |

Consequently, if the dual-ascent algorithm attempts to perform a basic dual-ascent step
on S, and S is not an ascent set, then it finds that the minimum slack of an arc in the dicut

07 (S) is zero and makes no change to the dual variables and lower bound.

See Figure 3-5 for the definition of transpose.
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We can identify the minimal ascent sets corresponding to the root components by per-
forming depth first search from each root component in the transpose of Dj.!2 If the
network contains p root components, we can obtain all minimal ascent sets in O(p|A4|)
steps. The algorithm now performs p basic dual-ascent steps, one for each of the p sets,
each requiring O(|A|) steps. Therefore, p iterations require O(|A| + p|A| + p|A|) steps. So
on the average, each of the p iterations requires O(|A|) steps. Now, arguing similarly as in
Implementation 1, we can prove that this implementation requires O(]A| min(|T||N|,|A|))

time.

Implementation 3

In this implementation we consider all minimal ascent sets simultaneously, and perform an
ascent step on them simultaneously. For example, suppose S; and Ss are the only minimal
ascent sets. Then, this implementation increases wfj and wlhj, for a commodity k with
destination in S; and a commodity h with destination in S, for all arcs in 67 (S;) and
07 (S2) simultaneously. Suppose we increase wfj by € for all arcs in 6~ (S1), and wlf-‘j by
¢ for all arcs in 7 (S2). Observe that the dual objective increases by 2e, the slack of an
arc in 0~ (S1) N6~ (S2) decreases by 2e, while the slack of an arc in in {67 (51)\d~(S2)} or
{07 (S2)\0~(S1)} decreases by e.

In general if S1,...,5, are minimal ascent sets, this procedure decreases the slack of
arcs (at varying rates) until one of the arcs in 6= (S1)U--- U0~ (Sp) is tight. If arc (¢, j) is in
exactly [ of the dicuts 67 (S1),---,07(Sp), then the algorithm decreases its slack at [ times
the rate of an arc that is in exactly one of the dicuts 67 (S51),...,07(Sp). In a dual-ascent
step of this implementation, we say the effective slack of an arc (i,j) contained in exactly
[ of the dicuts 6 (S1),...,07(Sp) is s;;/l. A dual-ascent step finds the arc with minimum
effective slack in §7(S1) U0~ (S2) U... U (Sp). Suppose the minimum effective slack is e.
The dual-ascent algorithm decreases the slack of each arc, decreasing the slack of an arc
that is in exactly [ dicuts by le, and increases the dual objective L by pe.

We can determine all minimal ascent sets in O(|T'||A|) steps (the maximum number of
root components is |T'|). To determine the arc that first becomes tight, for each arc we need
to determine the rate at which its slack decreases. We can do so by sequentially scanning

the arcs and determining how many minimal ascent sets an arc is directed into. Therefore,

20bserve that the only nodes that can have a directed path to a root component are the nodes with
reqi] = 0 and color[i] = green at the conclusion of Root-Components. Why? Any node ¢ with color[i] =
red is either a required node or a Steiner node that can be reached from a root component. If the network
contains a path from a node with color[i] = red to a root component, then either it has a strongly connected
component, which is not possible by assumption, or the root component dangles from another required node.
This outcome is also not possible because our algorithm is correct. Therefore, we can reduce the size of the
graph on which to perform depth first search.
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each iteration requires O(|T'||A|) time. Arguing similarly as in Implementation 1 shows that
this implementation is an O(|T'||A| min(|T'||V|,|A|)) procedure.

Implementation 4

Balakrishnan, Magnanti and Wong [BMW89] described another implementation of the min-
imal ascent set rule, that we call the round robin rule.

This dual-ascent set procedure operates in a very simple, yet special way. Initially, for
each commodity the dual-ascent algorithm sets N(k) = {D(k)}. In a dual-ascent step on
commodity k, the algorithm identifies the arc (:*, j*) in 0~ (N (k)) with minimum slack (in
case of ties, it selects any one of the arcs with minimum slack). The algorithm then adds
exactly one node, the node i*, to the set N(k). We say that a commodity k is active if the
root node is not in N(k); otherwise, commodity k is inactive. Note that for an inactive
commodity k, the auxiliary network contains a path from the root node to D(k).

The algorithm considers the commodities in a fixed order and cycles through the com-
modities, performing dual-ascent steps for active commodities, in this fixed order. For
example, if the commodities are sorted from 1,...,|K| then the algorithm considers com-
modity k 4 1 after it considers commodity k, and considers commodity 1 after it considers
commodity |K].

Balakrishnan, Magnanti and Wong showed that the round robin rule implicitly satisfies
the root commodity rule. They showed that the round robin rule simulates the minimal
ascent set rule, in the sense that if it ever attempts to perform a dual-ascent step on a
set N (k) that is not a minimal ascent set, it does not change the dual variables in that
dual-ascent step (i.e., a tight arc is directed into N(k)).

Each dual-ascent step of this algorithm can be implemented in O(|A|) time, since we
need to sequentially scan the arcs to find the arc with minimum slack and to update the slack
for each arc in 6~ (IV(k)). After at most |N| ascent steps for a commodity, the commodity
is inactive because after at most |N| ascent steps the root must belong to N(k). Since the
number of commodities is |T'|, the algorithm performs at most |N||T'| dual-ascent iterations.
Consequently, the dual-ascent algorithm with Balakrishnan, Magnanti and Wong’s round
robin rule is an O(|T||N||A|) procedure.

Comment on the Implementations

In this section we showed how to identify all root components in linear time (and how
to identify a single minimal ascent set in linear time). We showed that it is possible to
contract the digraph D during the course of the dual-ascent algorithm. We then gave some
simple implementations of the dual-ascent algorithm. Owur analysis of the running times

of these algorithms was not very sophisticated and we believe that it is possible, by using
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Size Terminal | Trials | Ave Max | Optimally | Ave Max
(IN|, |E|) Nodes Gap Gap Solved Time | Time
25 10 0.43% | 2.10% 6 7.03 | 10.55
(100,2000) 50 10 0.21% | 1.20% 8 13.03 | 24.61
75 10 0.15% | 1.22% 8 20.97 | 37.17
50 10 0.88% | 3.40% 1 41.81 | 90.78
(200,4000) 100 10 0.26% | 0.92% 5 83.67 | 190.50
150 10 0.11% | 0.76% 8 136.22 | 255.34
75 10 0.23% | 1.25% 1 114.43 | 309.61
(300,6000) 150 10 0.18% | 0.71% 4 320.57 | 589.67
225 10 0.00% | 0.04% 9 342.02 | 883.18

Table 3.1: Computational Experience with Wong’s Algorithm: Euclidean edge costs. Time
is in seconds on a Sun SPARCstation 10 (Model 41).

more sophisticated data structures and analysis, to improve the running times of these
algorithms.

If we do not store the dual variables v and w, all four implementations require O(|N|+
|A|) space to store the adjacency lists of the digraph, the auxiliary network, and the slacks.
Implementations 2, 3, and 4 need to simultaneously keep track of O(|T'|) dicuts, and require
O(|T||N|) space to do so (we can keep track of the nodes S that define a dicut 6 (S) by
using a 0-1 array of dimension |N|). Therefore, Implementation 1 requires O(|N| + |A])
space and Implementations 2, 3, and 4 need O(|T||N| + |Al) space.

In assessing the running times, we did not make use of the fact that the contracted aux-
iliary digraph is smaller than the original digraph. Therefore, in practice these algorithms
might perform much better than their worst-case running time complexity.

In order to examine the performance of Wong’s algorithm with the LIFO dropping rule,
we coded Implementation 4. Tables 3.1 and 3.2 summarize some computations with this
implementation; the first table is for instances with Euclidean edge costs, and the second is
for instances with random edge costs. The columns Ave Gap and Max Gap measure the gap
between the upper and lower bounds, calculated as Upper bgg@%r_bgfﬁr bound x 100.
The Time columns are in CPU seconds on a Sun SPARCstation 10 (Model 41) workstation
(a 96 MIPS machine).

The random examples in Tables 3.1 and 3.2 were generated on a 100 x 100 grid (see

Chapter 6 for more details about the random problem generator). In these tests, the average
gap between the upper and lower bounds was 0.21 percent and the maximum gap was
3.4 percent. Furthermore, Wong’s algorithm, with the LIFO dropping rule, optimally solved
121 out of the 180 instances. The running time of Implementation 4 increases with problem
size (i.e., number of nodes and edges) and also with the number of terminal nodes. The

algorithm performs slightly better on problems with random edge costs than on problems
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Size Terminal | Trials | Ave Max | Optimally | Ave Max
(IN|, |E|) Nodes Gap Gap Solved Time | Time
25 10 0.77% | 1.68% 4 8.51 | 13.09
(100,2000) 50 10 0.00% | 0.00% 10 12.06 | 22.89
75 10 0.00% | 0.00% 10 11.94 | 25.34
50 10 0.25% | 1.08% 6 23.24 | 61.76
(200,4000) 100 10 0.04% | 0.22% 8 81.35 | 171.82
150 10 0.00% | 0.00% 10 90.94 | 208.22
75 10 0.24% | 0.96% 4 197.04 | 314.13
(300,6000) 150 10 0.02% | 0.15% 9 250.63 | 578.77
225 10 0.00% | 0.00% 10 502.70 | 860.23

Table 3.2: Computational Experience with Wong’s Algorithm: Random edge costs. Time
is in seconds on a Sun SPARCstation 10 (Model 41).

with Euclidean edge costs. It optimally solved 71 out of 90 problems with random edge
costs, and 50 out of 90 problems with Euclidean edge costs. The average gap between the
upper and lower bounds for problems with random edge costs was 0.15 percent, compared
with 0.27 percent for problems with Euclidean edge costs.

In these computations, Implementation 4 performs a large number of dual-ascent itera-
tions that do not improve the lower bound. That is, it attempts to perform a large number
of basic dual-ascent steps on sets that have a tight arc directed into them (we will elaborate
more on this issue in Chapter 6). Consequently, we believe the first three implementa-
tions might provide better running times, especially Implementations 1 and 3, where every

dual-ascent step strictly increases the lower bound.

3.5 Concluding Remarks

This chapter provides a glimpse at the simplicity, yet effectiveness of dual-ascent methods
for network design. We first introduced the basic concepts of dual-ascent using the mini-
mum spanning tree problem as an example. We discussed several models for the minimum
spanning tree problem and obtained a better model by directing it. We then developed
a dual-ascent algorithm that optimally solves the minimum spanning tree'® and branch-
ing problem. Later, we interpreted the dual-ascent algorithms in the Lagrangian duality
framework. This interpretation will prove to be invaluable in Chapter 4.

In the latter part of this chapter, we developed a dual-ascent algorithm for the NP-

hard Steiner branching problem by generalizing the dual-ascent algorithm for the branching

13 Although we have not proved the following result in this thesis, we note that it is possible to interpret
two well known algorithms for the minimum spanning tree problem, Prim’s algorithm [Pri57] and Kruksal’s
algorithm [Kru56], as special cases of the dual-ascent algorithm.
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problem. As a result, we rederived Wong’s algorithm, and provided a different interpretation
of his root commodity rule. We then discussed several implementations of Wong’s algorithm,
and our computational experience with a particular implementation of Wong’s algorithm.
Our results indicate that Wong’s algorithm, with the LIFO dropping heuristic, is a very
effective method for finding near optimal solutions for large Steiner tree problems. For
reasons we discuss further in Chapter 6, we believe that using Implementation 1, 2, or 3
would lead to better running times.

In the next chapter we study the NDC problem and the DNDC problem, and discuss
a dual-ascent approach for them. In Chapter 5 we consider the unitary NDC problem and
show how to improve the flow formulation presented in Chapter 1 by directing the model.
After that, in Chapter 6 we use the improved formulation presented in Chapter 5 to develop
a dual-ascent algorithm for the NDLC problem. We will use many of the ideas developed
in this chapter for this algorithm. Finally, in Chapter 7 we develop a directed model for
the Steiner forest problem. Based on ideas introduced for this model, we then show how
to improve the undirected flow model presented in Chapter 1 for the NDC problem (both
unitary and nonunitary).

To conclude this discussion of dual-ascent for the branching and Steiner branching prob-
lem, we mention some recent research results concerning the Steiner tree problem and plans
for future research.

Empirical evidence indicates that the directed flow formulation for the Steiner tree
problem is very tight. This experience has generated interest in bounding the ratio between
the values of the optimal IP solution and the optimal LP solution of the directed flow
formulation. Recently, Goemans [Goe94a] showed that for the Steiner tree problem with 3
terminal nodes, the IP solution is no more than 6/5 times the optimal solution of the LP
relaxation of the directed flow formulation (3.7). This bound is not tight, and the worst IP
to LP ratio example that we are aware of is 16/15 [Goe94a].

Recently, we showed [Rag94| that for Steiner tree problems, i.e., Steiner branching
problems with ¢;; = ¢;;, Implementation 3 can be implemented in a very simple way. We
showed that every strongly connected component that contains a terminal node is a root
component. Consequently, Implementation 3 can be implemented without the algorithm to
identify root components.

In our future research we plan to continue to study various implementations of Wong’s

algorithm, aiming to solve very large Steiner tree problems to near optimality.



Chapter 4

A Dual-Ascent Algorithm for the
Network Design Problem with

Connectivity Requirements

In this chapter we consider the general network design problem with connectivity require-
ments (NDC). We first show that the cutset and flow formulations introduced in Chapter 1
are equivalent. Then we describe a dual-ascent algorithm, based on the flow formulation,
that provides a lower bound and a heuristic solution for the edge-connectivity version of
the NDC problem. Later we show how to modify the dual-ascent algorithm to handle
node-connectivity problems. We also describe several extensions to the NDC problem and
show how to modify the dual-ascent algorithm for these extensions. Next, we show that the
dual-ascent algorithm solves any single commodity (in the flow formulation) NDC problem.
Thus, the algorithm solves two special cases of the NDC problem: the k-edge-disjoint path
problem, and the k-node-disjoint path problem. We also compare the dual-ascent algorithm
with Goemans et al.’s algorithm [WGMV93, GGW93, GGP194] (the GW algorithm) for
the edge-connectivity version of the NDC problem and show that in some cases (the k-edge-
disjoint path problem) the dual-ascent algorithm provides both a better lower bound and a
better heuristic solution than the GW algorithm. Finally, we summarize the contributions

of this chapter.

4.1 Comparison of Cutset and Flow-Based Formulations

In Chapter 1 we described two formulations for the NDC problem: a natural cutset for-
mulation (1.1) and an extended flow-based formulation (1.2). In this section we (i) show

the equivalence of the cutset and flow-based formulations, and (ii) describe methods for

83
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reducing the number of commodities in the flow formulation. For convenience we restate

the two formulations.

Cutset formulation for the NDC problem:

Minimize Z Cijl’ij (4'13)
{i,j}eE
subject to: Z A for all pa1r§ s,t € N, s #tand (4.1b)
(i ye8(T) for all T'with s € N\T, t € T}
if g > 2 with rg € RM, and
for all pairs s,t € N, s # t and

Y. w2 a2 , (4.1¢)
(i) eoa 7 (T) for all Z C N\{s,t} with 0 < |Z| < rg,
and for all T'C N\Z; with s ¢ T, t € T},
xij < byj for all {i,j} € E; (4.1d)
xi; > 0 and integer, for all {i,j} € E. (4.1e)
Undirected flow formulation for the NDC problem:
Minimize Z CijTij (4.2a)
{i,j}€E
—qr ifi=0(k);
subject to: Z ffi - Z k= qr ifi=D(k); forallie N and k € K (4.2b)
JeEN leN 0  otherwise;
k
flg } < @5 for all {i,j} € Fand k € K (4.2c)
ji
dofi<1 for all k € K and all i # O(k), D(k) (4.2d)
leN
f;;,fﬁ >0 for all {i,j} € Eand k € K (4.2¢)
T4 < bij for all {Z,j} e E; (42f)
zij > 0 and integer, for all {i,j} € E. (4.2g)

Notice that the cutset formulation is of exponential size. The flow formulation is com-
pact: it has |K| commodities, |K||N| flow balance constraints, 2|K||F| constraints of
type (4.2¢), at most |K|(|N| — 2) constraints of type (4.2d), 2|K||E| nonnegativity con-
straints for the flow variables, |E| constraints of type (4.2f), and |E| nonnegativity and

integrality constraints for the edge variables.
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Figure 4-1: Splitting node ¢ into two nodes i1 and is.

4.1.1 Equivalence of Cutset and Flow Formulations

For the minimum spanning tree problem, the max-flow min-cut theorem easily establishes
the equivalence of the cutset formulation and the flow formulation. For more general models,
the cutset and the flow formulation are also equivalent. However, the result does not
immediately follow from the max-flow min-cut theorem on the undirected graph G, but is

based on the max-flow min-cut theorem on a related digraph.

Theorem 4.1.1 The projection of the feasible space of the LP relaxation of the undirected
flow formulation for the NDC' problem onto the space of the edge variables is the feasible
space of the LP relaxation of the cutset formulation for the NDC problem.

Proof: For problems with only edge-connectivity requirements, this result is easy to estab-
lish (the argument is similar to that in Section 3.1). For problems with node-connectivity
requirements, we first show that if (x,f) is feasible for the LP relaxation of the flow for-
mulation, then x is feasible for the cutset formulation. Consider a pair of nodes s and ¢
with node-connectivity requirement rg. We want to show that the flow formulation implies
constraint (4.1c). Because of constraint (4.2d), deleting any subset of p nodes can decrease
the flow sent from node s to node ¢ by at most p units. Using the max-flow min-cut theorem
on the network obtained by deleting the p nodes gives the result.

Now we show the converse. That is, if x is feasible to the cutset formulation, then for
some choice of flows f, (x,f) satisfies the flow formulation. Suppose not. Transform the
undirected network into the following directed network. Replace each edge {i,j} by two
arcs (i,7) and (j,7) each with capacity z;;. Next perform the following well-known node
splitting operation (see Figure 4-1). Replace each node i by two nodes i; and 5. Arcs
directed into node i are now directed into node 71 and arcs directed out of node ¢ are now
directed out of node is. To complete the node splitting operation, add the arc (i1, i2) with
capacity 1. This arc ensures that no more than 1 unit of flow of a commodity flows through
node i. Denote the nodes and arcs of the transformed directed network D’ by N’ and A’
respectively. Note that we can send ¢ units of flow of commodity k from node O(k) to node
D(k) in D' if and only if we can send ¢ units of flow of commodity & from O(k) to D(k) in

the undirected network G with (i) z;; as edge capacities, (ii) constraint (4.2d) satisfied.
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T

wW

Figure 4-2: Minimum dicut 6~ (W) can be transformed into a dicut such that, if i1 € W,
then i5 € W by transferring either is to W or i; out of W.

By assumption, for some commodity k, the maximum amount of flow that can be
sent from node O(k) to node D(k) in the undirected network, while satisfying conditions
(i) and (ii), is strictly less than gg. The max-flow min-cut theorem on the directed network
implies that the capacity of the minimum dicut between O(k) and D(k) is strictly less than
qr units. Let 6~ (W) be the minimum dicut. We claim that some minimum dicut §= (W)
satisfies the property that if ¢ € W, then iy € W. If some minimum dicut has i1 € W and
io € W, then either by transferring is to W or by transferring i; out of W, we obtain a
dicut whose capacity is no larger than that of 6= (W) (see Figure 4-2).

Consider the arcs in the dicut §~ (W) that enforce node capacities (that is, those of the
form (i1,72)). Let Z be the set of nodes in the original network G that created, by the
node splitting operation, these arcs. The sum of the capacities of the arcs in 6~ (W) other
than those that enforce node capacities is strictly less than ¢x — |Z|. Nodes created by
performing the node splitting operation on nodes in G — Z are either both in W, or both
in W’s complement. Define T as follows: if j; and jo both belong to W, then j € T. The
nodes s = O(k) and t = D(k), together with the sets 7" and Z, violate constraint (4.1c).

This contradiction establishes the theorem. [ |

Figure 4-3 illustrates the cut transformation procedure described in the proof of The-
orem 4.1.1. In the example, node s is the origin and node t is the destination of the
commodity. The connectivity requirement rg between node s and node ¢ is 2™, and so the
requirement for the commodity between nodes s and t is 2 units. Figure 4-3b shows the
transformed directed network and the minimum dicut §~(W). The minimum dicut 6~ (W)
has a capacity of 1.5 units. (b1,bs) is the only arc in the dicut 6~ (W) that enforces node
capacities. Thus Z = {b}. Since t1,t2 and ¢y, co belong to W, T = {¢,t}.
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Figure 4-3: (a) The undirected network and edge capacities. Node s is the origin and node ¢
is the destination. (b) The transformed directed network and its minimum dicut §—(W).

W and the dicut 6~ (W) are in bold. (c) Using the dicut 6~ (W) to determine the sets Z
and 7T in the undirected network.



88 Dual-Ascent Algorithm for the NDC Problem

4.1.2 Decreasing the Number of Commodities in the Flow Formulation

The flow formulation for the NDC problem has O(|K|(|E|+|N|)) constraints and O(|K||E|)
variables. A simple, and naive, way to determine the number of commodities in the flow
formulation is to create a commodity for every pair of nodes that have a connectivity re-
quirement. As an example, consider the minimum cost k-node-connected spanning subgraph
problem. Suppose the underlying graph has 20 nodes and 200 edges. If the connectivity
requirements are enforced by creating a commodity for every node pair, then the model
has 190 commodities. Consequently, the model will contain 190 x 20 = 3,800 flow balance
constraints, 190 x 200 x 2 = 76,000 constraints of type (4.2c), 190 x 18 = 3,520 constraints
of type (4.2d), 76,000 nonnegativity constraints for the flow variables, 200 constraints of
type (4.2f), and 200 nonnegativity and integrality constraints for the edge variables.

As this example shows, the flow formulation can be quite large. By using fewer com-
modities, if possible, we could reduce the size of the formulation. We now describe some
edge-connectivity and node-connectivity properties that enable us to decrease the number

of commodities needed to model the connectivity requirements.

Edge Connectivity

First consider edge-connectivity problems. Gomory and Hu [GH61] established the following
result for the network synthesis problem.! Given the connectivity requirements matrix R,
create a “requirement” graph G on the node set N as follows: if rij = w and r;; is an
edge-connectivity requirement, then G has an edge of weight w between node i and node j.
Gomory and Hu showed that it is sufficient to consider the connectivity requirements only
for the edges on the maximum spanning tree of this graph. It is easy to verify this result
using the max-flow min-cut theorem and the maximum spanning tree optimality conditions.
The path optimality condition for the maximum spanning tree states that a spanning tree
is a maximum spanning tree if and only if it satisfies the following condition: For every
nontree edge {k,l} of G, r;j > ry for every edge {i,j} contained in the (tree) path P
on the maximum spanning tree connecting nodes k and [. As a result, if we satisfy the
requirements of the maximum spanning tree, the network designed has sufficient capacity
to satisfy the requirements of nontree edges. (By the max-flow min-cut theorem, the network
has sufficient capacity to connect nodes k and [ if every cut in the network design separating
these nodes has capacity at least ri;. Since some pairs 7, 7 of nodes on the path P must lie

on opposite sides of this cut, it must have capacity at least r;; > 74;.)

'Recall, in the network synthesis problem we are given a symmetric requirement matrix R whose entries
can be fractional. We need to decide on capacities b;; for the edges so that for every pair of nodes s and ¢,
the network can send at least rs: units of flow.
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Gomory and Hu’s result permits us to model the edge-connectivity requirements in any
NDC problem with |N| — 1 or fewer commodities. We compute the maximum spanning
tree of the requirement graph and create commodities only for those edges of the maximum
spanning tree with nonzero weight. Since the spanning tree has |N| — 1 edges and finding
it requires O(|E| + |N|log |N|) time, this procedure creates at most |N| — 1 commodities
(we will not create commodities for zero weight edges of the maximum spanning tree) and
requires O(|E| + |[N|log|N|) time.

Node Connectivity

We now describe a result that enables us to decrease the number of commodities required

to model node-connectivity requirements in the undirected flow formulation.

Theorem 4.1.2 The minimum cost k-node-connected spanning subgraph problem can be
modeled with [k|N|/2] commodities.

Proof: Let G = (N, E) be the given graph and let G* be any arbitrary k-node-connected
graph on the nodes N. We will choose commodities in the flow formulation (4.2) (on
G = (N, E)) as follows. For every edge {i,j} € G* create a commodity I in K[ between
nodes ¢ and j with a demand of k units, arbitrarily choosing one of them as the origin
and the other as the destination. Suppose that as a solution to model (4.2) we find a
minimum cost subgraph G’ of G that satisfies the connectivity requirements imposed by
these commodities. We claim that G’ is k-node connected. Suppose not. Then deleting
some set S of k — 1 or fewer nodes disconnects G’. Let ¢ and j be any two disconnected
nodes in G’ — S. Now consider G*. Since G* is k-node connected, the graph G* — S contains
a path P from node i to node j. Because there is a commodity for every edge in G*, the
endpoints of any edge on the path P remain connected in G’ — S. But this implies 7 and j
are connected in G’ — S, contradicting our assumption. Therefore, G’ is k-node connected.

We now show that modeling the minimum cost k-node-connected spanning subgraph
problem in this manner does not change the objective value of its LP relaxation. That
is, if instead of defining a commodity for each pair of nodes in GG, we define a commodity
only for every node pair i, j corresponding to an edge in G*, the objective value of the
LP relaxation of model (4.2) does not decrease. Consider the solution (x,f) obtained by
solving the LP relaxation of the undirected flow formulation with commodities by the edges
in G*. We show that it is possible to send k units of flow from any node s to any other
node t in the graph G with edge capacity vector x, so that no more than one unit flows into
any intermediate node. By Theorem 4.1.1, this is possible if for every set of nodes Z, with
|Z| < k and s,t ¢ Z, the value of the minimum s—¢ cut in the network G — Z is greater than
or equal to k — |Z|. Suppose we delete a set Z of p < k nodes, other than s and ¢, from
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the graph GG. Then, because G* is k-node connected, G* contains k — p node-disjoint paths
from node s to node t. Consider any one of these paths P. Then, in the network G — Z
with edge capacity x;; for each edge {i,j}, it is possible to send k — p units of flow between
the endpoints of every edge of the path P. By the max-flow min-cut theorem, every s—t
cut in G — Z has capacity greater than & — p. Therefore, it is possible to send k& — p units
of flow between node s and node ¢ while observing the edge capacities x;; in G — Z. As a
result, the objective value of the LP relaxation remains unchanged.

This argument shows that we can model the minimum cost k-node-connected spanning
subgraph problem on a graph G = (N, E), by considering any arbitrary k-node-connected
graph G* on the nodes NN and creating a commodity for each edge in G*. The fewest
possible commodities, with this approach, depends on the minimum number of edges in
a k-node-connected graph on the nodes N. Observing that the degree of each node in a
k-node-connected graph is at least k, a trivial lower bound on the number of edges in a |N|
node k-node-connected graph is [k|N|/2]. A very nice result due to Harary [Har62], that
we mentioned in Chapter 2, constructively shows how to achieve this bound. |

We now state Harary’s result that permits us to construct a k-node-connected graph
on |N| nodes with exactly [k|N|/2] edges. Harary [Har62] or the textbook by Bondy and
Murty [BM76] contains a proof of this result.

Theorem 4.1.3 (Harary) The minimum number of edges in a |N| node k-node-connected
graph is equal to [k|N|/2].

Construct k-node-connected graphs on N nodes, with [k|N|/2] edges, as follows.

1. If k is even, construct a graph H(k,|N|) with nodes 0,1,...,|N| — 1. The graph
contains an edge between nodes i and j if i — (k/2) < j < i+ (k/2) (addition and
subtraction are modulo (k/2)). Figure 4-4a shows H (4, 8).

2. If k is odd and | N| is even, construct H (k, |N|) from the graph H(k—1,|N|) by adding
edges between node i and node i + (|N|/2), for i = 1,...,|N|/2. Figure 4-4b shows
H(5,8).

3. If k is odd and |N| is odd, then construct H(k,|N|) from H(k — 1,|N|) by adding

N|-1 N|+1 . : N|+1
|‘2 and"2+,andn0deztonodez+|‘2+,f0r

edges joining node 0 to nodes
1<i< % Figure 4-4c shows H (5,9).

The following lemma describes another useful property.

Lemma 4.1.4 Suppose A is a k-node-connected set of nodes® and B is a l-node-connected
set of nodes, and k > 1. If |[AN B| =1, then AU B s l-node connected.

2We say a set of nodes is k-node-connected if a network contains k node-disjoint paths between every
pair of nodes in the set.
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Figure 4-4: Harary’s construction. (a) H(4,8), (b) H(5,8), and (c¢) H(5,9).

Proof: Let aj,as,...,a; denote the nodes in AN B. Consider any node i in A\ B and any
node j in B. Since A is k-node connected, deleting a set S of [ — 1 nodes in the graph leaves
a path between i and one of the nodes ai,a9,...,a;, say a;. Since B is [-node connected,

deleting S leaves a path between a; and j. |

This lemma, helps decrease the number of commodities because it implies that whenever
|AN B| > 1, instead of considering all the nodes in AN B, we can choose any [ nodes in A,

and ensure that these [ nodes along with the nodes in B\ A are [-node connected.

Survivable Network Design Problem

We now show how to model the node-connectivity version of the survivable network design
problem (SND) using O(|N|) commodities, assuming a fixed upper bound on the maximum
connectivity requirement. Recall that in the node-connectivity version of the SND problem,
each node v in the graph has a node-connectivity requirement 7,. For each distinct pair
{s,t} of nodes, the network must contain at least ry = min{rg, ¢} node-disjoint s—t paths.
Therefore, in the SND problem, all nodes with r, > k must be k-node connected. Let
Ny denote the set of nodes with connectivity requirement k. Let ¢ = rpax. Observe that
the nodes in N, need to be g-node connected. Model these requirements as described in
Theorem 4.1.3. Next find N, the highest indexed nonempty set in Ny, ..., Ny—1. If [Ny| > p
arbitrarily choose any p nodes in N, and add these nodes to IV,,. Otherwise, add all nodes in
N, to Np. Set ¢ = p and continue until the connectivity requirements of the lowest indexed
nonempty set IV; have been modeled.

This procedure creates |N,, . | commodities for the set of nodes with the highest con-

max

nectivity requirement. It adds at most p nodes to the set of nodes? N,. Therefore, the

3We let N, denote the set of nodes with connectivity requirement r, = p.
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procedure creates at most

roslinl) 5 [ND)

{’il’i;ﬁT’max,‘Ni‘>0}

commodities. For a constant value of ry,y the number of commodities is O(|N|).

Let us illustrate this procedure on a 30 node SND problem. Suppose 20 nodes have
a connectivity requirement of 5 and 10 nodes have a connectivity requirement of 3. The
procedure first creates [5 x 20/2] = 50 commodities to model the connectivity require-
ments between nodes with r, = 5. Then, since N3 is the highest indexed nonempty set in
Ny, ..., Ny, it arbitrarily adds any 3 nodes in N5 (nodes with connectivity requirement 5)
to N3. N3 now has 10 + 3 = 13 nodes and the procedure creates [3 x 13/2] = 20 commodi-
ties to model the three connectivity requirements in N3, giving a total of 70 commodities
to model the connectivity requirements. (Compare with 30 x 29/2 = 435 commodities to
model the connectivity requirements with the naive approach.) Suppose we design a net-
work that satisfies these requirements. Then, in this network all nodes with a connectivity
requirement of five are 5-node connected and all nodes with a connectivity requirement of
three are 3-node connected. Furthermore, because N3 included three nodes from N5, by
Lemma 4.1.4 the network contains at least 3 node-disjoint paths between any node with a

connectivity requirement of 5 and any node with a connectivity requirement of 3.

General NDC Problem

Consider node-connectivity requirements. Let GE™ be the graph defined by the node-
connectivity requirements in R as follows. GE™ has an edge of weight w between node
¢ and node j if r;; = wl. Let Gf[n] denote the subgraph defined by the edges of GE™
with weight ¢. In order to effectively use the reduction procedures to model the node-
connectivity requirements of general NDC problems, we need an algorithm to identify the
g-node-connected components of Gf["]. Unfortunately, to our knowledge, efficient algo-
rithms to recognize g-node-connected subgraphs of a graph are known? only for ¢ = 1,2, 3.
Therefore, it seems that although Theorem 4.1.3 and Lemma 4.1.4 are very useful in de-
creasing the number of commodities, an efficient algorithm to find a k-node-connected
subgraph of a graph is needed in order to devise a general procedure to reduce the number
of commodities to model node-connectivity requirements in NDC problems.

We now show how to use Theorem 4.1.3 and Lemma 4.1.4 once we have identified the

4A 1-node-connected component is a tree. Consequently, a breadth first search or a depth first search
algorithm finds the 1-node-connected components. The textbook by Even [Eve79] gives an algorithm (based
on depth first search) to identify 2-node-connected components of a graph. [FRT89] studies the problem of
finding 3-node-connected subgraphs of a graph.
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g-node-connected subgraphs of Gf["] for g =1,..., max. S€t ¢ = rpax. For each g-node-
connected component select commodities as described in Theorem 4.1.3. For every edge
{i,j} in Gf[n] whose endpoints are not in the same g-node-connected component, create a
commodity in the graph G with connectivity requirement g choosing one of the endpoints
as the origin and one of the endpoints as the destination. Set ¢ = ¢ — 1. Continue as
before, except use Lemma 4.1.4 to decrease the number of nodes in each g-node-connected
component in Gf["].

We have discussed one approach for decreasing the size of the flow model. Another
approach decreases the size of both the flow and cutset formulation by decomposing the NDC
problem into smaller problems that can be solved in a certain order or independently of each
other. Typically, these decomposition procedures are useful and effective on sparse graphs.
Grotschel, Monma and Stoer [GMS92a, Sto92] describe some decomposition procedures for
SND problems. By combining the decomposition procedures described in [GMS92a, St092]
and the commodity reduction procedures described in this section, we might be able to

significantly decrease the size of the flow formulation for the SND problem.

4.1.3 Summary

In this section we showed the equivalence of the cutset and flow formulation. We also
described methods for minimizing the number of commodities in the flow formulation. We

showed

e how to model the edge-connectivity version of the NDC problem with |N| — 1 com-

modities,

e how to model the node-connectivity version of the SND problem with a linear number

of commodities, and

e how to minimize the number of commodities in the general NDC problem.

Note, however, that for large-scale problems, even if the number of commodities is linear
in the number of nodes, the flow formulation can be fairly large. For the general NDC
problem, assuming the number of commodities is a linear function of the number of nodes
in the graph, the flow model has O(|N|?4-|N||E|) constraints and O(|E||N|) variables. Since
the flow formulation can be fairly large, solving even its LP relaxation poses a significant
computational challenge. However, due to the structure of the problem, dual-ascent (and
Lagrangian relaxation) might be an attractive method for obtaining lower bounds and
heuristic solutions.

In the next section we discuss a dual-ascent algorithm for the NDC problem. We first
restrict our attention to problems with only edge-connectivity requirements, and then show

how to handle node-connectivity requirements and other extensions.
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4.2 A High-Level View of the Dual-Ascent Algorithm

Consider the undirected flow formulation (on page 84) for the NDC problem. Since flow
costs are zero, there is no advantage in sending flow around a cycle. Therefore, we can

replace constraint (4.2c) by Z]; + j'-fi < z;j (for all (4,j) € E and k € K). Although this

change in the model does not alter the LP relaxation of the undirected flow formulation,?
the dual-ascent algorithm is simpler for the modified model since it has only one dual
undirected flow formulation for the NDC problem.

variable, instead of two, for each Jkl pair. Consider the dual to the LP relaxation of the

Dual to undirected flow formulation for the NDC problem:

Maximize Z qulf)(k) — Z bijuij (4.3a)

keK {i,j}€F

A ?)I-f — 'Uzk k .o
subject to: o p ¢ Swy forall {ij}eE (4.3b)
Z wfj — Ujj < Cij for all {Z,j} eF (4.3C)
keK

ui; > 0 forall {i,j} € E (4.3d)
w; >0 forall {i,j} € E. (4.3¢)

In this model, u;; is the dual variable for the constraint x;; < b;;, vf is the dual variable

for constraint (4.2b) at node j for commodity k, and wfj is the dual variable for the fikj+ ffi <

x;; constraint. As before, since one of the flow balance constraints is redundant, we set

vk =0
Ok) — ™
Given any values for w and u, the dual separates by commodity as {max qu%( k) subject
to v;? —vk < wfj, oF —vf < wfj, for all {i,5} € E}. If g is 1, the subproblem for commodity

k is the dual to a shortest path problem between the nodes O(k) and D(k) on a graph G
with edge costs wf] If g exceeds 1, the optimal solution to the subproblem for commodity
k is simply ¢ times the shortest path length.

Let s;; be the slack in the constraint ;. c wfj—uij < ¢j (e, sij = Cij+uij— Y rek wfj)
As before, if the slack is zero, we say the edge is tight. We also define the auziliary network
by the tight edges.

Our subsequent development will use the dual, as viewed in the context of the following

®We can convert any solution to the undirected flow formulation to one that satisfies this constraint with
no change in objective function value. Suppose (x, f) is a feasible solution to the undirected flow formulation.
Then (x,f), with ﬂz = max(0, fi’; — fjkl) and fjkl = max(0, fﬁ- — ff}) for all {i,j} and k € K, is a feasible
solution to the undirected flow formulation that satisfies the constraint f_l’; + f_JkL < x4;. Since only the edge
variables, which we do not modify, have associated costs, (x,f) has the same cost as (x, f).
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k
]
balance constraint, the fi]} + ffi < m;; constraint, and the x;; < b;; constraint of the

undirected flow formulation for the NDC problem; we obtain the following Lagrangian

Lagrangian duality approach. Let vf, wy; and u;; be Lagrange multipliers for the flow

function:

Lxf,v,wou) = Y cmg+ Y Y (df =D fi+ D fivi +

{ij}eE ieN keK jEN IEN
ko sk k
Yo D (S mpwg Y (wiy = big)us.
{ij}e B keK {ijyeE

In this equation, df denotes the demand for commodity k at node i. Rearranging the terms,

we obtain
L(x,f,v,w,u) = Z Z dfvf — Z bijuij + Z (Cij + w5 — Z wfj)xij +
iEN keK {i.j}eE {i.j}eE KK
Z Z ((vF — vf + wfj) Z-'; + (fué‘c —of 4 wfj) sz) (4.4)
{i,j}eE keK

We obtain the value Z(v, w,u) of the Lagrangian dual function for any vector (v, w,u)

by minimizing the Lagrangian function.

Z(v,w,u) = min {L(x, f,v,w,u)|

()

xi; > 0 and integer for all {i,j} € E,
Z-kj, j'-fizOforall {i,j}€e Eand k € K. }

Because the Lagrangian function L(x,f,v,w,u) is separable in the flow and edge vari-
ables, its minimization decomposes by edge for the edge variables x and by edge and
commodity for the flow variables f. If ¢;; + wij — X opek wfj > 0, then z;; = 0, and
if cij + wij — Dper wfj < 0, then Z(v,w,u) is unbounded from below. Similarly, if
vF — ’u;? + wfj > 0 and v;? —oF + wfj > 0, then Z’; = 0 and sz = 0. Otherwise, if ei-
ther vF — vf + wfj <0or vf —oF+ wfj < 0, then Z(v,w,u) is unbounded from below. The
Lagrangian dual problem is

Maximize Z(v,w,u)
subject to:  w > O;
u > 0;

v unrestricted in sign.

Suppose we are given a node potential vector v. Observe that by setting wfj > max (¥ —

j
oF oF — @f) and, once the value of w is chosen, by setting u;; > max(0, > ,cx wfj — Cij)s

we ensure that the Lagrangian function is bounded. Furthermore, since u;; has a negative
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coefficient in the objective function of the Lagrangian function, and the minimum value

of wu;; depends upon the wfj values (once wfj is sufficiently large, u;; increases linearly

with respect to wfj), we obtain the optimal value of the Lagrangian function by setting

fj and w;; to their minimum possible values. Therefore, wfj = max(@é‘? — @f,@f — @f)

and u;; = max(0,> ek wfj — ¢ij). Substituting the expression for the optimal value of

wfj (given v) in the equation for the optimal value of u;; (given w), we obtain w;; =

max (0, ZkeK(maX(T)ﬁ? — o, oF — @f)) — ¢;j). Therefore, we can write the Lagrangian dual

problem as a maximization problem over the node potentials v. The Lagrangian dual

w

problem is

Maximize Z(v)

subject to no constraint on v
with

Ugj
Z(v) = Z Z divl — Z b;j max (0, Z (max(vétc —ofof - vf)) —cij). (4.5)
keK ieN {i,7}€E keK i
w

]

Observe that for any commodity, increasing all node potentials by the same amount does
not change the value of the Lagrangian dual function. Therefore, for each commodity we
fix the value of the node potential for one node. We set fug(k) = 0 for all commodities. With
slight modifications, our derivation in Section 3.3 shows the LP dual and the Lagrangian
dual problems are equivalent. So, as before, we refer to Lagrangian dual function and the

Lagrangian dual problem as the dual function and dual problem respectively.

4.2.1 Fundamental Ideas

In designing the dual-ascent algorithm, we consider the complementary slackness conditions:

k .
Tij > 0 = Z Wi — Uiy = Cij;

keK
fl-]} >0 = v;?—vf:wfj;
Ujj > 0 = Tjj = bij; (46)
and wfj>0:> fj—kfi:xij.

By design, the dual-ascent algorithm will maintain the first two complementary slackness

conditions, which we refer to as the primal complementary slackness conditions. The first
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complementary slackness condition permits the primal solution to include only tight edges
in the auxiliary network. The second condition introduces a commodity-based notion of

direction for the edges of the network. If commodity k& flows on an edge {i,j} from node i

to node j, then vé‘? — fuf = wf] Since wfj > 0, this condition states that commodity k can
flow along edge {i,j} from node i to node j only if vf > vf . Therefore, the node potentials

k

7

effectively direct the edges. If v;? > vf, commodity k can flow on edge {i,j} only in the

direction i to j. Similarly, if vF > vé‘?, then commodity k can flow on edge {i,;} only in the
direction j to i. Note that since different commodities can send flow on edges in opposite
directions, the direction of an edge is commodity dependent.

To simplify our notation, for each commodity we consider directed graphs D* = (N, A¥)
for k = 1,...,K, each defined on the same node set N. To obtain the set of arcs A*, we

replace each edge {i,j} by two directed arcs (i,5)" and (j,7)*, each with the same Sij, wfj

and u;; values as the undirected edge {i,j}. We say that an arc (i,j)k is active if vf > oF
and s;; = 0. We refer to any arc that is not active as inactive. For any commodity k, we
define its active network by the active arcs of D¥.

Note that if an arc (4, j )k is active, we can set z;; > 0 and Z’; > 0 in a primal solution and

satisfy the primal complementary slackness conditions (Recall wfj = max(v;-g —oF oF — vf)

Thus if vf—vf >0, wfj = vf—vf). Observe that if arc (z’,j)k is inactive and fl-kj > 0, then the

primal and dual solutions violate either the first, second or both the primal complementary
slackness conditions. Thus, we can state primal complementary slackness in the following

equivalent way, which will prove to be useful in our subsequent discussion.

Equivalent Definition of Primal Complementary Slackness: FEvery inactive arc for com-

modity & (that is an arc (z’,j)k with a positive slack or vf > Uf) has zero flow.

A Better Understanding of the Dual Function

Let us now consider the dual function Z(v). First consider the effect of changing the

node potential vé‘? of a single commodity £ at a single node j on the term wu;; of the dual

function (u;; = max(0, ZkeK(maX(v}C — vf ok — v;“)) — ¢ij)). Let Sfj denote the term
l I, l

cij — 21z max(v; — v;, v; — v;). Note that Sfj remains fixed if we fix all the node potentials

except v;?. Consequently, u;; = max(O,maX(vé‘? —vf vk — vf) - sfj) and s;; = max(0, sfj —
k_ .k k_ ok

max(vy —vf, vf —v?)). Figure 4-5 shows the value of u;; as a function of vf with all the other

g Vi T
node potentials held fixed. Notice that when vf k— vf >

vf —vF and vF — vf > Sfj As vf increases, the value of u;; decreases linearly as a function
of fu;? until either (a) v¥ = v¥, or (b) u;; becomes zero (at fu;? =vf— sf]) In case (a), sfj <0

j
k_ ok _ _ck : _ k k_ ok ok ok
and at vj = v}, u;; = —sj; > 0. Since the slack s;; = max(0, sj; — max(vj — v, v; —v})), at
k k

vj = vf the slack is equal to zero and any further increase in v’ increases u;;. Figure 4-5a

is very small, u;; is positive since v
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Uij Uiy — i
(j,i)k strongly (i,j)k strongly S
activel | active I

(i,j)k strongly
active

4

(j,i)k weakly ‘(i,j)k weakly
active active

< ki

(v:]0)

! K0)
Vi G,)K weakly (i.)K weakly
V active active

(a) (b)

Figure 4-5: w;; as a function of node potential vf. (a) Case (a): sfj < 0; (b) Case (b):
k
si; > 0.

The value of u;; is equal to zero when fu;? — ok < sfj
k

and vf —o¥ < sF. From of = of — s;; any further increase in v; increases the slack,

j o= i J
maintaining u;; = 0, until vf = vf. After vf = vf any further increase in vf decreases the

slack, maintaining u;; = 0, until vf = vf + sfj where the slack is zero. From this point on,

shows case (a). In case (b), sfj > 0.
k ko ok _ gk
(2

u;; increases linearly as a function of fu;?. Figure 4-5b illustrates case (b).

ke [vF 00) and arc (j,i)* is active when

In Figure 4-5a arc (z’,j)k is active when ]

vf € (—o0,vF]. In Figure 4-5b arc (i,7)" is active when vf € [k + Sfj,oo) and arc (j,1)"
is active when vf € (—oo,viC — sfj] We further categorize an active arc into two types.

When arc (z',j)k is active, s;; = 0, fu;? > fuf, and u;; > 0. We will say that an active arc is
strongly active when the dual solution v satisfies last two conditions as strict inequalities
and is weakly active otherwise.

The following display summarizes the different states of an arc in the directed network

associated with commodity k.

!

(z’,j)k active 8ij = 0,21;€ > vf,uij > 0;

(z',j)k weakly active = s;; = 0; vf > vf,uij =0, or

sij = O,z);€ = oF u; > 0; (4.7)
(z',j)k strongly active = s;; =0; vf > vf,uij > 0;

I

(i,7)* inactive sy > 0 or vf <ok,
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Note that when arc (4, j )k is strongly active, vf — vf

d > 0 and the arc remains active. When arc (7, j)k is weakly active, it becomes inactive for

any decrease in v;? —vF. In Figure 4-5a arc (i, j )k and arc (7, z)k are both weakly active when

fu;‘? = vF (notice the condition s;; = 0, fu;‘? = vF, u;; > 0 is symmetric). In Figure 4-5b arc
k _ k k k k

(i, §)* is weakly active when vf = vf—l—slj, and arc (j,7)* is weakly active when vl =vf = s

Notice that over the region where an arc is active, it is weakly active at the limit points of

can decrease by some small amount

the region and is strongly active otherwise.

The notion of a directed network associated with each commodity is conceptual. An
algorithm need not explicitly construct the directed network associated with each commod-
ity. Rather, to decide whether arc (i, j )k is active, an algorithm needs only to check that
{i,7} is an edge in the graph G, s;; =0, v;? > fuf, and wu;; > 0. These computations can be
done on the fly.

The effect on the dual function Z(v) of increasing the node potential vf for a single
node and a single commodity is the sum of a linear function d;?vf and the piecewise linear
functions —b;ju,; for each edge {i, j} that is incident to node j. Therefore, the dual function
is piecewise linear. Its breakpoints, as a function of vf , are the breakpoints of the piecewise
linear function u;; for edge {7, }. In other words the breakpoints of Z(v) as a function of
vf occur when some arc directed into node j, (i, )k, is weakly active, or some arc directed
out of node j, (j,z')k, is weakly active.

Figure 4-6 shows the dual function Z(v) for a 2-edge-disjoint path problem on a three
node graph. Figure 4-6a shows the capacity and costs of the edges. For convenience, since
the problem is a single commodity problem, we drop the superscript £ in this discussion.
The demand of node ¢ is 2 units and the demand of node a is —2 units. Figure 4-6b shows
the dual objective value Z(v) as a function of v.. For this example, v, is zero and vy is 4.
The figure shows the breakpoints of the dual function: at v. = —5, v. = 1, v. = 5, and
v = 7, corresponding to points where the arcs (c,a), (¢,b), (a,c), and (b,c) are weakly
active. Figure 4-6¢ shows the dual objective value Z(v) as a function of v,, when both v,
and v, are zero. The breakpoints of the dual function are at v, = —4, v, = =3, v, = 3,
and v, = 4 corresponding to points where the arcs (b, a), (b,c), (¢,b), and (a,b) are weakly
active.

In general, the dual function is piecewise linear as a function of the dual variables.
Figure 4-7 shows a plot of the dual objective as a function of the node potentials v, and
v. for the example of Figure 4-6. In the triangular region, the dual function attains its

maximum value.
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Figure 4-6: (a) Network for 2-edge-disjoint problem on 3 node graph. (b) Dual objective as
a function of v, with v, and v, fixed. (¢) Dual objective as a function of v, with v, and v,
fixed.
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Dual function Z

Potential for node b -10  -10

Potential for node ¢

Figure 4-7: Dual function Z as a function of v, and wve.

Basic Ascent Directions

To obtain a good lower bound for the NDC problem, we try to find the maximum value of
the dual function Z(v). Any dual-ascent algorithm starts with some feasible dual solution
v and iteratively finds ascent directions that improve the dual function. In our quest for
a good lower bound, we restrict our attention to basic directions. Recall, from Chapter 3,

that a set T and a commodity k define a basic direction 7% when

L 1 if jeT and ] = k;
7 0 otherwise.
At each step, after finding a basic ascent direction 7@, the algorithm changes the current
value of the node potential from the current value v to v + oz'yf]} for an appropriate step size
(scalar) a.

Calculating the directional derivative of the dual cost for any basic direction of the form
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vk with the aid of Figure 4-5 (and equation (4.5)), we obtain:

Z'(vivg) = > di + > bji— Y., b (4.8)

€T (4,9)k :strongly active (i,5)*:active
igT,j€T igT,j€T
The dual-ascent algorithm is an iterative procedure that uses a basic ascent direction,
i.e., a basic direction ’yéi with Z/(V;’yéi) > 0, to perform an ascent step that increases the
dual function. This algorithm design naturally leads to the following two issues: How can we
find basic ascent directions? At the conclusion of the dual-ascent algorithm, is the auxiliary
network feasible for the NDC problem?

The following lemma helps answer these questions.

Lemma 4.2.1 Suppose that for some commodity’s active network, the maximum flow from
node O(k) to node D(k) with arc capacities b;; is less than qi; then, there is a basic ascent
direction for the function Z(v).

Proof: If the maximum flow for commodity k in its active network is less than g, then
by the max-flow min-cut theorem the network has an O(k)-D(k) dicut T with capacity
less than gi. Then, in equation (4.8) the first term is g (qx = d%(k)). The second term is
always nonnegative. Since the third term is just the capacity of the dicut T' in commodity

k’s active network, it is less than gz. Therefore Z'(v; %) > 0. [ |

We might note that the converse of Lemma 4.2.1 is not necessarily true.

Lemma 4.2.1 implies that if there is no basic ascent direction, then every O(k)-D(k)
dicut has a capacity greater than g;. Since b;; represents the number of copies of an
edge permitted in the model, this conclusion assures us that when there is no basic ascent
direction, installing b;; copies of each edge in the auxiliary network will be a feasible design
(we might be able to use fewer copies of some edges and still be feasible).

An immediate consequence of this lemma is a method for finding basic ascent directions.
Consider the active network for each commodity. Using any max-flow algorithm on com-
modity k’s active network, find a dicut with capacity less than ¢;. Any such dicut gives a
basic ascent direction. Figure 4-8 illustrates this fact. In the problem shown in Figure 4-8,
we wish to construct, at minimum cost, two edge-disjoint paths between node s and node ¢.
All edge capacities are 1. For this single commodity problem, node s is the origin and node ¢
is the destination. Figure 4-8a shows the digraph associated with the commodity, and a
dicut in the active network with fewer than two active arcs. This dicut provides a basic
ascent direction. Figure 4-8b shows the digraph associated with the commodity at the end
of the dual-ascent step (in this example the dual-ascent step ends when arc (e, f) becomes
active, i.e., we reach a breakpoint of the dual function).

Another method for choosing a basic ascent direction is the steepest ascent approach:
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Ve= 0 Uy=0; W= 4
(a) —{> inactive (b)
— active

Figure 4-8: If the max-flow in the active network is less than the flow requirement, then
there is a basic direction of ascent. Active arcs are in bold. (a) Dual variables before making
an ascent along the basic direction. (b) Dual variables after the dual-ascent step.

choose a basic ascent direction that maximizes the rate of ascent. The steepest basic ascent
direction appears to be an attractive choice for a search direction because it gives the

greatest increase in the dual objective function per unit change in the dual variable.

Identifying the Steepest Basic Ascent Direction

To find the steepest basic ascent direction, over all commodities, we compare the steepest
basic ascent direction for each commodity and select the ascent direction with the highest
ascent rate.

For a given commodity k, we need to identify the set T" with the greatest value of

S di+ > bii— Y. by (4.9)

i€T (j,i)k :strongly active (i,5)F :active
igT,j€T igT,j€T
To solve this problem, we transform it to a related problem called the maz-floor problem.
In the max-floor problem, we are given nonnegative lower and upper bounds, [;; and w;;,
on the flow on arc (i,j). The floor of an st dicut® 6= (7T') is defined as > (ij)es— (1) bij —
> (i,j)€8+(T) Wij- Network flow theory tells us that if the problem is feasible, i.e., it is possible
to send flow from node s to node ¢ that satisfies flow balance at intermediate nodes and
satisfies the lower and upper bound constraints on the flow on an arc, the max-floor of an
s—t dicut is equal to the minimum flow from node s to node ¢ (see Exercise 6.18 in Ahuja,
Magnanti and Orlin [AMO93]). We can find the max-floor (of an s—t dicut) by applying

6 Although our notation does not show this, in the max-floor problem, the dicut contains the arcs in
57 (T) in addition to those in § (7).
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any max-flow algorithm twice: first to find a feasible flow from node s to node ¢, and then
to decrease this feasible flow to its minimum possible value (see [AMO93)).

We will find the steepest basic ascent direction by solving (at most) three max-floor
problems. Consider commodity £’s active network. Set the lower bound [/;; of a weakly
active arc (z’,j)k to 0 and its upper bound wu;; to b;;. Also, set both the lower and upper

koactive Dij- NOW solve

bound, l;; and wu;;, of a strongly active arc (i,7)" to bij. Let U =32,

the following problems:

Problem 1: Add two nodes s’ and t' to the active network. For each node 4, other than
s and t/, add an arc from s’ to ¢ with lower bound [;; equal to 0 and upper bound
u;; equal to U, and add an arc from 4 to ¢’ with lower bound /;; equal to 0 and upper

bound u;; equal to U. Now find the max-floor of an s’-t' dicut.

Problem 2: For each node i # O(k) or D(k), add arc (D(k),i) with Ipy); = 0 and
up(ry; = U, and arc (i,0(k)) with ;o) = 0 and w0y = U. Find the max-floor of a
D(k)-O(k) dicut.

Problem 3: For each node i # O(k) or D(k), add arc (O(k),i) with lpp); = 0 and
uoky = U, and arc (i, D(k)) with l;pzy = 0 and u;p) = U. Find the max-floor of a
O(k)-D(k) dicut.

Observe that in each of these three problems, the arcs added to the problem ensure the
problem is feasible” without affecting the value of the floor of a dicut. Also note that
adding additional arcs might create parallel arcs in the network. However, this does not
create any problem since all the max-flow algorithms apply to networks that contain parallel
arcs (the algorithms replace parallel arcs between a pair of nodes by a single arc whose lower
bound is the sum of the lower bounds of the parallel arcs and whose upper bound is the
sum of the upper bounds of the parallel arcs).

Let v%,. denote the max-floor of Problem i, and let S® be the set of nodes on the

destination side of the dicut (i.e., ¢ € S*,O(k) € S?, and D(k) € S3). Let

. i k
U = argmax;_q 93 4 Ymax T Z d;
1EN\S?

"This result follows from Hoffman’s circulation feasibility condition [Hof60] which states that a circulation
problem is feasible if and only if for every set S of nodes

S ous Y ow
(4,5)€67(S) (4,5)€6+(S)

To check feasibility, we could convert the problem to a feasible circulation problem by adding an arc from
the destination node to the origin node with lower bound 0 and upper bound u;; = co.



4.2 A High-Level View of the Dual-Ascent Algorithm 105

Then the steepest basic ascent direction for commodity k is given by the set T* = {N\S" }.
To see that this result is valid observe that only nodes O(k) and D(k) have nonzero demands.
Therefore, the first term in equation (4.9) is nonzero only when one of the nodes O(k)
and D(k) is in T. Problem 2 ensures that D(k) is in T and O(k) is not in T' (note that
T = N\S?). Problem 3 ensures that O(k) is in 7 and D(k) is not in 7' (note that 7' = N\S?).
Problem 1 does not restrict either O(k) or D(k), and it finds the set (T = N\S') that
maximizes the latter two terms of equation (4.9). By comparing these three solutions, we
obtain T* that defines the steepest basic ascent direction ’yé“«* for commodity k.

Note that if we solve Problem 1 first, then in some cases we need not solve Problems 2
and 3. If in the solution to Problem 1, i.e., the '’ dicut, O(k) € S and D(k) ¢ S, then
the set T'= N\S! defines the steepest basic ascent direction for commodity k. Why? We
have found the set 7' that maximizes the latter two terms of equation (4.9). If T' contains
D(k) but does not contain O(k), it maximizes the first term of equation (4.9). Therefore,
the set T' defines the steepest basic ascent direction for commodity k. Also note that if in
the solution to Problem 1, O(k) ¢ S and D(k) € S, then the solution to Problem 1 is also
the solution to Problem 3, in which case we need not solve Problem 3.

Although we have shown how to find the steepest basic ascent direction, we will not
pursue this approach for two reasons. First, in this approach we potentially solve six max-
flow problems (two for each max-floor problem) for each commodity in order to identify
the steepest basic ascent direction. This is an excessive computational burden. Second,
following the steepest basic ascent direction is not guaranteed to provide the best lower
bound. For example, following the steepest basic ascent direction does not solve the g-edge-
disjoint path problem.® In the next section we describe a different approach for finding a
basic ascent direction, which does not always find the steepest basic ascent direction, but

nevertheless solves the g-edge-disjoint path problem.

4.2.2 An Alternate Method for Identifying Basic Directions

The dual-ascent algorithm we develop follows a somewhat different approach for finding
basic ascent directions from that suggested by Lemma 4.2.1. It maintains a dual feasible
solution (v,w,u) and a primal solution (not necessarily feasible) (x,f) that satisfy the
primal complementary slackness conditions. Every infeasible primal solution guides the

search for basic directions, providing a basic ascent direction.

8To be more specific, arbitrarily choosing a steepest basic ascent direction does not solve the g-edge-
disjoint path problem. A particular choice of the steepest basic ascent direction solves the g-edge-disjoint
path problem. The alternate method described in the next section does not always find the steepest basic
ascent direction. However in one case, the g-edge disjoint path problem, it chooses the “right” steepest basic
ascent directions and solves the problem.
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At any intermediate step in the algorithm, let df represent the residual demand of

commodity k at node ¢. That is,

dj =dj = (O fi = 2 )

1EN leN

The residual demand for any set T and commodity k is

Sodbo= S -0 -3 ).

jer jeT ieN leN

Using equation (4.8) to substitute for 3°;cp dg? in this equation, we obtain

>4 = Zvr) - > Ga-f+ > fit

JET (j,3)kstrongly active (§,9)kweakly active
ig¢T,jET igT,jeT
k k k
) i+ >0 (b= fh) - > fij-
(j,i)kinactive (i,5)*active (i,5)*inactive
€T, j€T €T, je€T €T, j€T

If the primal-dual pair (x,f) and (v,w,u) satisfy the primal complementary slackness
conditions (4.6), we can drop the summations over inactive arcs (they will have no flow).

Doing so, and rearranging terms, we obtain

k Tk k
Z'(v,vp) = E dj + E , (bji — fj3) —
jeET (4,9)kstrongly active
i¢T,jET

> = > (b — fR). (4.10)

(j,i)kweakly active (i,5)*active
ig¢T,jeT i¢T,jeT

This equation shows that any set T' of nodes with

1. positive residual demand for some commodity k,

2. no active arc (z’,j)k directed into 1" with fllj < bij,

3. no weakly active arc (7, z)k directed out of 7" with ]kz > 0, and

4. no flow of commodity k on any inactive arc (¢, j)k directed into or out of T’

provides a basic ascent direction. We refer to any such set T as an ascent set.” Note that
any primal-dual pair (x,f) and (v,w,u) satisfying primal complementary slackness also
satisfy condition 4. Figure 4-9 displays the types of arcs that might be directed into and

out of an ascent set.

“Note that the definition of an ascent set is different from the one we used in Chapter 3.
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Ascent set T(k)
inactive
inactive -
& weakly active
active with D(k) 0 T(k) with no ﬂow>
flow = capacity
strongly active
O(k) O T(K)

Figure 4-9: In commodity k’s network (i) arcs directed into ascent set T'(k) must either be
inactive or active with flow for commodity k equal to capacity, (ii) arcs directed out of ascent
set T'(k) must be either inactive, weakly active with no flow for commodity k, or strongly
active. Since the only node with positive residual demand is D(k), and ci%(k) = —ci'é(k),
D(k) € T(k) and O(k) & T'(k).

Lemma 4.2.2 Suppose (x,f) and (v, w,u) satisfy the primal complementary slackness con-
ditions, and suppose the residual demand of the set of nodes T for commodity k is greater
than zero. Then either the basic direction ’y:]ﬁ s an ascent direction, or the network contains
nodes i ¢ T and j € T satisfying the property that either (z’,j)k s active with f{; < b;; or
(j,i)k 1s weakly active with ffl- > 0.

Proof: Follows from equation (4.10). |

In our approach, typically, each iteration of the algorithm either improves the primal
solution (decreases the residual demand for a commodity k at node D(k)) or finds a basic
ascent direction—that is, an ascent set—and improves the value of the dual function. There
might be several different ways to choose an ascent set. The steepest ascent approach finds

the ascent set that maximizes

Sodb+ > (bji — fF:). (4.11)
JET (j,i)kstrongly active
iET,jeT
It seems to be difficult to find the ascent set with the maximum rate of ascent. The approach
we took to find the steepest basic ascent direction does not apply here. We conjecture that
finding the ascent set with the maximum rate of ascent is AN/P-hard.

The dual-ascent algorithm we develop uses a heuristic to find the best rate of ascent.
First, it ensures the primal solution (x, f) satisfies the flow balance constraints at all nodes
except the origin and destination of any commodity. Second, it considers the first term in
equation (4.11), the residual demand, as a measure of the rate of ascent. Because the primal
solution satisfies the flow balance constraints at each node except the origin and destination,

it is easy to find an ascent set with maximum residual demand. Consider commodities with
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the maximum value of d%(k). For each commodity, the algorithm performs the following
identify-ascent-set procedure, which either finds an ascent set or decreases the commodity’s

residual demand (we refer to cZkD(k) as the commodity k’s residual demand).

Procedure identify-ascent-set(k):
1. Set T'(k) = {D(k)}.
2. If an active arc (i,5)* with f{; < b;j is directed into the set T'(k), add node i to T'(k).

3. If a weakly active arc (j,7)" with ]kz > 0 is directed out of the set T'(k), add node i
to T'(k).

4. Repeat Steps 2 and 3 until either O(k) € T'(k) or no more nodes can be added to
T(k).

5. If Step 4 terminates with O(k) & T'(k), then T'(k) is an ascent set. Otherwise, send
one unit of flow from O(k) to D(k).

Note that when O(k) € T'(k) in Step 4, it is possible to send a unit of flow from node
O(k) to node D(k). Steps 2 and 3 add a node i to the set T'(k) if arc (i, )" is active and
Z-kj < byj, or if arc (j,z')k is weakly active and j'-fi > 0. This choice implies the existence of
a path from O(k) to D(k) in commodity k’s active network consisting of “forward” arcs,
that is, active arcs that have the same direction as the path, and “reverse” arcs, that is,
weakly active arcs that have the opposite direction than the path. Moreover, on all forward
arcs, fllj < bij, and on all reverse arcs, ]kz > 0. Therefore, it is possible to send 1 unit of
flow along this path by increasing the flow of all forward arcs, and decreasing the flow of
all reverse arcs by 1.

If the procedure identify-ascent-set does not find an ascent set, it has reduced the residual
demand for commodity k£ by 1 unit. We repeat the procedure for commodities with the
highest amount of residual demand until it either finds an ascent set or a primal feasible
solution.'?

So far, we have described how to find an ascent set T" with the maximum residual
demand. The dual-ascent algorithm now improves the dual function by moving along the
basic ascent direction 752 associated with the ascent set T'. Since the algorithm performs
ascent steps using ascent sets, it can increase the dual function along the direction 7;’% until

T no longer is an ascent set for commodity k. This occurs when an arc (4, j )k directed into

Note that we do not need to explicitly keep track of x. Given the flow f, the equation z;; =
maneK(f57 ffz) permits us to determine the value of x.
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T or an arc (j,i)" directed out of T satisfies the conditions needed to add node i to T (i.e.,
conditions 2 and 3 in identify-ascent-set).

We need to consider one important remaining detail. Recall that the equivalent defi-
nition of primal complementary slackness (on page 97) implies that inactive arcs for every
commodity must have zero flow for that commodity. When we change the node potentials
for commodity k in a dual-ascent step, using an ascent set for commodity k, we maintain
the primal complementary slackness condition for that commodity. (It is easy to see that
this is true by considering Figure 4-9. Since inactive arcs directed into and out of the ascent
set T" carry no flow of commodity k, a node potential change does not violate a primal com-
plementary slackness condition for these arcs. Because active arcs directed into the ascent
set T remain active, an ascent step will not violate any primal complementary slackness
condition for these arcs. Active arcs directed out of the ascent set T' can become inactive
at the end of an ascent step. If this happens, then the arc carries no flow of commodity k
because otherwise it would have no longer been an ascent set when the arc became weakly
active.) However, the new solution pair (x,f), (v,w,u) might violate this condition for
some other commodity h. How can this happen? Recall that an active arc (i, j)k satisfies
two conditions (i) s;; = 0 and (ii) vf > oF. In an ascent step along the basic ascent direction
ﬁﬂ, when we increase v;? for 7 € T for commodity k, we do not alter the node potentials
for any other commodity h # k. So the only way an active arc for commodity h becomes
inactive in an ascent step for commodity &, is when the slack s;; becomes positive. This
outcome is possible (see Figure 4-5) only if an arc (7, i)k, directed out of T, were active. As
a result, both arcs (j,4)" and (i, /)" might become inactive (if si; > 0 both are inactive),
violating primal complementary slackness if either ]]’; >0 or [} > 0.

In order to rectify this problem, our dual-ascent algorithm updates the flow so that it
(i) satisfies primal complementary slackness, and (ii) satisfies the flow balance constraints
at all intermediate nodes. Suppose commodity A flows on some inactive arcs. Then we
can change the flow of commodity h to satisfy conditions (i) and (ii) as follows. Solve a
maximum flow problem from node s to node t on commodity h’s active network, setting the
capacity of an arc (i, j )h to f[;». Because we solve the maximum flow problem on commodity
h’s active network, its solution satisfies condition (i) and condition (ii).

This maximum flow computation requires considerable work. However, it is not obvious
whether there is a better method to update the flow. We might note that if the model
does not permit edge replication, i.e., b;; = 1, then we could use more efficient versions
of max-flow algorithms (see Chapter 8 of Ahuja, Magnanti and Orlin [AMO93]) for unit
capacity networks. In models that permit edge replication, but have small edge capacities
(i.e., bj; is small), or if the maximum flow on any arc is small, we could use a special max-

flow algorithm designed specially for problems with small integer capacities on the arcs (see
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Fernandez-Baca and Martel [FBM89]).

The flow update necessitates a recalculation of the residual demand for commodities
whose flow has been changed. The dual-ascent procedure recalculates the residual demand
for each commodity and continues by considering ascent sets with the highest residual
demand.

In summary, the dual-ascent algorithm for the NDC problem uses three main ideas:
1. It considers ascent sets to improve the dual function.
2. It finds ascent sets by considering commodities with the highest residual demand.

3. It maintains the primal complementary slackness conditions. If a dual-ascent step
causes the primal solution to violate the primal complementary slackness conditions
(by making an active arc with flow on it inactive), we update the primal solution and

the residual demand.

In the next section we investigate in greater detail the implementation of these ideas.
We also show that when the edge costs are integer,'! the dual-ascent algorithm terminates
finitely. Furthermore, at termination it will either prove the problem is infeasible or obtain
a feasible primal solution (x,f).

Before we conclude this section we note that in this presentation each commodity & has
a single source and a single destination. Much of our discussion applies as well to problems

with multiple sources and/or destinations for each commodity.

4.3 Algorithmic Details

In this section we describe in detail the dual-ascent algorithm. We note that many design
decisions will be made in the algorithm (e.g., stepsize rules, order of processing commodi-
ties). Other design choices are possible as well. We provide (intuitive) reasons for our
particular design decisions, but note that an empirical evaluation is required to decide on
the best alternatives.

In the description of the algorithm we will maintain only the flow-node potential pair
(f,v) because x,w,u,s and Z(v) are defined by the values of f and v. For clarity, we first
recall the equations that define x, w,u,s and Z(v).

_ k ok
Tij = gg}?(fij,fji)

" This assumption is not particularly restrictive. Note that we can always transform rational edge costs
to integer edge costs by multiplying them by a suitably large number. Moreover, in practice, we need to
convert irrational numbers to rational numbers to represent them on a computer.
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wfj = max( f — vk vk — Uf)
uj; = max(0 Z max (v f —oF ok — vf)) — Cij (4.12)
keK
sij = max(0,¢;; — Z max(vF — of, vF — Uf)))
keK
Z(v) = Z Z divl — Z b;j max(0, Z (maux(vétc —oF of — vf)) — Cij).
keKieN {i,j}eF keK

Before we begin the detailed discussion of the algorithm, we once again emphasize that
the notion of directed networks associated with each commodity is conceptual. By storing
the undirected graph G and the dual variables, it is easy to calculate the state of an arc
(i,7)* as needed.

The dual-ascent algorithm consists of two subroutines: update and phase. The subrou-
tine update corrects primal complementary slackness violations. It (i) corrects the flow so
that it satisfies the primal complementary slackness conditions, and (ii) computes the max-
imum residual demand after the flow change. The subroutine phase considers commodities
with the maximum residual demand. We refer to commodities whose residual demand is
equal to the maximum residual demand as active commodities. The subroutine phase per-
forms ascent steps on the ascent sets of active commodities. It ends when either the value
of the maximum residual demand decreases by one, or the flow-node potential pair violates
a primal complementary slackness condition.

To find an ascent set, the subroutine phase could use the procedure identify-ascent-
set described in the previous section. A drawback of this procedure is that it does not
use information about previous ascent sets for commodity k. Each time the algorithm calls
identify-ascent-set, it starts from scratch, i.e., with T'(k) = {D(k)}. This could be very time
consuming. The dual-ascent algorithm we describe uses a slightly different procedure, one
that uses the previous ascent set for commodity k to find a new ascent set for commodity k.

At the start of the subroutine phase, it sets T'(k) = {D(k)} for each active commodity.
It then calls (the new procedure) find-ascent-set to identify an ascent set for each active
commodity, and selects the ascent set with the maximum ascent rate to perform an ascent
step. In subsequent iterations the subroutine phase calls find-ascent-set and provides it with
the most recent ascent set T'(k) for commodity k.

Like identify-ascent-set, the find-ascent-set procedure either identifies an ascent set for
commodity k£ or increments the flow for commodity k& by one unit. It starts with the set
T(k) and adds a node i to the set T'(k) only if (i) fl-kj < bj; and (i,7)* is an active arc
directed into T'(k), or if (ii) sz > 0 and (5,7)" is a weakly active arc directed out of T'(k).
This choice ensures that the directed network associated with commodity k& has sufficient

capacity for every node in T'(k) to send a unit of flow to D(k). Moreover, this flow can be
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sent along a path that is contained in T'(k) (i.e., both endpoints of each arc on the path
are in T'(k)). If O(k) € T(k), then find-ascent-set calls the procedure increment-flow to
increase the flow from O(k) to D(k) by one unit.

The procedure increment-flow first identifies a path P from O(k) to D(k) in T'(k) that
has sufficient capacity to send a unit of flow. Next, it checks to ensure that every arc
on the path P is active (i.e., sending one unit of flow on P does not violate the primal
complementary slackness conditions). Why is this check necessary? Because we keep track
of T'(k) across iterations, an arc on P might become inactive when the algorithm performs
an ascent step (i.e., changes node potentials) for another commodity h—after the algorithm
has added node i to T'(k), but before it has added O(k) to T'(k). When ¢ is added to T'(k)
either (i, j )k is active or (7, z)k is weakly active. In the ascent step for commodity A, the arcs
(i,7)" and (j,1)* might become inactive. If the arcs (i, )" and (j, )" carry no flow, then this
change does not result in a primal complementary slackness violation. However, sending
a unit of flow on this path now will violate a primal complementary slackness condition.
Therefore, along the path P, the procedure increment-flow checks that the forward arcs are
active and the reverse arcs are weakly active. If the check fails, it resets T'(k) to {D(k)}
and continues to search for an ascent set. Otherwise, it sends a unit of flow along P.

Actually the check does more than enforce the primal complementary slackness condi-
tions. For example, if a reverse arc on the path P is strongly active, decreasing its flow
will not violate a complementary slackness condition. However, the check will not send flow
on the path, but will reset T'(k) to {D(k)} and continue its search for an ascent set. This
stronger condition has the following rationale. Recall that if there is no path from O(k) to
D(k), in commodity k’s active network, consisting of forward arcs with f{; < b;j and weakly
active reverse arcs with j'-fi > 0, find-ascent-set identifies an ascent set. If the reverse arc
(s z)k on the path P is strongly active, then after resetting T'(k), the algorithm might find

an ascent set for commodity k£ because of this reason.

Ascending on an Ascent Set

The dual-ascent algorithm determines the amount of ascent for an ascent set 7'(k) by exam-

ining each edge in the cut 6(T'(k)). There are five possible cases (see Figures 4-9 and 4-5).

1. (4, z)k is strongly active: We permit the algorithm to increase vf until (7, z)k becomes
weakly active. There are two reasons for doing so. First, the algorithm needs to check
that T'(k) is still an ascent set, i.e., whether ffi = 0. Second, assuming T'(k) is still an
ascent set, the dual variable change has just decreased the rate of ascent for the set
T(k) because (j,4)* is no longer strongly active (see equation (4.10)). By terminating

the ascent step at this point, the algorithm can compare the ascent sets associated
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with the commodities and select the ascent set with the highest ascent rate. Recall

from Figure 4-5 that in case (a) (j,7)" becomes weakly active when vf = o¥, and in
case (b) this occurs when u;; decreases to zero. Therefore, the increase is determined
by min(vF — vf, Uij)-

2. (j,9)* is weakly active: If (j,i)" is weakly active, then ]kz = 0; otherwise, T'(k) is not
an ascent set. Therefore, increasing vé‘? does not violate the primal complementary
slackness condition for commodity k. We determine the maximum ascent by the
value of vf that maximizes the slack on edge {7, j}. That is, when v;? =vF. Actually,
we could increase vf beyond vf = vf. However, limiting the ascent to this choice
might create greater ascent for the dual function. Why? Since this change created
an inactive arc from a (weakly) active arc, and made the slack s;; > 0, arcs (i, j)h
and (7, i)h for any other commodity h are also inactive. Suppose another commodity
with the same value of residual demand sends flow on this arc. Then because the arc
is inactive it violates primal complementary slackness. Therefore, the algorithm can
send no flow for commodity h along a path that uses this arc. In order to satisfy
primal complementary slackness, the algorithm decreases the flow of commodity h
from O(h) to D(h) by at least one unit. But then its residual demand increases by at
least one unit. Since the dual-ascent algorithm uses the residual demand as a measure

k k

of the rate of ascent, terminating the ascent step when vf = v

i ; 1s appropriate.

3. (j,z')k is inactive and v} > v;?:12 As vf increases, the slack increases until v;? =k

Then the slack decreases until the slack becomes zero and arc (i, j )k becomes active.

From Figure 4-5b, arc (i, j)k becomes active when Uf =oF + sfj The increase in vé‘?

before the slack becomes zero is v¥ + sfj - vf. Since s;; = sfj — max(vF — vf, vf — k),
this choice implies that Sfj = s;5 + max(vig — v;? , v;? — vf) Therefore, the increase in
v;? until arc (i, 5)" becomes active is sij + 2(vF — v;“)

4. (1, j)k is inactive and v;? >oF: As vf increases, arc (1, j)k eventually becomes weakly
active and thus T'(k) will no longer be an ascent set. The maximum amount of increase
is determined by the value of v;‘? at which (4, j)k becomes weakly active. Therefore,

the maximum increase is the slack.

5. (i, j)k is (weakly or strongly) active. We need not consider these edges since they will

remain active.

2Since {i,4} is really an edge and the directed network a conceptual construction we do not consider
overlapping cases (e.g., (j,%)" is inactive and (7,4)" is active). The five cases considered do not overlap in
Figure 4-5.
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The stepsize is determined by the minimum of these quantities over all edges in the cut. If
no edge in the cut §(7'(k)) satisfies one of the first four cases, then for all edges {7, j} in the
cut 0(T(k)) with ¢ ¢ T'(k) and j € T'(k), Z]; = b;; and ffl = 0. Since the residual demand
of T'(k) is greater than zero,

Yodi= > di=C =Y 1) > o

JeT (k) FeT (k) ieN leN

By rearranging terms we see that

d%(k)_ Z ( Z f,-];— Z fjl'ﬁi) > 0;
)

JeT(k) ¢T(k) i@ T (k

or Z bij < (k-
{i,7}es(T'(k))

Therefore, 6(T(k)) is an O(k)-D(k) cut whose capacity is less than commodity k’s re-
quirement, or the problem is infeasible. Another interpretation is as follows. Since the
domain of the minimization is empty, the stepsize is infinite, and the amount of ascent is
unbounded. From linear programming duality, if the dual is feasible and unbounded, the
primal is infeasible.

We now describe another condition that also indicates that the problem is infeasible.
Although the above condition is sufficient to prove a problem is infeasible, it is not obvious
whether the dual-ascent algorithm will always find a cut that proves infeasibility. We claim
that if Z(v) > 3= j1ep ijbij, then the problem is infeasible. This is true because were the
problem feasible, then a solution that contains b;; copies of each edge would be feasible.
Since a feasible dual solution is always a lower bound on any feasible primal solution this
result follows.

Therefore, if the dual-ascent algorithm terminates (we show it terminates in Section 4.3.2),

it does one of the following:

1. Finds a feasible primal solution and a feasible dual solution that satisfies primal com-

plementary slackness.

2. Shows the problem is infeasible by exhibiting an O(k)-D(k) cut whose capacity is less

than commodity k’s requirement.

3. Shows the problem is infeasible because Z(v) > 3 y; 1ep Cijbij-

4.3.1 Formal Description of the Dual-Ascent Algorithm

The dual-ascent algorithm can be described as follows:
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Dual-ascent algorithm for the NDC problem
1. Initialization. Set v = 0, f = 0, and counter = 1.
2. While counter < rpay do

e Perform phase(counter).

e If phase terminated because of a complementary slackness violation, perform

update(flow,counter). Otherwise, set counter = counter + 1 and continue.

The procedure phase can be described as follows:

Phase (counter)

1. Consider all commodities k, called active, whose residual demand d%(k) = Tmax —
counter + 1. For all commodities, set T'(k) = {D(k)}. Mark all nodes as unscanned:
scan|k][j] = 0 for all nodes j € N. All next labels are undefined.

2. For every active commodity (see definition following phase) k, find-ascent-set(T (k) ).

If no commodity is active, return.

3. Among the active commodities, select the commodity with the highest ascent rate:
i.e., the ascent set T'(k) with the highest rate of ascent, and perform ascent-step(T'(k)).

If no commodity is active, return.

4. If as a result of ascent-step, a weakly active arc with flow becomes inactive, return.

Otherwise, go to Step 2.

The subroutine phase (and the procedure find-ascent-set) use an array scan to keep
track of the unscanned arcs into the set T'(k). As long as O(k) ¢ T'(k), the procedure phase
tries to find an ascent set for commodity k. The next array is used to identify the path
from O(k) to D(k).

The value of the dual function, i.e., the lower bound provided by the dual-ascent al-
gorithm, is sensitive to the order in which the algorithm considers the commodities. For
example, Sastry [Sas87] shows that dual-ascent can provide a lower bound that is arbitrar-
ily bad for the Steiner branching problem. A good heuristic, proposed by Balakrishnan,
Magnanti and Wong [BMW89] for the uncapacitated fixed charge network design problem,
is to consider commodities in a round robin fashion. That is, order the commodities in some
fashion and then cycle through this list performing a single ascent step for each commod-
ity. We could implement this rule in the dual-ascent algorithm in a couple of ways. One

possibility is to use the round robin rule in the case of ties in Step 3.
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Another possibility is to replace Steps 2 and 3 by a single ascent step for a single
commodity. That is, choose an active commodity, find an ascent set for the commodity (or
decrease its residual demand), and perform an ascent step on this ascent set. The round
robin rule could then be used to select the active commodity.

The subroutine update can be described as follows:

Update(flow,counter)

1. For each commodity k € K solve the maximum flow problem between O(k) and D(k)
on the commodity’s active network with arc capacities Z]; Let maxflow(k) denote
the value of the maximum flow between O(k) and D(k). Replace the flow values fl-lz-

for commodity k£ by the solution of the maximum flow problem for commodity k.
2. Set t = maxkeK(d]B(k) — maxflow(k)).
3. Set counter = rpax —t + 1.

The procedure find-ascent-set can be described as follows:

Find-ascent-set(7'(k))

1. If all nodes in T'(k) are scanned, T'(k) is an ascent set; terminate find-ascent-set.

Otherwise, select an unscanned node j € T'(k) and go to Step 2.

2. Add any node i & T'(k) to T(k) if either (j,4)* is weakly active with j'-fi >0, or (,4)"
is active with fllj < b;j. For each node i added to T'(k), set next[i][k] = j if (i,5)"
is active with fi]} < bij, and next[i][k] = —j if (j,z')k is weakly active with ffi > 0.
Mark j as scanned: scanlj|[k] = 1. If T'(k) does not contain O(k), go to Step 1.

3. T'(k) contains O(k). Perform the procedure increment-flow(k). If increment-flow(k)
was unsuccessful (i.e., it did not increase the flow from O(k) to D(k)), go to Step 1.

Otherwise, terminate find-ascent-set.

The procedure increment-flow can be described as follows:

Increment-flow (k)

1. The path from O(k) to D(k) is identified by starting from O(k) and following the
next labels: the node following node i on the path is the absolute value of nextl[i][k].
Check to see if sending flow on the path satisfies primal complementary slackness
conditions. If for any node i on the path next[i][k] = j and (i,)" is inactive, or
next[i][k] = —j and (j,i)" is not weakly active; then (i) set T'(k) = {D(k)}, (ii) mark
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all nodes as unscanned: scan|k][j] = 0 for all nodes j € N, and (iii) set all next labels
for commodity k, i.e. next[i]|[k], as undefined; and terminate increment-flow(k) with

a flag to indicate that a flow increase was unsuccessful.

2. (flow increase) Send 1 unit of flow on the path from O(k) to D(k) (doing so will
not violate primal complementary slackness). For every node i is on the path with
next|i][k] = j, set Z]j = Z-kj—k 1. For every node i on the path with next[i][k] = —j set
ffi = ffi — 1. Terminate increment-flow(k) with a flag to indicate that a flow increase

was successful.

Formally, the procedure ascent-step(T'(k)) can be described as follows:

Ascent-step(7T'(k))

1. The stepsize is given by the following equation:

min (u;j, vF — vf) if (j,4)" is strongly active;
vF — v;? if (4, z)k is weakly active;
a = gli(ll';l) (4.13)
€T (k
IET®) | g5 + 2(vF — vf) if (j,4)" is inactive and oF > vé‘?;
Sij if (4, 7)* is inactive and vf > ok

If the domain of the minimization in equation (4.13) is empty, the problem is infeasible.

Stop.
2. Set,v=v+ afy:’ﬁ(k). If Z(v) > 324 jyer cijbij the problem is infeasible. Stop.

3. Add to T'(k) all nodes i for which (a) the minimum in equation (4.13) is achieved,
and (b) either (z’,j)k is active, or (7, z)k is weakly active with ffi > 0. In the first case
of part (b), set next[i][k] = j and in the second case set next[i|[k] = —j. If the node
O(k) is added to T'(k), perform increment-flow(k).

Example

To conclude this section, consider the example in Figure 4-10 that illustrates the dual-ascent
algorithm for the 3-edge-disjoint path problem (the paths are between s and t). Figure 4-10a
shows the undirected network, edge costs, and the associated directed network.

Initially, all dual variables are zero, T'(k) = {t}, and counter = 1. The dual-ascent

iteration finds that T'(k) is an ascent set and increases the node potential vf. The stepsize,
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determined by the minimum slack of the incoming arcs, is 1. The algorithm adds nodes d
and f to T'(k) making T'(k) = {f,d,t}. next[f][k] and next[d]|[k] are set equal to ¢.
Proceeding in this fashion, the algorithm successively encounters the ascent sets T'(k) =
{c, f,d,t} (next[c|][k] = d), T'(k) = {b,c, f,d,t} (next[b][k] = ¢), T(k) = {a,b,c, f,d,t}
(nexta][k] = b), and T'(k) = {s,e,a,b,c, f,d,t} (next[e][k] = b, next[s|[k] = a). Since
node s belongs to T'(k), the algorithm performs a flow increase step and sends 1 unit of flow
on the path s-a-b-c-d-t (obtained by the next labels). Figure 4-10b shows these iterations.
(Note that for a single commodity problem, procedure increment-flow need not check for
complementary slackness violations). At the end of the flow increase step, the residual
demand is 2 units and the dual objective is 15 units. The algorithm resets T'(k) = {t} and
the next and scan labels. Figure 4-10c shows the dual-ascent iterations performed until
the next flow increase step. The dual-ascent iterations find the path s-e-f-t and send a unit
of flow on the path, in the flow increase step. At the end of the flow increase step, the dual
objective is 21 units and the residual demand is 1 unit. Again, reset 7'(k) = {t} and the
next and scan labels. Figure 4-10d shows the dual-ascent iterations until the next flow
increase step. The dual-ascent iterations improve the dual objective to 25 units and send
one unit of flow on the path s-d-c-f-e-b-a-t. Since (¢, d), (e, f) and (a,b) carried a unit of
flow, the flow increase step decreases their flow to zero. At the end of the flow increase
step, the residual demand is zero and the algorithm terminates. The solution obtained by
the dual-ascent algorithm has the edges (s,a), (a,t), (s,d), (d,t), (s,e), (e,b), (b,c), (¢, f)
and (f,t). The solution is feasible (the three paths are s-a-t, s-d-t, and s-e-b-c-f-t) with
a cost of 25 units. Since the dual objective is 25 units, the primal solution is optimal. In
Section 4.6 we will show that the dual-ascent algorithm optimally solves the g-edge-disjoint

path problem.

4.3.2 Finite Termination of the Dual-Ascent Algorithm

We now show that if the edge costs are integer, the algorithm terminates finitely. Recall that
in arguments preceding the description of the algorithm, we showed that if the algorithm
terminates, it either shows the problem is infeasible or finds a pair of primal and dual

solutions (x,f) and (v, w,u) that satisfy the primal complementary slackness conditions.

Theorem 4.3.1 If the edge costs are integer, in a finite number of steps the dual-ascent
algorithm for the NDC' problem either finds a pair of primal and dual solutions (x,f) and
(v,w,u) that satisfy the primal complementary slackness conditions, or shows the problem

1s infeasible.

Proof: To prove that the algorithm terminates finitely, we first show that whenever the

algorithm performs the procedure ascent-step, it increases the dual objective function by an
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(d) Dual-ascent iterations. Flow is sent on the path s-d-c-f-e-b-a-t.

Figure 4-10: Example of dual-ascent algorithm for the 3-edge-disjoint path problem.
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integer amount. Next, we show that within a finite number of steps, the dual-ascent algo-
rithm either terminates with a feasible solution or calls the procedure ascent-step. Conse-
quently, if the problem is feasible, the dual objective is bounded and so the algorithm finitely
terminates. On the other hand, if the problem is infeasible, once Z(v) > >y iyep Cijbijs
we have established the problem is infeasible. Thus, if we show that the objective function
strictly increases by an integer amount within a finite number of steps, the algorithm finitely
terminates when the problem is infeasible.

Initially, all the primal and dual variables are zero and thus integer. Because the edge
costs are integer the slacks are also initially integer. First, observe from equation (4.12)
that if the edge costs are integer and v is an integer vector, then w, u and s are also integer
vectors. Next, notice if u, v and s are integer vectors, then equation (4.13) implies that the
stepsize, in procedure ascent-step, is integer. Now, if v is an integer vector and we move
along a basic ascent direction using an integer stepsize, then the new value of v will also be
integer. Since u, v and s are integer at the outset, the stepsize is always integer.

We now argue that the algorithm either terminates or performs the procedure ascent-
step within a finite number of steps. The algorithm performs the subroutine update only
after an ascent step. This procedure performs at most |K| max-flow computations. There-
fore, assuming we use the successive shortest path max-flow algorithm for the max-flow
computation, the procedure requires O(|K||N|?|E|) time. The procedure find-ascent-set
examines the arcs of the directed network associated with commodity k. Because it exam-
ines an arc at most once it terminates in O(|E|) time. Thus, within O(|E|) time, it either
finds an ascent set or adds the origin O(k) to the set T'(k). Suppose no ascent steps are per-
formed. Then once the origin O(k) is in the set T'(k) the algorithm performs the procedure
increment-flow. Because the algorithm has performed no ascent steps (i.e., no node poten-
tial changes), it will be able to increase the flow without violating complementary slackness.
Increment-flow examines only arcs on the path from node O(k) to node D(k). Hence it
requires O(|E|) time. Consequently, find-ascent-set either identifies an ascent set (and thus
the dual-ascent algorithm performs an ascent step) or decreases the residual demand of a
commodity by a unit in O(|E|) time. Since the sum of the demands (d%(k)) is a constant,
the dual-ascent algorithm either terminates with a feasible solution or calls the procedure
ascent-step within O3k d%(k)]E\ + |K||N|?|E|) time. [

In this section we described in detail a dual-ascent procedure for the NDC problem
with edge-connectivity requirements. We showed that the dual-ascent procedure termi-
nates finitely and at termination either shows the problem is infeasible or provides primal
and dual solutions, thereby providing a feasible heuristic solution and a lower bound. In
the next two sections we describe how to modify the dual-ascent algorithm to other con-

nectivity problems. First, in Section 4.4 we show how to modify the dual-ascent algorithm
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Figure 4-11: Transformation of a (undirected) NDC problem to a DNDC problem.

to the directed network design problem with connectivity requirements (DNDC). Then, in
Section 4.5 we consider node connectivity. Finally we describe some extensions to the NDC

model and show how to apply the dual-ascent algorithm to them.

4.4 Dual-Ascent for the DNDC Problem

In Chapter 2 we described the directed network design problem with connectivity require-
ments (DNDC), a problem of some interest. As briefly mentioned in Chapter 2, it is possible
to model several real-world telecommunications applications of the DNDC problem. In this
section, we show how to modify the dual-ascent procedure for the DNDC problem.

The NDC problem arises in another way: it is possible to transform an NDC problem
to a DNDC problem by the following familiar graph transformation procedure for directing
undirected multicommodity flow problems (see Exercise 17.21 in Ahuja, Magnanti and
Orlin [AMO93]). Transform the undirected graph to a digraph D = (N, A) as follows. For
every edge {i,j} € E, create two nodes i; and j; in the digraph. Replace edge {7, j} by the
arcs (4,45), (4,%;), (i5,7i), (ji,7), and (j;,7). The capacity of each of these arcs is equal to
the capacity of edge {4, j}. The cost of arc (i, ;) is equal to the cost of edge {7, j}, and the
cost of the arcs (4,4;), (4,%;), (ji,7) and (ji, i) are zero. Figure 4-11 shows this construction.
If nodes s and t have a connectivity requirement rg in the NDC problem, then nodes s
and t have a connectivity requirement of rg in the digraph D. The resulting problem
is a DNDC problem. It is easy to see that this directed model is valid for the NDC. The
optimal solution for the NDC problem contains edge {i, j} only if the optimal solution to the
DNDC problem contains arc (i;,j;). Consequently, we could transform any NDC problem
to a DNDC problem and apply the dual-ascent algorithm of this section to the resulting
problem. However, as we shall show shortly, directing the NDC problem does not improve
the model. Moreover, since the transformed network contains 5|E| arcs, and contains 2|E|
more nodes than the original network, the dual-ascent algorithm might be computationally
more expensive on this transformed network than in the original undirected network.

We can formulate the DNDC problem as follows. Let y;; represent the number of copies
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k
ij
k on arc (i,j). As before, for each pair {s,t} of nodes, with ry > 1, create a commodity

of arc (7,7) in the design and let represent the number of units of flow of commodity

k € K, arbitrarily choosing one of the nodes as the origin and the other node as the
destination, with g, = rs. Let K" denote the subset of commodities that correspond to

node-connectivity requirements.

Directed flow formulation for the DNDC problem:

Minimize Z CijYij (4.14a)
(i,5)eA
—qk if i = 0(1{7)7
subject to: Z sz - Z fk = qr ifi=D(k); forallie N and k € K (4.14b)
jeN leN 0  otherwise;

f;; < Yij for all (i,j) € Aand k € K (4.14c)
i<t for all k € K" & all i # O(k) or D(kJ4.14d)
leN

fllj >0 for all (i,j) € Aand k € K (4.14e)

Yij < bij for all (Z,j) € A; (4.14f)

yij > 0 and integer, for all (i,7) € A. (4.14g)

This formulation is similar to the undirected flow formulation for the NDC problem (4.2)
except that instead of edge variables, the formulation contains arc variables. Because of
the similarity in the models, the subsequent derivation of the dual-ascent algorithm for the
DNDC problem is nearly identical to the derivation of the dual-ascent algorithm for the
NDC problem. Nevertheless, we provide details of the method to pinpoint the necessary
modifications to the dual-ascent algorithm.

Before describing the dual-ascent algorithm for the DNDC problem, we show that for-
mulating the NDC problem as a DNDC problem does not create a better model. In fact,
the LP relaxation of the undirected flow formulation for the NDC problem (4.2) and the
LP relaxation of the directed flow formulation for the NDC problem (4.14) have the same
optimal objective value. It is rather easy to establish this result; for completeness, we state

and prove it.

Theorem 4.4.1 The optimal objective value of the LP relaxation of the undirected flow for-
mulation for the NDC problem (4.2) equals the optimal objective value of the LP relaxation
of the directed flow formulation for the NDC problem (4.14).

Proof: We begin by converting any feasible solution to the LP relaxation of the undirected

flow formulation for the NDC problem to a feasible solution to the LP relaxation of the
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directed flow formulation for the NDC problem with the same objective value. For each
edge {i,j} € E, set y;;; = yji] = yjl- = yjlj = Yi,j; = xij. For each edge {i,j} € E and

commodity k € K, set Z- ko= U, ]Z] = fii = and fk = fk v+ fl

— J4ij JZ’
Section 4.6 we can replace constraint (4.2¢) in the undirected flow formulatlon for the NDC
problem by f f < x;j [for all (i,j) € F and k € KJ).

Converting any feasible solution to the LP relaxation of the directed flow formulation

(recall from

for the NDC problem to a feasible solution to the LP relaxation of the undirected model for
the NDC problem is easy. For each edge {i,j} € E set x;; = y;,j,- For each edge {i,j} € F¥
and commodity k£ € K, set fl-lz- = fj]zj and f fm |

We are now ready to derive the dual-ascent algorithm for the DNDC problem. Again,
we first consider only arc-connectivity requirements (so the formulation does not contain
constraint (4.14d)). In the next section we consider node-connectivity requirements. As
before, let s;; be the slack in the constraint >, cx wfj —ui; < ¢;5. We say arc (i,j) is tight if
its slack is zero. The auxiliary network is defined by the tight arcs. Viewing v w - and u;;
as Lagrange multipliers for constraints (4.14b), (4.14c) and (4.14f), we obtain the followmg

Lagrangian function:

L(y7f7V7W7u) = Z CijYij + Z Z(df - Z f]kz+ Zfz]?)vf +

(i,5)eA ieN keK jEN leN
Yo D (vl + Y (v — i
(i.j)eAkEK (4,5)€A

Rearranging the terms, we obtain

L(y,f,v,w,u) = Z Z d? f— Z bijui; + Z (cij + uij — Z w?j)yij +

i€EN k€K ('J)EA (i,5)€A keK
Z Z v —; —I—ww)f
(i,j)eAkeK

The value of the Lagrangian dual function Z(v,w,u) for any vector (v, w,u) is given
by

Z(v,w,u) = min {L(yv f,v,w,u)

yi; > 0 and integer for all (4, j) € A, }
(v.9) '

fk>0forall( j) € Aand k € K.

The Lagrangian dual problem is

Maximize Z(v,w,u)

subject to:  w > 0; u > 0; v unrestricted in sign.



124 Dual-Ascent Algorithm for the NDC Problem

An identical argument to the one used in Section 4.2 shows that for a given node

potential vector v, we obtain the optimal value of the Lagrangian function by setting wfj =
k

max(O,@;-C —07) and w;; = max(0,> ek wfj — ¢j;j). Substituting the expression for the
optimal value of wfj (given v) in the equation for the optimal value of u;; (given w), we
obtain u;; = max(0, "¢ x max(0, @f — oF) — ¢;). Therefore, we can write the Lagrangian

dual problem as a maximization problem over the node potentials v. The Lagrangian dual

problem is

Maximize Z(v)

subject to no constraint on v
with

Uy g
Z(v) = Z Z diolf — Z b;j max (0, Z max(O,vf —oF) —¢;j). (4.15)
k€K iEN (i,§)€A keK—~E—’
wr

]

To best understand the modifications needed in the dual-ascent algorithm, it is worth-

while observing the effect of a change in the node potential of a single commodity k at a single

node j, i.e., vf, on the term u;; of the dual function. Let Sfj

As before, Sfj remains fixed because we are fixing all node potentials except for vf. Conse-
quently, u;; = max(0, max (0, vé‘?—vf)—sfj), and s;; = max(0, sfj—max(O, vé‘?—vf)). Figure 4-
12 shows the value of w;; as a function of vé‘? with all the other node potentials held fixed.

¥) is zero, so u;j is either zero (case (b)), or —sfj,

if Sfj is negative (case (a)). In case (a), since the slack s;; = max(0, Sfj
is equal to zero at vf = oF, any increase in vf increases w;;. Figure 4-12a shows case (a).
In case (b) the value of u;; is equal to zero when vé‘? — vk < sf] Any increase in vé‘? beyond
vf = vf decreases the slack, leaving u;; = 0, until vf = vf —I—SZ- where the slack is zero. From

this point on, w;; increases linearly as a function of vf. Figure 4-12b illustrates case (b).
As before, we associate with each commodity k& € K a directed network D* = (N, A¥),

denote c;j — 37, max (0, vé- —olb).

As long as vf < vf the term max(0, v;? —v

— max(0, v;? )

defined on the nodes N and arcs A¥ = A. An arc in the network D* can either be active,
i.e., weakly active or strongly active, or inactive. Equation (4.7) and Figure 4-12 specify
the conditions for each state (they are the same as for the NDC model). We also define

the active network for commodity & by the active arcs in D*. Consider the complementary
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Figure 4-12: u;; as a function of node potential vf. (a) Case (a): sfj < 0; (b) Case (b):
k
535 > 0.

Vi

slackness conditions.

k
Yij > 0 = Z Wi5 — Uij = Cig;

keK
k k k k
ui; >0 = yij = byj; (4.16)
k

and wy; >0 = fikj = Yij-

The first two conditions, i.e., primal complementary slackness, permit the primal solution
to include only tight arcs, and permit commodity & to flow on arc (, j) only if v;? —vf = wfj
(or vé‘? > vf) Therefore, primal complementary slackness again implies every inactive arc
has zero flow.

Restricting our attention to basic directions and calculating the directional derivative
of the dual cost for any basic direction of the form ’yfflﬁ (with the aid of Figure 4-12 and

equation (4.15)), we obtain

Z'(ving) = Y di+ > bi— Y. by (4.17)
€T (4,9)k :strongly active (i,5)*:active
i@T,jeT i¢T jET

Notice that this equation is identical to equation (4.8), the directional derivative of the

dual cost of the NDC problem for any basic direction of the form 752. Since we derived the
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dual-ascent algorithm for the NDC problem from equation (4.8) and the directed network
associated with each commodity, the same dual-ascent algorithm, with a few minor changes
to calculate the values of the dual variables and to calculate the stepsize in the procedure
ascent-step, provides a feasible heuristic solution and a lower bound for the DNDC problem.

To be more specific, we modify the equations that define y, w,u,s and Z(v) as follows.

yij = max fj
wfj = maux(O,v;-g —oF)
uj; = max(0, Z max(O,v;-C — vf) — ¢ij) (4.18)
keK
sij = max(0,¢; — Z maX(O,v;? —oF))
keK
Z(v) = Z Z dfvf — Z b;j max(0, Z max(O,v;? — vf) — cij)
I {igyeE keK

To determine the amount of ascent in an ascent step, consider the type of arcs directed
into and out of an ascent set (see Figure 4-9 on page 107). Recall, the dual-ascent procedure
determines the stepsize of an ascent direction by moving along that direction until the rate

of ascent changes (the slope of the dual function changes).

1. (4, z)k is strongly active: The algorithm increases vé‘? until (7, z)k becomes weakly active.

At this point the rate of ascent changes. Recall from Figure 4-12 that in case (a),

(j,i)* becomes weakly active when vf = oF,

decreases to value zero. Therefore, the increase is determined by min(vF — v;? s Uij)-

and in case (b), this occurs when wu;;

2. (4, z)k is weakly active: As v;? increases, the arc will become inactive. Moreover, as vf

increases, the arc cannot become active. Therefore, we need not consider these arcs

(because they cannot change the rate of ascent).

3. (7,4)" is inactive: We need not consider these arcs because increasing fu;‘? cannot change

the state of (j,4)* (and so cannot change the rate of ascent).

4. (1, j)k is inactive: We may increase vf until the arc becomes weakly active. This
koo k k
occurs when v} is increased by s;; + max(0, vy — vj).

5. (i, j)k is (weakly or strongly) active: We need not consider these arcs because they

remain active as v;? increases.
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Consequently, the following equation specifies the stepsize in the procedure ascent-step:

min (u;j, vF — vf) if (4,4)" is strongly active;
o = min (4.19)
IETE) | 855 4 max (0, vF — v;“) if (i,7)" is inactive.

By replacing equation (4.13) with equation (4.19) in the procedure ascent-step and equa-
tion (4.6) with equation (4.16), we obtain a dual-ascent algorithm for the DNDC problem
(with arc connectivity requirements).

Arguing as in Section 4.3, we can establish several properties, e.g., finite termination,
of the dual-ascent algorithm. As an example, we show that if no arc in the dicut 6~ (7'(k))

satisfies one of the two conditions in equation (4.19), then the problem is infeasible. Because
k
]

for all arcs (j,4) in 67 (T(k)), sz = 0. Since the residual demand of T'(k) is greater than

no arc satisfies the conditions in equation (4.19), for all arcs (7,7) in 6~ (T'(k)), f5 = b;; and

Zero

Sodi= Y @ -QC -3 ) > o

FET (k) FET (k) iEN IEN

Rearranging terms gives

dpwy— > f5+ X >0

(1,5)€6~ (T'(K)) (4,5)€6H(T'(k))

or > by <
(i,)€6= (T(K))

Therefore, 6~ (T'(k)) is an O(k)-D(k) dicut with capacity less than commodity k’s require-
ment, and so the problem is infeasible.

The results in this section demonstrate the flexibility and adaptability of the dual-ascent
approach. By incorporating a few simple changes, in equation (4.12) and (4.13), the same
dual-ascent algorithm applies to both the NDC and DNDC problem. Therefore, from an
implementation perspective, the same code (with minor modifications) is applicable for both

problems.

4.5 Node-Connectivity Requirements

In this section we show how to modify the dual-ascent algorithm to the NDC model and
the DNDC model that have both edge/arc- and node-connectivity requirements. Later,
we describe several modeling extensions to the NDC and DNDC models, and show how

to apply the dual-ascent algorithm to them. In the subsequent discussion we restrict our
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attention to the DNDC model and explain the necessary modifications to the dual-ascent
algorithm. Modifying the dual-ascent algorithm for the NDC model is similar.

By following the Lagrangian duality approach on Formulation (4.14), we could develop
the dual-ascent algorithm for the DNDC problem with connectivity matrix R that contains
both arc- and node-connectivity requirements. For a more appealing derivation of the
dual-ascent algorithm, we pursue a slightly different approach and develop the dual-ascent
algorithm by considering the DNDC problem on a transformed digraph.

First, we make a slight modification to constraint (4.14d) in the directed flow formulation
for the DNDC (4.14). Replace constraint (4.14d) by

SO fh <" forallk € K and all i # O(k) or D(k), (4.20)
leN

with b¥ = 1 if commodity k& models a node-connectivity requirement, and v* = g, if com-
modity k£ models an arc-connectivity requirement. Notice that if commodity k& models a
node-connectivity requirement, this constraint permits only a unit of flow through any tran-
shipment node (i.e., a node that is not the origin or destination of the commodity) in the
network and thus ensures g node-disjoint paths. On the other hand, if commodity k& models
an arc-connectivity requirement, the constraint imposes no limit (beyond the arc capacity
limits) on the flow of commodity k& through any transhipment node in D.

Now apply the node splitting procedure, described in Section 4.1.1, to the digraph
D = (N, A). The node splitting procedure replaces node i by two nodes i; and i3. Arcs
directed out of node 7 are now directed out of node 75. Arcs directed into node ¢ are now
directed into node 4;. The transformation also introduces arcs of the form (i1,42). In the
new digraph D = (N, A), obtained by the node splitting procedure, let Ay denote the
set of arcs that represent nodes in the original digraph D (e.g., arcs of the form (iy,1i2)),
and let A4 denote the set of arcs that represent arcs in the original digraph (i.e., A\ Ay).
The capacity and cost of an arc in A4, say (i2, 1), is equal to the capacity and cost of its
counterpart in A, i.e., arc (i,5). Since arcs in Ay correspond to nodes in D, they have zero
cost.

Now translate the directed flow formulation for the DNDC problem (4.14) on D to the
digraph D. Suppose node s is the origin and node t is the destination for commodity k
in D; then node sy is the origin and node t; is the destination of commodity k in D. To
transform constraint (4.20) to the directed flow model on D, let bfj denote the maximum
amount of flow of commodity k that can flow on an arc (i,j) in Ay. If commodity k
models a node-connectivity requirement of D, set bfj =1 for all arcs in Ay. Otherwise, if
commodity k£ models an arc-connectivity requirement in D, set bfj = g, for all arcs in Ay.

The transformation of the remaining constraints is straightforward. We, therefore, obtain
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the following formulation of the DNDC problem on the transformed digraph D.

Directed flow model for the DNDC problem on D:

Minimize Z CijYij (4.21a)
(i,5)€AA
—qx ifi = O(k);
subject to: Z fﬁ‘ - Z fr = qw ifi=D(k); foralliec N and k € K(4.21b)
JEN leN 0  otherwise;
f;; < yij for all (i,5) € Ay and k € K (4.21c)
fho< o for all (i,j) € Ay and for all k € K (4.21d)
f;; >0 for all (i,j) € ApAUAy and k € K (4.21e)
yij < bij for all (i,j) € Aa; (4.21f)
yij > 0 and integer, for all (i,7) € A4. (4.21g)

Since we obtained this model from Formulation (4.14) and the node-splitting procedure,
it is easy to see that it is a valid representation of the DNDC problem. We can obtain
the optimal solution to the DNDC problem on D from the optimal solution to the DNDC
problem on D as follows: include arc (i,7) € A in the optimal solution to model (4.14)
if the corresponding arc (ig,j1) € A4 is in the optimal solution to model (4.21). Since
we obtained Formulation (4.21) from Formulation (4.14), these two formulations are also
equivalent as LPs.

Although doing so might be repetitive, to be complete we now briefly derive the dual
problem to Formulation (4.21). Viewing U fj, tf] and u;; as Lagrange multipliers for con-
straints (4.21b), (4.21c), (4.21d) and (4.21f), we obtain the following Lagrangian function:

L(y7 f7 v,w,u, t) = Z CijYij + Z Z ( yl] wl] + Z ym 1] UZ] +

(i,j)€AA (i,j)eAa kEK (i,j)€AA
Yoo D UE YD A =D D fiE
(i,5)€ AN kEK ieN keK JjEN leN

Rearranging the terms, we obtain

Ly.fov,wout) = > Y divf— > byu— > bty +

iEN k€K (i)€AA (i.))€AN
k k k k k
Yo 2= rwi) i+ D0 (et — D] whyy +
(i,j)€A kEK (i,5)€AA keK

Z Z v —; —I—tk)ffj.
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An identical argument to the one used in Section 4.2 shows that for a given node potential
vector v, we obtain the optimal value of the Lagrangian dual function, Z(v,w,t,u) =
mingy, ¢ {L(y, f, v,w,u,t)[subject to (4.21e) and (4.21g)}, by setting wfj = max(0, 17;? -k,
tfj = max(O,T;é‘? —oF), and w;; = max(0,Y ek max(O,@;C — %) — ¢;;). Therefore, we can
write the Lagrangian dual problem as a maximization problem over the node potentials v.

The Lagrangian dual problem is

Maximize Z(v)

subject to no constraint on v

with
Usj
Z(v) = Z Z dFok — Z b;j max(0, Z maX(O,v;-C —ub) —Cij) —
keK ieN (4,)€EAA keK_;_’
Z Z bfj max(0, vf — o). (4.22)
—_————

(i.j) €Ay k€K .
th,

Notice, because there is a one-to-one correspondence between the arcs in A and the arcs
in A4, and between the constraints defined on A in Formulation (4.14) and the constraints
defined on A4 in Formulation (4.21), the second term in the dual function is similar to the
second term in the dual function (4.15) (i.e., for arcs A). The third term of the function is
due to the arcs in Ay and constraint (4.21d).

As before, we associate with each commodity k € K a directed network D¥ = (N, A¥)
defined on the nodes N and arcs A¥ = A. Now, consider the complementary slackness

conditions for Formulation (4.21).

Yij >0 = waj—uij:cij if (i,7) € Au;
keK
Z’;>0:>vf—vf—wfj if (i,7) € Aa;
Z’;>0:>vf—vf:tfj if (i,7) € An;
uij >0 = yij = byj if (i,7) € Au; (4.23)
wh >0 = fh =y if (,7) € Aa;
and tfj >0 = f{; = bfj if (i,7) € An.
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The first three conditions are the primal complementary slackness conditions. For arcs in
Ay, the primal complementary slackness conditions are identical to the primal complemen-
tary slackness condition for arcs (i,j) in A in (4.16). Therefore, we define the states of the

arcs in A4, i.e., active, inactive, etc., as in equation (4.7). The third primal complementary
k k
=tk

. k k . A
p ij» or if vj > v For arcs in Ax

we define (i, j)k as active if vf > vF and inactive otherwise. If vf = of

[
k

7

condition permits flow on an arc in Ay only if vf —v
we say (i,j)k is
weakly active, and if v;? > v, we say arc (i, j)k is strongly active. Observe again, primal
complementary slackness implies every inactive arc has zero flow.

Calculating the directional derivative of the dual cost for a basic direction of the form

vk we obtain

Z'(vivp) = Y di + > bji — > bij +

i€l (j,i)*:strongly active (4,5)%:active
igT,JET,(j,)) €AY igT,jET,(1,)) €A 4

> D (4.24)

(4,i)k:strongly active (i,5)F:active
€T, jET,(§,i)EAN €T, JET,(i,j)EAN

Suppose we interpret b;; as the “capacity” of an arc (4, j)k when (i,7) € Aya, and
interpret bfj as the capacity of an arc (3, j)k when (i,7) € Ay. Then, equation (4.24) is
identical to equation (4.17), the dual function for the DNDC problem, when we interpret
b;j as the capacity of an arc (4, j )* in equation (4.17) (bi; and bfj are constants). Therefore,
the dual-ascent algorithm for the arc-connectivity version of the DNDC problem can be
applied to the DNDC problem on D.

Accordingly, the necessary changes to the dual-ascent algorithm are as follows.

1. For the arcs in Ay, the variable tfj = max(0, fu;‘? —vF). For these arcs, (z’,j)k is active

if v;? > vf, weakly active if v;? = vf, strongly active if vf > vf , and inactive otherwise.
2. Any reference to b;; in the dual-ascent algorithm, becomes bfj for arcs in Ay.

Before we conclude this section, we point out a relationship between the duals of For-
mulations (4.14) and (4.21). Consider the following LP dual to Formulation (4.14).

Dual to Formulation (4.14):

Maximize Z Qk”%(k) — Z bijuij — Z Z th (4.25a)

kEK (i.§)eA keK iEN
subject to: v;-“ —th—oF < wfj for all (i,5) € A (4.25b)
Z wfj — Ujj < Cij for all (Z,]) €A (4.25(3)

keK
ui; > 0 forall (i,j) € A (4.25d)
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wli >0 forall (i,j) € A (4.25¢)
k op .
t; =0 ifj=0(k),D(k) (4.25¢)
k op -
ti >0 if j# O(k), D(k). (4.25g)

To transform a feasible solution to the dual of the DNDC model on D, i.e., the dual
function (4.22), to a feasible solution of equal cost to this dual, we argue as follows. For

every node ¢ in N and commodity k£ in K, set fuf = vF (i is the tail of the arc that

11
k ko ok

represents node i in D), and set tf = w;, ;,- For every arc in A, set w;; = w;; and
)

Uij = Uiyj, (arc (i, j1) is the counterpart of arc (4,7) in D). Then,
b gk =gk gk k) ok k k k k

v Ji i1 Ji ig T WMiggn T Yige

ko
Therefore the solution satisfies constraint (4.25b). It is easy to see that it also satisfies the
remaining constraints in Formulation (4.25), and that this dual solution has equal cost in
both models.

Consequently, by interpreting the operations of the dual-ascent algorithm on the di-
graph D, we can obtain a dual-ascent algorithm that operates on the original digraph D.
Since the algorithmic details are rather straightforward, but the description tedious, we
omit them.

For NDC problems with node-connectivity requirements, we could transform the NDC
problem to a DNDC problem and apply this algorithm. Alternatively we could either
interpret this dual-ascent algorithm on the undirected network, or directly derive a dual-
ascent algorithm on the undirected network following the Lagrangian dual approach. Since
both these procedures are relatively easy, and result in a dual-ascent algorithm similar to
the DNDC problem (except for the shape of the u;; function, and thus the equations for

the dual variables), we omit the details.

4.5.1 Combined Edge- and Node-Connectivity Requirements Between
Nodes

In some instances, network planners need to protect against both node and edge failures.
Sometimes network planners design networks that survive fewer node failures than edge fail-
ures. We describe two models, introduced by Grétschel and Monma [GM90], for combined
edge- and node-connectivity requirements.

The first model has the following connectivity requirements. For each pair of nodes s
and t, construct rs edge-disjoint paths and pg node-disjoint paths between nodes s and ¢
(1 < pst < rg). Edge connectivity and node connectivity are two extreme instances of this

model. For edge connectivity, set pss = 1, and for node connectivity set pg = rg. It is easy
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to model these combined requirements in the NDC model (or the DNDC model). Create two
commodities k¥ and k', one to model edge connectivity (or arc connectivity for the DNDC
model) and one to model node connectivity, both with origin node s and destination node t,
setting ¢, = rg and g = pg. Since commodity &’ models a node-connectivity requirement,
it belongs to the set of commodities K.

In this model, we created two commodities for each pair of nodes. If pg is 1, 2, or 7,
we can decrease the number of commodities by creating only a single commodity between
nodes s and t. It is clear why one commodity is sufficient when pg; is 1 or rg. If pg = 2,
create a single commodity k& € K™ between nodes s and ¢ with g5 = ry. In addition,
set the righthand side of constraint (4.2d) in the NDC model (or constraint (4.14d) in the
DNDC model) to rs; — 1. This choice ensures that no transhipment node allows more than
rst — 1 units of commodity k to flow through it, which implies that deleting a node will
destroy at most rs; — 1 paths leaving one path between nodes s and ¢ intact.

To develop the second model, suppose a network contains 74 edge-disjoint paths between
nodes s and t. Network planners might want a certain fraction of the ry paths between
these nodes to survive a single node failure. For example, suppose the network has 10 edge-
disjoint paths between nodes s and ¢t. Subsequent to a node failure, network planners might
want to maintain at least 8 edge-disjoint paths between nodes s and ¢. This model specifies
connectivity requirements between nodes s and t as a pair (rg, pst), with rg the number
of required edge-disjoint paths between nodes s and ¢, and ps; the number of required
edge-disjoint paths that would survive a node failure.'® Again edge and node connectivity
are special cases of this model. We can model edge-connectivity requirements by setting
Pst = 0, and node-connectivity requirements by setting ps; = 75t — 1. This model might
be appropriate in situations when the number of edge-disjoint paths between nodes s and ¢
reflect the amount of traffic between nodes s and ¢t. Therefore, guaranteeing the network
contains pg; edge-disjoint paths between nodes s and ¢ after a node failure, ensures ps; /7
units of the traffic between nodes s and t survives a node failure.

To model the connectivity requirements in this model, create a commodity & € K ]
and set g = rg, and bk =y — Pst- Then, as in equation (4.20), set the righthand side
of equation (4.2d) to b* in the undirected flow formulation for the NDC problem (and the
righthand side of equation (4.14d) the directed flow formulation for the DNDC problem).

These two models are similar in three cases. Edge connectivity, node connectivity, and
when pg = 2 in the first model and pg; = 1 in the second model (we assume that the

rst values are equal in this comparison). In other cases, the two models are different. In

13 This model is a special case of a very general model that Grétschel and Monma introduced. Their model
specifies a triplet, (7st, Pst, Gst), with s the number of required edge-disjoint paths between nodes s and t,
and ps: the number of required edge-disjoint paths that would survive at most gs:+ node failures.
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the first model, ps; prescribes the number of node-disjoint paths between a pair of nodes.
Consequently, the only way to ensure a large fraction of the paths between s to t survive a
single node failure is to make them node disjoint. This requirement might be a stronger than
necessary, especially if node failures are fairly rare. In the second model, py; prescribes the
number of edge-disjoint paths that survive a single node failure. The model will, therefore,
ensure a large fraction of the edge-disjoint paths survive a single node failure. However,
unlike the first model, this model does not consider the consequences of more than a single
node failure.

Since both these models are special versions of Formulation (4.2) (and Formulation (4.14)
for the DNDC problem), the dual-ascent algorithm described earlier in this section is ap-

plicable to these models.

4.5.2 Node Costs

Nodes in telecommunication networks often represent the location of switching equipment.
Switching equipment (and other transmission equipment, like concentrators and repeaters)
is very expensive. The cost of a switch can be as much as several million dollars. Opti-
mization models that permit node costs allow network planners to analyze facility location
decisions (i.e., whether or not to install a switch) in addition to the survivability issues.

To consider NDC and DNDC problems with node costs, we assume that whenever we
select an edge or arc in the network adjacent to any node, we need to install transmission
equipment at that node. Moreover, once the transmission equipment is in place at a node,
it is capable of handling traffic from all edges or arcs incident to it. Nodes that have
connectivity requirements, i.e., those with at least one positive entry in the row or column
corresponding to the node in the connectivity matrix R, must necessarily incur the costs
at the node. Thus, no optimization is necessary for these nodes. Consequently, we assume
these node costs are zero and optimize only over the Steiner nodes in the network.

In this discussion, we consider node costs for the DNDC problem. Modeling node costs
for the NDC is similar. The models and dual-ascent algorithm described in this chapter
can incorporate node costs only if all the connectivity requirements in the DNDC problem
(or NDC problem) are node-connectivity requirements. Then, the node splitting procedure
will permit us to convert the problem to one with only arc-connectivity requirements.

As before, let D = (N, A) denote the digraph obtained by the node-splitting procedure,
with Ay denoting the arcs in A that correspond to nodes in D and A4 denoting the arcs
that correspond to arcs in D. Set the cost and capacity of an arc in A4 as before. For arcs
in Ay, set b;; = 1 and set ¢;; equal to the cost of the node it models. The resulting problem
is an arc-connectivity problem on D. Therefore, we can apply the dual-ascent algorithm for

the DNDC problem with arc-connectivity requirements (described in Section 4.4).
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If the problem contains arc-connectivity requirements, the digraph transformation pro-
cedure to capture node costs is not valid. Because this model permits only a unit of flow
through an arc in Ay, the procedure converts arc-connectivity requirements in the original
digraph D to node-connectivity requirements. Thus, a different model (and dual-ascent
algorithm) is necessary to model node costs in problems that contain arc-connectivity re-
quirements. In this thesis, besides this discussion, we do not investigate models with node

costs. This topic is an important issue that merits further investigation.

4.6 Single Commodity Problems

In the foregoing discussion, we described a dual-ascent algorithm for NDC and DNDC
problems with general connectivity requirements. The dual-ascent algorithm is a heuristic
method. Does it solve certain special cases of the NDC problem (or DNDC problem)
optimally? In this section we provide a partial answer to this question by showing that
the dual-ascent procedure solves single commodity problems optimally. Actually, we will
show this result only for the g-edge-disjoint path problem. The proofs for the other single

4

commodity problems!'? are similar. We also show that the dual-ascent algorithm is closely

related to the successive shortest path algorithm for the minimum cost flow problem.

Theorem 4.6.1 The dual-ascent algorithm for the q-edge-disjoint path problem either finds

optimal primal and dual solutions (x,f) and (v, w,u) or shows that the problem is infeasible.

Proof: For convenience, we restate the complementary slackness conditions (4.6). Since

this is a single commodity problem, we drop the superscript k.

Tij > 0 = Wij — Wij = Cij;
fij>0 = Vj — Uy = Wij;
Uij > 0 = Tij = bij;

and Wi > 0= fij + sz’ = T;j.

Recall that we refer to the first two conditions as primal complementary slackness condi-
tions and the last two conditions as dual complementary slackness conditions. Initially, the

solution satisfies all four complementary slackness conditions. The algorithm permits only

' The other single commodity problems are (i) the g-node-disjoint path problem, (ii) the g-node-disjoint
path problem with node costs, (iii) all the problems discussed in Section 4.5.1 that can be formulated with
a single commodity, (iv) the g-arc-disjoint path problem, and directed versions of (i), (ii), and (iii).
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one of the two variables f;; and f;; to be positive. Since the problem has a single commodity,
the equation x;; = max(f;;, fj;) implies fi; + fj; = x4 for all edges. The solution always sat-
isfies the second dual complementary slackness condition. In our discussion in Section 4.2.2
(on page 109), we showed that a dual-ascent step for a commodity k& maintains the primal
complementary slackness conditions for this commodity. Therefore, for a single commod-
ity problem, the dual-ascent algorithm always maintains primal complementary slackness.
Now we show if any arc (7, j) is strongly active, then f;; = b;;. Observe that before an arc
becomes strongly active, it must have been weakly active. The dual-ascent algorithm adds
node ¢ to T if (i,7) is a weakly active arc directed into 7" and f;; < b;;. Therefore, arc
(4,7) can become strongly active only after f;; = b;;. Also observe that the algorithm (in
the procedure increment-flow) decreases the flow on strongly active arcs. Therefore, for all
strongly active arcs f;; = b;;. This result implies that z;; = b;; for all strongly active arcs
(i,7), and so the solution satisfies the first dual complementary slackness condition as well.

Since the final primal and dual solutions are feasible and satisfy all the complementary

slackness conditions, the final primal solution is optimal. |

We have shown the dual-ascent algorithm solves the ¢g-edge-disjoint path problem. This
result shows that for all nonnegative-cost vectors, the LP relaxation of the undirected flow
formulation for the g-edge-disjoint path problem has an integer optimal solution. Since the
projection of the LP relaxation of the undirected flow formulation is the LP relaxation of
the cutset formulation, this result implies that the LP relaxation of the cutset formulation
for the g-edge-disjoint path problem also has integer optimal solutions whenever the cost
vector is nonnegative.

Similarly, the LP relaxation of the undirected flow formulation for the g-node-disjoint
path problem has an integer optimal solution and its projection, the LP relaxation of the
cutset formulation for the g-node-disjoint path problem, also has integer optimal solutions
whenever the cost vector is nonnegative. (We can make similar statements for the directed

flow model for the DNDC problem and its projection, a dicut formulation).

4.6.1 Dual-Ascent and the Successive Shortest Path Algorithm for the
Minimum Cost Flow Problem

For a single commodity problem, because x;; = max(f;j, fj;) and all costs are nonnegative,
we can transfer the costs on the edges to the flows. That is, we can cast the problem
as a minimum cost flow problem. Using this transformation, the 3-edge-disjoint problem
in Figure 4-10 becomes the following minimum cost flow problem: send 3 units of flow
from node s to node t when the cost of sending a unit of flow on an edge {7,j} equals
to ¢;j. Therefore, any algorithm for the minimum cost flow problem is capable of solving

the g-edge-disjoint path problem. In this section we show that the algorithm developed in
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b;=3,6=1f=2 ICS(i,j) = 1'Cr(i,i) =1

B3 = 2, g, = —1

(a) (b)

Figure 4-13: Residual network. (a) Arc (4, ) has a flow of 2 units and a capacity of 3 units.
(b) Residual arcs. (i,7j) has a capacity of 1 unit and (j,7), has a capacity of 2 units.

Section 4.2 closely resembles the successive shortest path algorithm for the minimum cost
flow problem.

First, let us formulate the g-edge-disjoint path problem as a minimum cost flow problem
on a directed network as follows. Convert the undirected graph to a digraph D = (N, A)
by replacing each undirected edge {i,j} by two directed arcs (7, j) and (j,4). The cost ¢;; of
sending a unit of flow on an arc (7, ) equals the cost of the undirected edge {i,j} and the
capacity b;; of each arc equals the capacity of the undirected edge {4, j}. Set the supply of
node s to ¢ units, and the demand of node ¢ to ¢ units.

The successive shortest path algorithm operates on the residual network D(f) corre-
sponding to flow f, defined as follows. Replace arc (i,j) with a capacity b;; by two arcs
(i,4) (the forward arc) and (j,i), (the reverse arc'®). Arc (i,j) has cost c(; ;) (= ¢;;) and
residual capacity b@% B = bij — fij, and arc (j,i), has cost ¢(;;), = —c(; ;) and residual capac-
ity bfj’i)r = fi;- The residual network contains those arcs with positive residual capacity.
Figure 4-13 illustrates a simple residual network.

The successive shortest path algorithm selects a supply node and a demand node (s and ¢
for the g-edge-disjoint path problem). It then finds the shortest directed path between
nodes s and ¢ in the residual network, sends a unit of flow on this path, and updates
the residual network and demands. It proceeds in this fashion until the demand for the
commodity is zero.

Owing to the presence of reverse arcs, the residual network might contain negative-cost
arcs. The successive shortest path algorithm cleverly transforms the costs of the arcs in the
residual network so that (i) all arc costs are positive, (ii) the shortest path between a pair
of nodes remain unchanged. To transform the costs, it associates with each node in the
residual network a node price v;. The reduced cost of a forward arc (7, j) with respect to a
node price vector v is c& J)

respect to node price vector v is ¢

= ¢;j + v; — v;j. The reduced cost of a reverse arc (4,7), with

v — v
(i), = G
maintains c}; > 0 for all arcs (4, 7) in the residual network. The shortest paths with respect

The successive shortest path algorithm

'5We use the subscript r to differentiate the reverse arc (j,i) from the forward arc (j, )
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to the reduced costs are identical to the shortest paths with respect to the original costs.
Therefore, we can apply a shortest path algorithm like Dijkstra’s [Dij59] to the residual
network to find the shortest paths. At termination, the successive shortest path algorithm
obtains a feasible flow f whose residual network has no arcs with negative reduced cost.
These are the optimality conditions for minimum cost flow problems (see Ahuja, Magnanti
and Orlin [AMO93]).

The dual-ascent algorithm for the g-edge-disjoint path problem is identical to the suc-
cessive shortest path algorithm. We establish this result in two parts. First we show that if
f? is the flow vector and vP the node potential vector at the start of subroutine phase(p) in
the dual-ascent algorithm, then all the arcs in the residual network D(fP) with node price
vector equal to the node potential vector vP have positive reduced cost. To show that the
node prices for the residual network are vP, we change our notation slightly and refer to
the residual network as D(fP,vP). Second, we show that at the conclusion of subroutine
phase(p) the dual-ascent algorithm sends a unit of flow on the shortest path between nodes s
and t in D(fP,vP).

Before establishing these results, we clarify some notation. To differentiate between the
arc (i,7) in the directed network (in the dual-ascent algorithm) and the arc (i,7) in the
residual network, we add a superscript k£ to the arcs in the directed network. Now, consider
the directed network at the beginning of subroutine phase(p) in the dual-ascent algorithm.
Observe that:

1. If (4, §) is inactive, arc (, j) has no flow. Therefore, D(f?, v?) contains arc (i, ), but
not (j,),. Either v; > v;, in which case s;; > 0, and so ¢;; +v; —v; > 0, or v; < v;, in
which case ¢;j +v; —v; > 0. Therefore, arc (i, j) in D(f?, v?) will always have positive

reduced cost.

2. If (i,j)k is weakly active, then s;; = 0. So ¢;; +v; —v; = 0. If f;; < b5, then the
forward arc (4,7) is in D(fP,vP) and its reduced cost is zero. If f;; > 0, then the

reverse arc (j,4), is in D(fP,v?) and its reduced cost is also zero.

3. If (z’,j)k is strongly active, s;; = 0 and u;; > 0. Therefore, ¢;; +v; —v; < 0.
Because f;; = b;; (in Theorem 4.6.1 we showed that f;; = b;; for strongly active arcs),
D(fP,vP) does not contain arc (i, j), but contains reverse arc (j,7),. The reduced cost

of arc (j,4)r Is —cf; ;) = —cij —vi +v; > 0.

By considering arc (j,4)", we can similarly show that (j,i) and (i,5), in D(f?,v?) have
positive reduced cost. Therefore, all the arcs in D(f?, vP) have positive reduced cost.

We now show that at the conclusion of subroutine phase(p) the dual-ascent algorithm
sends flow on the shortest path between nodes s and ¢ in D(f?, vP). We establish this result
with the help of Theorem 4.6.1, which shows the dual-ascent algorithm solves the shortest
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path problem. Therefore, the following (dual-ascent) algorithm finds the shortest (directed)

path from node s to ¢ in a digraph with no negative-cost arcs.

Shortest path algorithm
1. Initially set T'= {t} and set d; = 0 for all nodes in the digraph.

2. Find the arc (i, j) directed into 7" with the smallest value of ¢;; + d; — d;. Set dj, =
di, + (¢ij + d; — dj) for all nodes k in 7. Add node i to T and set next[i| = j.

3. If s € T, stop. Otherwise, repeat Step 2.

Backtracking, using the next array, we obtain the shortest path. Note, because the algo-
rithm increases d; only for nodes in 7', d; = 0 for nodes not in 7. Thus, in Step 2 the
algorithm finds the arc (7,7) with the smallest value of ¢;; — d; and adds node i to T'.

Let us interpret this algorithm in a way that will make the connection between the
dual-ascent algorithm and the successive shortest path algorithm more transparent. The
shortest path algorithm maintains a dicut 6=(7"). For each arc (4,j) in the dicut 6= (7),
the maximum increase in the node label d; is ¢;; — dj. That is, the value of d; at which
¢ij +d; —d; = 0. The algorithm considers all arcs across the dicut, (i) selects the arc (3, j)
with the minimum value of ¢;; — d;, (ii) increases the node potentials by ¢;; — d; for all
nodes in 7', and (iii) adds node i to T

Some thought shows that this algorithm is similar to a “reverse” implementation of
Dijkstra’s algorithm. That is, it starts by setting 7" = {t}. Then it finds the least cost arc
(i,7) directed into T', adds node ¢ to T, and sets next[i] = j. It continues in this fashion
until node s is in T

Suppose we use this algorithm to find the shortest directed path from node s to node t in
the residual network. Then in each iteration, to select the node ¢ to add to T the algorithm
considers the value of cz(’h i~ d; for a forward arc (4, j) directed into T, and considers the

¥ —d; for a reverse arc (i, j), directed into T'. Note that

value of i)

Gy~ di = cjtvi—vi—di = cij+vi—(vi+dy) (4.26)
iy — 4 = —Gi—vitvi—di = —cjitvi— (v +dj)

The subroutine phase of the dual-ascent algorithm starts with 7" = {t}. It adds all
nodes i to T, for which (i, §) is active with fij < bij or (j, i)¥ is weakly active with fji>0
and sets next[i][k] = j (ignore the sign for the moment). To show that the dual-ascent
algorithm performs identical steps to the shortest path algorithm on D(fP,vP), we show

that in subroutine phase(p),

1. Node potentials for any ¢ ¢ T' remain unchanged.
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2. Once a node is added to T, it remains in 7" until the algorithm calls the procedure

increment-flow(k) (i.e., increases the flow by a unit).
3. The algorithm adds nodes to T' in the same order as the shortest path algorithm.

First, by definition, an ascent step changes the node potentials only for nodes in T'.
Therefore, the first statement is true. Second, since this is a single commodity problem, no
complementary slackness violations take place in the dual-ascent algorithm. Consequently
the subroutine phase terminates after calling increment-flow(k).

Suppose instead of increasing the node label d;, the shortest path algorithm increases
the node potential v; (i.e., v; = v; + d;). Then, from equation (4.26), in each iteration the
shortest path algorithm will consider the value of ¢;; +v; —v; for a forward arc (4, j) directed
into T" and consider the value of —¢;; + v; — v; for a reverse arc (i, j), directed into 7.

The find-ascent-set procedure of the dual-ascent algorithm adds a node i to T if either
(i,j)k is active with fi; < b, or (j,i)k is weakly active with fj; > 0. The former case
corresponds to adding i to T because c¢;; +v; — v; = 0 for arc (4, j) in the residual network,
and the latter case corresponds to adding i to T" because —cj; +v; —v; = 0 for arc (4, j), in
the residual network.

Now, if T is an ascent set, consider the five possible cases (see page 112). In each case
jeT,i¢T. Note that the first case is the only one for which there is a reverse arc directed
into 7.

1. (j,z')k is strongly active: If (j,i)k is strongly active it implies that fj; = bj;. The
maximum amount the dual-ascent algorithm increases v; before adding ¢ to 7' is
min(uij,v; — v;), which is w;;. From equation (4.12), w;; = —cj; +v; — v;. Since
fji = bji the residual network contains the reverse arc (i,7),. (Note, we need not

consider the arc (i, j).1%)

2. (4, z)k is weakly active: In this case f;; = 0; otherwise the algorithm would have added
node i to T'. Because this is a single commodity problem, in the dual-ascent algorithm
we do not need to stop an ascent step when v; = v;. Instead the maximum increase is
2(v; —vj). Since (7, i)* is weakly active ¢ij = v; —vj. Therefore the maximum increase

2('07; — 'Uj) = Cij + v; — vy .

3. (j,z')k is inactive and v; < v;: The maximum increase for v; in this scenario is
sij + 2(v; — vj). This corresponds to considering arc (4,7) in the residual network.

Substituting s;; = ¢;; +v; — v;, we find the maximum increase is ¢;; + v; — v;.

151f both (4, 5). and (4, j) are contained in D(f?, vP), then only (4, j)» needs to be considered in the shortest
path algorithm. Why? The reduced cost of arc (3, j), c?iyj), is equal to ¢;; + v; — v;, and the reduced cost of

. " . N o o B v v
arc (4, J)r, €(i ), 18 —¢ji +vi —v;. Because all edge costs are nonnegative —c;; < ¢, and so c(; ;) < c(; j)-
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4. (i,7)" is inactive and v; > v;: The maximum increase for v; in this scenario is s;;.

Note s;; = ¢;j +v; — v;.

5. (i, j)k is active with f;; = b;;: There is no limit on the amount of increase in the node
potential. Observe that because f;; = b;; and f;; = 0, arc (¢,j) and arc (4, j), are not

in the residual network.

We have thus shown that if arc (7, j) is directed into T in the residual network, the maximum
amount the dual-ascent algorithm will increase the node potential v; before adding node i
to T is ¢;j + v; — v;. Similarly, if arc (4, ), is directed into 7" in the residual network
the maximum amount the dual-ascent algorithm will increase the node potential v; before
adding node i to T"is —c¢;; + v; — vj. Therefore the steps of the dual-ascent algorithm in
subroutine phase(p) are identical to the shortest path algorithm on the residual network
D(fP,vP).

The preceding discussion shows that the dual-ascent algorithm can be considered as a
generalization of Dijkstra’s algorithm. Suurbaale [Suu74] describes an algorithm for the
g-arc-disjoint path problem and the g-node-disjoint path problem (the node-disjoint path
problem can be formulated as a min-cost flow problem by using the node splitting procedure)
where arc replication is not permitted. His algorithm essentially interprets the steps of the
successive shortest path algorithm on the original network. Our discussion also shows
that the dual-ascent algorithm can also be considered as a generalization of Suurbaale’s
algorithm.

The foregoing discussion suggests that one might be able to derive the successive shortest
path algorithm by following a Lagrangian duality approach. This is indeed the case. For a
detailed discussion and derivation of the successive shortest path method as a dual-ascent
method see Bertsekas [Ber91].

4.7 Improvements

The dual-ascent algorithm provides a heuristic solution to the NDC problem. In this section
we discuss two improvements to the algorithm. When the dual-ascent algorithm terminates,
it provides a feasible primal solution (x,f) and a feasible dual solution and an associated
lower bound. The first improvement increases the cost of the dual solution, i.e., the lower
bound. The second improvement decreases the cost of the primal solution, i.e., the cost of
the heuristic solution.

At the conclusion of the dual-ascent procedure, there might still be a basic direction of
ascent that improves the dual objective (i.e., lower bound). In this case we can improve
the lower bound by following a steepest basic ascent procedure. We have previously shown

(on page 103) how to find the steepest basic ascent direction. Although finding a steepest
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basic ascent direction is computationally expensive, it might be worthwhile pursuing this
approach because (i) it has the potential to increase the lower bound, and (ii) we expect
only a few iterations of improvement.

The primal solution x might contain more edges than necessary to satisfy the connectiv-
ity requirements. We can improve the primal solution solution by dropping edges if deleting
them does not create an infeasible primal solution. There are many different ways to con-
sider dropping the edges from the network. For instance, we could maintain an ordered list
of the edges in the network as they became tight, and delete them in LIFO fashion. (Note
that we must exercise care during the course of the algorithm to ensure that only tight
edges are on the list. Consequently, if an edge on the list has positive slack we must delete
it from the list). Another approach drops the edges in greedy fashion. This heuristic would
consider the edges for dropping in order of decreasing cost. Another variation of both these
heuristics uses the auxiliary network (instead of the primal feasible solution x) as the initial
primal feasible network.

This concludes our discussion of the dual-ascent algorithm for the NDC and the DNDC
problem (note that both the improvements can be applied to the DNDC problem). To con-
clude this chapter, we compare our dual-ascent algorithm with Goemans et al.’s algorithm

for the NDC problem, and then summarize the contributions of our discussion.

4.8 Comparison with Goemans et al.’s Algorithm

In this section we describe the Goemans et al.’s algorithm for the NDC problem with
edge-connectivity requirements. Then, we compare the dual-ascent algorithm for the NDC
problem with this algorithm. The Goemans et al.’s algorithm was developed in a sequence
of papers (see [WGMV93], [GGW93|, and [GGP194]). For convenience, we refer to the
algorithm as the GW algorithm (since Goemans and Williamson are the common co-authors
in the three papers [WGMV93], [GGW93], and [GGP194]). Our presentation mainly follows
the description of these results in Williamson’s Ph.D. thesis [Wil93].

The GW algorithm applies to the class of network design problems that can be formu-

lated as follows:

Minimize Z CijTij (4.27a)
{i,j}ek
subject to: > my = f(S) forall S CN; (4.27b)
{i.7}€d(9)
zi; € {0,1} for all {i,j} € E. (4.27¢)

The function f(S) satisfies the following “proper” conditions:
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e [Symmetry] f(S) = f(N —S) for all S C N; and
e [Maximality] If A and B are disjoint, then f(AU B) < max{f(A), f(B)}.

Also, f(N) = 0 for every proper function f.

Notice that with the choice f(S) = econ(S) of the proper function, Formulation (4.27)
models all NDC problems with edge-connectivity requirements (in the model that does
not permit edge replication). Actually, proper functions model more general problems like
the minimum cost matching and the minimum cost T-join problem.'” However, Formula-
tion (4.27) cannot model node-connectivity requirements and the other generalizations of
the NDC that we described in Sections 4.5.1 and 4.5.2.

4.8.1 Description and Analysis of the GW Algorithm

The GW algorithm is a fairly complicated algorithm. We will explain it in three parts.
First, we give a high-level description of the algorithm. Next, we describe in some detail
one of its key subroutines. Then, we show that the algorithm is a dual-ascent algorithm
that has a worst case ratio of 2H(fmax), where H(fmax) = 1 + % + % + ...+ fn:ltax. It is

instructive to pursue this analysis because it highlights the differences in the underlying

design methodology of the two algorithms.

Let us set some notation that we shall need in describing the algorithm. Let fi,.x denote
the maximum value of f(S) over all sets S C N. Suppose X denotes the set of edges in the
integer primal solution (not necessarily feasible). Let A(S) = f(S) — |dx(S)| denote the
deficiency of cut §(S). That is, given a solution X, A(S) denotes the minimum number of
edges, in the cut §(.5), that need to be added to X to satisfy constraint (4.27b).

The GW algorithm works in stages. In the first stage, it considers all sets S with
deficiency fimax- It then uses a subroutine called approz-uncrossable to find a solution that
has at least one edge in each such cut §(S). It adds the edges in the solution obtained
by approz-uncrossable to the primal solution X. Let X, denote the set of edges in the
primal solution X at the end of stage p. Then in stage p, the GW algorithm considers the
current solution X,,_; and identifies all maximally deficient cuts, that is, cuts 6(.5) with the
maximum value of A,(S) = f(S5) — [0x,_,(S)| (we use the subscript p in A,(S) to denote
stage p). It then calls approz-uncrossable which finds a solution X’ that (i) does not contain
edges in the current solution X,,_1, and (ii) has at least one edge in each maximally deficient
cut 6(S). It adds the edges in X’ to X,,_1, the solution at the end of stage p — 1, to obtain
X,, the solution at the end of stage p (i.e., X, = X,_1 UX’). Notice that at the end of

7 Given a graph G = (N, E) and a subset of nodes T, a set of edges £’ C E is a T-join if, in the subgraph
G’ = (N, E’'), the degree of a node i is odd if and only if ¢ € T. The minimum cost T-join is to find a T-join
at minimum cost.
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a stage, the GW algorithm decreases the deficiency of the maximally deficient cuts by at
least 1. Shortly, in the discussion of approz-uncrossable, we will show that the algorithm
decreases the deficiency of at least one maximally deficient cut by exactly one. Therefore,
at the end of stage 1 the maximum deficiency is finax — 1 and, in general, at the conclusion
of stage p, the maximum deficiency is fiax — p. Consequently, at the conclusion of stage
fmax, the solution Xy, satisfies all the connectivity requirements.

We now describe the key subroutine of the GW algorithm, approz-uncrossable, in more

detail. In stage p, define

1 if Ap(S):fmax_p+1;
0 otherwise.

hp(S) = {

In stage p, approx-uncrossable considers the following network design problem on the graph
Gp = (N, E,), where E, = E —X,,_.

Network design problem for stage p:

Minimize Z CijTij (4.28a)
{ijreEp
subject to: Z xij > hyp(S) forall S C N; (4.28b)
{1.7}€05,(5)
xzy; € {0,1} for all {3,j} € E,,. (4.28c¢)

Approz-uncrossable is a dual-ascent algorithm. In order to describe approx-uncrossable,

consider the dual to the LP relaxation of the network design problem for stage p.

Dual to network design problem for stage p:

Maximize Z hyp(S)ws (4.29a)
SCN
subject to: Z wg < ¢ forall {i,j} € E, (4.29b)
S:{i,j}€d(S)
wg > 0  forall §CN. (4.29¢)

Let us now outline a dual-ascent algorithm for the network design problem for stage p
(i.e., model (4.28)). For convenience, we drop the subscript p in the following discussion
(i.e., we refer to h,(S) as h(S), £, as E, and 0g,(S) as §(5)). Consider the complementary
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slackness conditions for the LP relaxation of Formulation (4.28) and its dual.

i >0 = Z ws = Cij; (4.30a)
S:{i,j}€0(5)
and ws >0 = Z xi; = h(S). (4.30b)
{i,7}€8(9)

By design, the dual-ascent algorithm maintains primal complementary slackness (4.30a)
and relaxes dual complementary slackness (4.30b). We refer to c;; — 3 .1 jyes(s) ws as the
slack s;;. As before, if the slack of an edge is zero, we say the edge is tight. We define the
auxiliary network by the tight edges. Initially, set wg = 0 for all S C N. Consider the
auxiliary network. Suppose we identify a set S with h(S) = 1 that has no tight edge in the
cut 6(S). Then, by increasing wg, we improve the dual objective function. Note that as we
increase wg, the slack for all edges in 0(S) decreases until some edge {7, j} becomes tight.
At this point, the algorithm adds that edge {7, 7} to the auxiliary network. We refer to a
set S with h(S) = 1 that has no tight edge as an ascent set.'®

A generic dual-ascent algorithm considers the auxiliary network and performs the fol-

lowing steps:
1. Find an ascent set S.

2. Increase wg until an edge becomes tight. If §(.S) contains no edge stop. The problem

is infeasible.
3. Repeat Steps 1 and 2 until every set S with A(S) = 1 has a tight edge in §(.5).

At the conclusion of these steps, the auxiliary network is feasible. However, a solution with
fewer edges might be feasible. Therefore, the dual-ascent algorithm performs a LIFO drop
heuristic.

The GW algorithm is a specialization of this generic dual algorithm. It considers minimal
ascent sets. That is, an ascent set that contains no subset that is also an ascent set. It
then simultaneously increases wg for all minimal ascent sets until some edge {7, j} becomes
tight.

Williamson, Goemans, Mihail and Vazirani [WGMV93] show that if the function A(S)
satisfies a certain technical property (called uncrossable), the algorithm’s solution is no

more than twice the cost of the optimal solution. We state this result without proof.

Theorem 4.8.1 Approz-uncrossable is a 2-approximation algorithm. In particular, the

integer primal solution X' produced by approz-uncrossable is at most twice the cost of the

18Note this definition of an ascent set is different from the definition of an ascent set earlier in this chapter.
This definition is similar to the definition of an ascent set in Chapter 3.
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dual feasible solution produced by approx-uncrossable. That is,

Z Cij < QZ’LUS. (4.31)
S

{ijrex!

Recall, the two concepts—minimal ascent sets and the LIFO dropping rule—that we pre-
sented in Chapter 3 in the context of the branching problem. Increasing the dual variables
wg simultaneously for all minimal ascent sets results in a dual-ascent algorithm with a
provable worst-case performance guarantee.

Using the worst-case performance ratio of approx-uncrossable, let us now show that the
GW algorithm is a 2H( fiax)-approximation algorithm.

First, observe that we cannot delete the last edge selected by approx-uncrossable in
stage p and maintain feasibility. This result implies the existence of some set S with
Ap(S) = fmax—p+1and |[6x/(S)| = 1. Because X' C E—X,_1, Apt1(S) = fmax—p+1—1.
That is, the algorithm decreases the deficiency of at least one maximally deficient cut by
exactly 1 unit.

Consider the solution to Formulation (4.29) in stage p. We show how to convert this
dual solution to a solution to the dual of Formulation (4.27); that is, a dual solution to the

original problem. Formulation (4.27) has the following linear programming dual.

Dual to Formulation (4.27):

Maximize Zp = Z f(S)ws — Z Uij (4.32a)
SCN {i,j}€E
subject to: Z wg < ¢ij+u; forall {i,j} € E; (4.32b)
S:{i,j}ed(S)
wg > 0 for all S C N; (4.32¢)
uj; > 0 for all {i,j} € E. (4.32d)

Given the dual variables constructed by approz-uncrossable in stage p, define u;; =
Ys:gigrescsyws for all {i,j} in X1, and u;; = 0 otherwise. We claim that the vector
(w,u) is feasible to Formulation (4.32). To see this, note that the construction of w by
approz-uncrossable, implies that 3 g.¢; iyes(g) ws < ¢ij for {i,j} € Ep. Thus, the solution
satisfies constraint (4.32b) for {i,j} & X,_1. For {i,j} € X,,_1, the definition of u;; ensures
that the solution satisfies constraint (4.32b).

We now show that the GW algorithm has a worst case ratio of 2H( fmax)-

Theorem 4.8.2 The GW algorithm has a worst case ratio of 2(H( fmax)-

Proof: Let Z7, denote the optimal value of Formulation (4.32). From arguments preceding
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this theorem, we know that in stage p

Zp > Zf(s)ws— Z Uij
S

{i,j}eFE

Observe that

Yoouwg= Y ooows=> Y, ws= Zs: 0%, (9)|ws.

{i,j}eE {1,j}eXp_1 S:{i,j}€6(S) S {i,j}e&xpfl(S)

Therefore,

Zh = Y _(f(S) = 1ox, ., (S))ws.
S

Now in stage p, ws > 0 only if the deficiency of S (f(S) —|dx,_, (5)]) is fmax —p+1. Thus,

Zp = (fmax—p+1)zw5-
S

Now using Theorem 4.8.1 (i.e., equation (4.31)) and summing over all stages, we obtain

fmax
1 * *
Y. <2y Fp—— 2H(fmax) ZD-
{(631€X finax p=1 Jmax TP

4.8.2 Comparison

We can now compare the dual-ascent algorithm for the NDC problem to the GW algorithm.

We developed the dual-ascent algorithm for the NDC problem from the flow-based for-
mulation (the dual of the flow-based formulation). The GW algorithm is based upon a
cutset formulation that models the edge-connectivity version of the NDC problem (and
extensions of these problems). Even though these formulations are equivalent as LPs, they
lead to different dual-ascent algorithms. As shown in Sections 4.4, and 4.5, our dual-ascent
algorithm easily generalizes to node-connectivity problems, DNDC problems, problems with
combined connectivity requirements, and problems with node costs, whereas the GW algo-
rithm does not. On the other hand, the GW algorithm is applicable to many problems that
cannot be modeled with the flow-based formulation.

The dropping heuristics of the dual-ascent algorithm for the NDC problem and the
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GW algorithm are different. As its last step, the dual-ascent algorithm for the NDC problem
drops edges from the auxiliary network (described in Section 4.7). The GW algorithm drops
edges at the conclusion of each stage. In the GW algorithm, if an edge is in the primal
solution at the conclusion of a stage, it remains in the primal solution. Consequently,
although it might be possible to drop an edge from the primal solution at the conclusion of
the GW algorithm while maintaining feasibility, the edge remains in the primal solution.

The GW algorithm and the dual-ascent algorithm for the NDC problem define ascent
sets, and perform dual-ascent steps on ascent sets, in quite different ways (they are working
in different spaces). The GW algorithm considers minimal ascent sets and simultaneously
increases the dual variables for all minimal ascent sets. Our dual-ascent algorithm for the
NDC problem does not do this. It considers ascent sets sequentially. (Future research might
consider performing ascent steps for the ascent sets simultaneously.)

The dual-ascent algorithm for the NDC problem solves the g-edge-disjoint path problem
and the g-node-disjoint path problem optimally. The GW algorithm does not solve the ¢-
edge-disjoint path problem. In fact, it can achieve its worst-case ratio, i.e., provide a
solution that is 2H(g) times the optimal solution, for the ¢-edge-disjoint path problem
(see [GGPT94]).

One motivation for dual-ascent methods is as a lower bounding mechanism for opti-
mization problems. (We are interested in providing lower bounds in addition to heuristic
solutions for the NDC problem.) For this reason, let us compare the lower bound pro-
vided by the dual-ascent algorithm for the NDC with the best lower bound obtained by the
GW algorithm. Just prior to Theorem 4.8.2, we showed how to convert the dual solution
of the network design problem for stage p to a dual solution for the NDC problem. Let
us compare the best lower bound over all stages given by the GW algorithm to the lower
bound given by the dual-ascent algorithm for the NDC problem. As an example, consider
the 3-edge-disjoint path problem shown in Figure 4-10. At the conclusion of stage 1, X1 =
{{37 CL}, {CL, b}7 {b7 C}7 {C, d}7 {da t}}a Wiy = L, Wesy = L, Wi f.dy = L, Wisea} = L, Wit fod,ey =
0.5 and wy, ¢ 40y = 0.5. The dual solution to the NDC problem constructed from this solu-
tion has value 15 (since this is stage 1 all u variables are zero). At the conclusion of stage 2,
X2 = {{s,e}, {e; [}, {f,t}}, and wyyy = Lwggy = Liwg 5y = 2,wise) = 2,W rdey = 1
and wyg,,py = 1. To convert this dual solution to the overall dual, we set usq = ugr = 3,
up. = 2. Therefore, we obtain an overall dual solution with a value of 16. At the conclu-
sion of stage 3, X3 = {{s,d},{a,t}}, and wyy = wy,) = 8. To convert this dual solution
to an overall dual solution, we set us, = uge = ug = uy; = 8 and thus obtain an over-
all dual solution with value 16. The best dual solution obtained by the GW algorithm
is 16 units, whereas the optimal dual solution, obtained by our dual-ascent algorithm, is

25 units. Therefore, the dual-ascent algorithm for the NDC problem can provide better
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lower bounds than the GW algorithm.

On the other hand we note that the GW algorithm provides a guaranteed worst-case
bound (and was developed for this purpose) for all NDC problems with edge-connectivity
requirements. The dual-ascent algorithm for the NDC problem has no worst-case guarantees

(and we would not be surprised if for some examples, it can perform arbitrarily badly).

4.9 Concluding Remarks

In this chapter we compared a cutset formulation (with an exponential number of con-
straints) and a compact flow formulation for the NDC problem. We showed that the pro-
jection of the feasible space of the LP relaxation of the flow formulation is the feasible space
of the LP relaxation of the cut formulation. We then showed how to decrease the number
of commodities in the flow model for several NDC problems.

Our main contribution is a very flexible dual-ascent algorithm, based upon the flow
formulation, for the NDC problem. This algorithm easily generalizes to the DNDC prob-
lem, problems with node costs, and problems with combined node- and edge-connectivity
requirements between a pair of nodes.

We showed that the dual-ascent algorithm solves problems that are formulated with a
single commodity in the flow formulation for the NDC optimally. The g-edge-disjoint path
problem and the g-node-disjoint path problem are special cases. As a result, we also showed
that (for nonnegative-cost vectors) the LP relaxation of the cutset formulation and the LP
relaxation of the flow formulation give integer optimal solutions (i.e., the x variables are
integer). We also showed that when applied to the g-edge-disjoint path problem, the dual-
ascent algorithm mimics the successive shortest path algorithm for minimum cost flows.

We then compared the dual-ascent algorithm to Goemans et al.’s algorithm (GW algo-
rithm), highlighting their similarities and differences. We showed that the for the g-edge-
disjoint path problem, the dual-ascent algorithm provides both a better feasible solution
and a lower bound than the GW algorithm. We believe that the dual-ascent algorithm for
the NDC problem is particularly attractive because it is designed to generate both good
lower bounds (dual solutions) and upper bounds (integer primal solutions).

In order to evaluate any algorithmic procedure, it is important to conduct empirical
testing. We did not test the dual-ascent algorithm for two reasons. First, we found that it
was difficult to gather real-world data, or characteristics of real-world data, for the NDC
problem. Moreover, currently the most crucial problems for telcos appear to be network
design problems with low connectivity requirements. In Chapter 6 we consider a specializa-
tion of the dual-ascent approach for the NDLC problem. As part of that development, we

studied the computational performance of the dual-ascent approach for the NDLC problem.
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In our future research, we intend to empirically test the dual-ascent algorithm for the NDC
and DNDC problem.

Two possible directions for extending the research in this chapter appear to be par-
ticularly appealing. As described in Chapter 1, network planners need to both solve the
topological design problem and make decisions on facilities to install in the network based
on traffic demand estimates. One research avenue is to study whether it is possible to inte-
grate these two decisions into a single step, and devise a dual-ascent methodology for the
problem.

The integer multicommodity flow problem, which has many applications in transporta-
tion, is closely related to the NDC problem. In the integer multicommodity flow problem,
we are given commodities and their associated flow requirements. We are also given capac-
ity constraints on the total flow over all commodities that may flow on an edge (or arc).
The problem imposes a cost of dfj for sending a unit of flow of commodity &k on edge {i,j}
(arc (4,7)). We wish to find a minimum cost routing of the flows, with the added restriction
that we send only an integer amount of a flow on a path. The dual-ascent algorithm we
described in this chapter can be adapted to provide feasible solutions and lower bounds for
integer multicommodity flow problems as well. In his Ph.D. thesis, Balakrishnan [Bal84]
describes a dual-ascent procedure for the capacitated fixed-charge network design problem.
(The capacitated fixed charge network design problem is similar to the uncapacitated fixed
charge network design problem. It has additional capacity constraints on the total flow over
all commodities that may flow on each edge (or arc).) He describes an algorithm for prob-
lems with unit demands. By setting the fixed charge cost to zero, his algorithm can be used
to solve integer multicommodity flow problems with unit demands. Using the Lagrangian
duality approach we have described, it is very easy to generalize his algorithm to integer
multicommodity flows with nonunit demands. The dual-ascent framework described in this
chapter, along with the research results of Balakrishnan, has established a strong footing
for pursuing research on developing dual-ascent procedures for integer multicommodity flow

problems.



Chapter 5

Improved Formulation: Unitary
Network Design Problem with

Connectivity Requirements

In this chapter we consider models for the unitary network design problem with connectivity
requirements (NDC). Recall that for the unitary NDC problem all nodes with a connectivity
requirement (a node 7 has a connectivity requirement if r;; > 1 for some node j) must be
connected.

Motivated by a result due to Nash-Williams, we show how to improve upon the undi-
rected flow model (4.2) for the unitary NDC problem by using a flow directing procedure.
We also develop an equivalent directed cut model. These models improve upon the well-
known cutset model (4.1). By how much? In order to at least partially answer this question
and to compare the new models with the cutset model, we project out the flow variables
from the improved flow model. By doing so, we derive three classes of valid inequalities—
partition, odd-hole and combinatorial design inequalities—for the cutset model (these in-
equalities are generalizations of known inequalities for the Steiner tree problem). Each of
these three classes of valid inequalities is new for the unitary NDC problem. For special
case of the survivable network design problem (SND), the partition inequality is also known
to be facet defining. (Recall that the SND problem is a unitary NDC problem with pre-
scribed node connectivity parameters r, for node v and either edge- or node-connectivity
requirements defined by r;; = min{r;,r;}.)

The development in this chapter is motivated by a desire to develop better linear pro-
gramming relaxations for network design problems. Considerable accumulated experience in
the optimization literature has demonstrated the value of developing good linear program-

ming relaxations of combinatorial optimization problems. In Chapter 6 we use the improved
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flow model to develop a linear programming based heuristic for the network design problem
with low connectivity requirements (NDLC). (Recall that the NDLC problem is a special
case of the SND problem with r, € (0,1,2).) Computational experience with this algorithm
(it solves problems with 300 nodes and 3000 edges to within 4 percent of optimality) shows
that the linear programming relaxation of the improved flow formulation provides a good
approximation to the mixed integer programming formulation of this model.

Throughout most of this chapter, we consider the edge-connectivity version of the uni-

tary NDC problem. At the end of the chapter, we examine node-connectivity requirements.

5.1 Formulations for the Unitary NDC Problem

For convenience, to begin our discussion we restate the cutset formulation and the undi-
rected flow formulation for the unitary NDC problem defined on the undirected graph
G = (N,E).

Cutset formulation for the unitary NDC problem:

Minimize Z CijTij (5.1a)
{i,j}eE
subject to: Z xi; > econ(S)  for all node sets S with ¢ # S # N;  (5.1b)
{i.5}€8(5)
zij < bij for all {i,j} € E; (5.1c)
xy; > 0 and integer, for all {i,j} € E. (5.1d)

Recall that econ(S) = max{r;;|j € S;i € N\S} and that b;; is the largest number of
times that the design is permitted to replicate edge {i,j} (b;; = 1 for applications without

edge replication). We also define the mazimum connectivity requirement of a node i as

r; = econ({i}).!

Undirected flow formulation for the unitary NDC problem:

Minimize Z CijTij (5.2a)
{i,j}eE
—qr if i = O(k);
subject to: Z fjkz — Z fﬁ = qr ifi=D(k); forallie Nand ke K (5.2b)
jeN leN 0 otherwise;

For the NDC problem, rs: need not be equal to min(rs,7¢). For the SND problem, the maximum
connectivity requirement of a node equals the connectivity requirement of a node.
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222 } < x5 for all {i,j} € F and k € K (5.2¢)
fZ’;’kaZ > 0 for all {i,j} € Fand k € K (5.2d)
zij < bij for all {i,j} € E; (5.2e)
xy; > 0 and integer, for all {i,j} € E. (5.2f)

In this undirected flow formulation, K denotes the set of all commodities; O(k), D(k),
and gj, denote the origin, destination, and flow requirement for commodity k& € K. In this
formulation, for each node pair {s,t}, we create a commodity from one of these nodes to
the other with a flow requirement of r (Chapter 4 and our discussion later in this chapter
show how to use fewer commodities).

Our discussion of the minimum spanning tree problem showed that directing the model
improves the formulation. This result raises a natural question: is it possible to direct the
NDC problem and improve its formulation as well? In this section we first show how to
direct unitary NDC problems for situations when the connectivity requirements are all even
or one. We then generalize this result, developing an improved model for any unitary NDC
problem (i.e., even those with odd connectivity requirements). In Chapter 7, we develop an
improved model for all NDC problems (i.e., nonunitary problems as well). At the end of this
section, we compare the improved model with another model introduced by Balakrishnan,
Magnanti and Mirchandani [BMM94a]. For ease of exposition, for the rest of this section

we assume that the model does not permit edge replication.

5.1.1 Directing the Unitary NDC Problem

The following result due to Nash-Williams [NW60] provides a key ingredient for transform-

ing the undirected formulation to a directed one.

Theorem 5.1.1 (Nash-Williams) Suppose G is an undirected graph with ry, edge-disjoint
paths connecting each pair x and y of its nodes. Then it is possible to direct the graph (i.e.,
orient its edges) so that the resulting digraph contains |14, /2] arc-disjoint paths from node x

to node y and |14y /2] arc-disjoint paths from node y to node x.

Consider any unitary NDC problem whose connectivity requirements rg are even or
one. We can view any feasible integer solution to this problem as follows: it is connected
and contains several 2-edge-connected components. If we contract the 2-edge-connected
components, the solution becomes a tree. The edges on the tree are the bridge edges in
the feasible solution before we contracted the 2-edge-connected components; that is, those

whose removal disconnects the graph defined by that solution.
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The Nash-Williams theorem permits us to direct the edges of each 2-edge-connected
component so that for any pair of nodes ¢ and j with 7;; > 2 (by assumption these require-
ments must be even), the network contains r;;/2 directed arc-disjoint paths from node ¢
to node j, and 7;;/2 directed arc-disjoint paths from node j to node i. Once oriented,
each 2-edge-connected component contains a directed path between every pair of its nodes.
Therefore, if nodes ¢ and j belong to the same 2-edge-connected component and r;; = 2,
the oriented network contains a directed path from node 7 to node j and a directed path
from node j to node i. To direct the bridges, consider the tree obtained by contracting each
2-edge-connected component of the solution. Select any one of the nodes created by the
contraction as a root node and direct the tree away from this node.

Figure 5-1 illustrates this directing procedure. In this example a, b, ¢ and g are 2-edge-
connected components. Between every pair of nodes s and ¢ in these components ry = 2.
We orient the edges of each component (see Figure 5-1b) so that it contains a directed path
between every pair of nodes in each 2-edge-connected component. Next, we select the node
created by contracting component b as the root node and direct the tree edges (i.e., the
bridges of the solution) away from node b. Figure 5-1c shows the graph at the conclusion
of the directing procedure.

These observations permit us to formulate the unitary NDC problem as follows. Let y;;
be 1 if edge {i,7} is oriented from node i to node j in the directing procedure applied to

the optimal solution (i.e., the oriented network contains arc (4, 7)) and be 0 otherwise.

Directed cut formulation for the unitary NDC problem (rs € {0,1,even}):

Minimize Z CijTij (5.3a)
{i,j}eE
S
subject to: Z Yij > %U if econ(S) > 2; for all S, (5.3b)
(1.5)€6-(S)
Z vij > 1 if econ(S) = 1; for all S, root ¢ S (5.3¢c)
(1.5)€6-(S)
Yij T Yji < Xij for all {Z,]} < (5.3d)
xy; <1 for all {i,5} € E (5.3e)
Yijs Yjis Tij > 0 and integer, for all {i,j} € E. (5.3f)

Since econ(S) = max{r;j|j € S;i € N\S}, constraint (5.3b) ensures that for every pair
of nodes s and t with rg > 2, every s—t dicut contains at least ry /2 arcs and every t—s dicut
contains at least rg /2 arcs. Menger’s theorem ensures that the oriented network contains
at least rg /2 arc-disjoint paths from node s to node t and rg/2 arc-disjoint paths from

node ¢ to node s. Similarly, constraints (5.3c) and (5.3b) ensure that the oriented network
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(@)

(b)

Figure 5-1: Directing the bridges of a feasible solution to the unitary NDC problem. (a) Fea-
sible solution. (b) Direct the edges of each 2-edge-connected component. (c) Direct the
bridges away from component b.
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contains a directed path from the root to every other node. Constraint (5.3d) ensures that

the oriented network contains at most one of the arcs (4,7) and (j,17).

Proposition 5.1.2 The directed cut model is a valid formulation for the unitary NDC
problem in the sense that (x,y) is a feasible solution to this model if and only if x is an
incidence vector of a feasible NDC design (that is, x is a feasible solution to the cutset
model (5.1)).

Proof: Suppose x is an incidence vector of a feasible NDC design. The argument preceding
Formulation (5.3) shows how to construct an integer vector y so that (x,y) is a valid solution
for the directed cut model.

To establish the converse, suppose (x,y) is a feasible solution to the directed cut model.
Let @ be any node set with econ(Q) = econ(N\Q) > 2. Combining inequality (5.3b) for
S =@ and S = N\Q and the inequalities (5.3d) summed over all {7, j} € §(Q) gives

Z Tij 2 Z Yij + Z yji > econ(Q).

{i,}€6(Q) (1,7)€6H(Q) (1)~ (Q)

If @ is any node set with econ(Q) = econ(N\Q) = 1, assume without loss of generality that
the root node is not in (). Then the inequality (5.3c¢) with S = @ and the inequality (5.3d)
summed over {7,j} € 6(Q) implies that

{ij}es(@)

Therefore, x is a feasible solution to the cutset formulation (5.1). |

To see that the the linear programming relaxation of the directed cut formulation is
stronger than linear programming relaxation of the cutset formulation, consider the NDLC
example shown in Figure 5-2. In this example, each edge has unit cost. Nodes a, b and ¢
have a connectivity requirement of 2. Nodes d, e and f have a connectivity requirement
of 1. The optimal LP solution to the cutset formulation is x4, = T4 = 1 and xp. = xpg =
Ted = Tge = Tqf = Tey = 0.5. The optimal solution has value 5. The optimal solution to LP
relaxation of the directed cut model has integer values for the edge variables. The solution
IS Yab = Ybd = Yde = Yea = Yde = Yaf = 1 With Tgp = Tae = Tpg = Teq = Tge = zgr = 1.
The optimal LP solution has value 6. By reformulating the problem and solving the linear
programming relaxation, we have obtained the optimal solution.

Some special cases of the directing procedure have appeared previously in the literature.
Using the approach we have described, Goemans [Goe90] developed a directed formulation

for the SND problem whose connectivity requirements are all even or one.
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(@) (b) ()

@ Connectivity 2 node ————  Xjj =1

@ Connectivity 1 node — — —  X; :%

Figure 5-2: The directed cut formulation is stronger than the cutset formulation. (a) Graph
with all edge costs equal to 1. (b) Optimal LP solution to the cutset formulation. (c) Op-
timal LP solution to the directed cut formulation.

In the next section we show how to generalize the results in this section, developing

extensions that apply to all unitary NDC problems.

5.1.2 Generalizing the Directing Procedure

Consider the directed cut formulation. Observe that the directed cut model (5.3) is not
valid for unitary NDC problems with odd connectivity requirements.? Suppose, however,
that we relax the integrality constraints imposed upon the y;; variables, and interpret y;;
as the capacity on the flow from node i to node j. We will show that this formulation is a
valid mixed integer program for any unitary NDC problem. Consider any feasible solution
to an unitary NDC problem. By our earlier arguments, the solution is a connected graph
consisting of 2-edge-connected components and bridges. Suppose (i) we select y;; = y;; =
1/2 for each edge on the 2-edge-connected components, and (ii) direct the bridges away
from the component that contains the root node, setting y;; to 1 if edge {7,j} is oriented
from node i to node j, and 0 otherwise. The resulting solution (x,y) is feasible in the

directed cut formulation if we relax the integrality condition on y. Therefore, the following

2As an example, consider an SND problem defined on K, the complete graph on four nodes, assuming
each node has a connectivity requirement of 3. The optimal solution for this problem is K. For any node ¢
in K4, there is no way to direct the edges so that both §* (i) and 6~ (i) are at least 1.5.
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directed cut formulation is valid for all unitary NDC problems.

Directed cut formulation for the unitary NDC problem:

Minimize Z CijTij (5.4a)
{i,j}eE

subject to: Z Yij > ecor21(S) if econ(S) > 2; for all S, (5.4b)
(1.5)€6-(S)

Z vij > 1 if econ(S) = 1; for all S, root ¢ S (5.4c)
(i.5)€7(S)

Yij T Yji < Xij for all {Z,]} eF (5.4d)

xy; <1 for all {i,j} € E (5.4e)

Yij» Yji = 0 for all {Z,]} ek (5.4f)

zi; > 0 and integer, for all {i,j} € E. (5.4g)

Proposition 5.1.3 The directed cut model (5.4) is a valid formulation for the unitary NDC
problem in the sense that (x,y) is a feasible solution to this model if and only if x is an

incidence vector of a feasible NDC' design.

Proof: Similar to Proposition 5.1.2. |

Flow Formulation

The max-flow min-cut theorem permits us to formulate an improved flow model, with

multiple commodities, that is equivalent to the directed cut model (5.4).

Improved undirected flow formulation for the unitary NDC problem:

Minimize Z CijTij (5.5a)
{i,j}eE
—qr if i = O(k);
subject to: > fi =Y fi =14 q ifi=D(k); forallic€ Nandke K (5.5b)
jeN leN 0 otherwise;
fl-lz- + f;-’i < x5 for all {i,j} € F and k,h € K (5.5¢)
bf >0 for all {i,j} € Fand k € K (5.5d)
xy; <1 for all {i,j} € £ (5.5e)
)

Y
o

Tij and integer, for all {i,j} € E. (5.5f
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Applying the max-flow min-cut theorem directly would, in general, create a model with
O(n?) flow variables since to model the constraints (5.4b), we would define a commodity
for every pair of nodes {s,t} with ry > 2.

To obtain a more compact flow formulation, we first find a maximum spanning tree of
the requirement graph (from now on we will refer to this tree as the requirement spanning
tree). In Section 4.1.2, we noted that if {7, j} is any nontree edge of the requirement graph
and P;; is the (unique) path between nodes ¢ and j in the requirement spanning tree,
then rj; < ming, yyep,; st We concluded that any solution that satisfies the connectivity
requirements of the requirement spanning tree, satisfies all the connectivity requirements
because, it contains at least mingg ;e p,; st paths between nodes i and j 3

To use the requirement spanning tree to formulate the flow model, we select any node i
whose maximum connectivity requirement is greater than or equal to 2 as the root node.
(If the maximum connectivity requirement of all nodes is 1, and so the problem is a Steiner
tree problem, we arbitrarily select any one of the nodes as the root node.) We create the

commodities as follows.

Commodity selection procedure for Formulation (5.5)

1. Find the requirement spanning tree.

2. Delete all edges with g = 0 from the requirement spanning tree. The resulting tree

is connected because, by assumption, the NDC problem is unitary.

3. For each edge {s,t} of the requirement spanning tree with ry > 2, create two com-
modities: one with origin node s and destination node ¢, and the other with origin
node t and destination node s; each of these commodities has a flow requirement
of rg/2.

4. Contract each edge {s,t} with ry > 2 in the requirement spanning tree, creating
a contracted requirement spanning tree 7' in which r;; = 1 for all edges {7,j}. We
distinguish nodes created by the contraction from the original nodes, by calling them
components. We denote a component by any one the nodes it contains in the original
requirement spanning tree (e.g., if we create a component by contracting nodes s and ¢,
then we denote the component s). Select a component i in 7" as the root node (if T’
does not contain any components, then select any node as the root node arbitrarily).
Create a commodity for every node j in T other than the root node, with node i as
its origin (in the original graph), and node/component j as its destination (in the

original graph), with a requirement of 1.

3This result implies the requirements of nontree edges are irrelevant, and so without loss of generality we
may assume 7;; = min{syt}ep” Tst.
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(b) (€)

Figure 5-3: Commodity selection procedure for the unitary NDC problem. (a) Requirement
spanning tree. (b) Tree obtained by deleting edges {s,t} with rs = 0. (c) Tree obtained
by contracting edges {s,t} with rg > 2.

Figure 5-3 illustrates this procedure. Figure 5-3a shows the requirement spanning tree
of a unitary NDC problem. Figure 5-3b shows the requirement spanning tree after we
have deleted edges {s,t} with rs; = 0. Notice that because the problem is a unitary NDC
problem the graph in Figure 5-3b is connected. Otherwise, it would be a forest. Kdges
{a,b} and {c,d} are the only edges with requirement at least 2 on this tree. Therefore, we
can orient every feasible solution so that it contains at least 2 directed paths from node b
to node a, at least 2 directed paths from node a to node b, at least 3 directed paths from
node ¢ to node d, and at least 3 directed paths from node d to node c. Figure 5-3c shows
the requirement spanning tree after we have contracted all edges {s,t} with rs > 2. Since
node a is the root node, the directing procedure implies that we can orient every feasible
solution so that it contains a directed path from component {a,b} (i.e., from both nodes
a and b) to component {c,d} (i.e., to both nodes ¢ and d), and to nodes g, h, i and j.
(Component {a,b} might or might not be in the same 2-edge connected component as any
one of the nodes/component {c,d}, g, h, i and j. The directing procedure implies that in
both cases, the network contains a directed path from {a, b} to these nodes.)

Table 5.1 identifies the commodities obtained by applying the directing procedure to
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Commodity Origin | Commodity Destination | Commodity Requirement
a b 2
b a 2
¢ d 3
d ¢ 3
a c 1
a g 1
a h 1
a i 1
a j 1

Table 5.1: Commodities in Formulation (5.5) for example in Figure 5-3.

the example in Figure 5-3. Edges {a,b} and {c,d} are the only edges with a requirement
of at least 2 on this tree. Therefore, we create four commodities—those shown in the first
four rows of Table 5.1. Figure 5-3c shows the contracted requirement spanning tree (i.e.,
after contracting edges with r5 > 2). Let node a denote the component {a, b}, and node ¢
denote component {c,d}. We select node a as the root. The tree in Figure 5-3c contains 6
nodes. Therefore, we create 5 commodities, each with origin node a, and destination nodes
¢, g, h, i and j.

The following useful property is a consequence of the commodity selection procedure.
Property 5.1.4 For any node set S,

1. If econ(S) > 2, then the improved flow formulation contains a commodity k whose

flow requirement is econ(S)/2, origin is in N\S, and destination is in S.

2. If econ(S) = 1 and root ¢ S, then the improved flow model contains a commodity

whose flow requirement is 1, origin is the root node, and destination is in S.

3. If econ(S) =1 and root € S, then no commodity in the improved flow model has its

origin in N\S, and destination in S.

Proof: This result follows from the commodity selection procedure and the fact that for
any edge {s,t} in the requirement spanning tree ry = max{r;;|j € ;i € N\S} = econ(S5).
|

We now establish the validity of the improved undirected flow formulation for the unitary
NDC problem by showing that the improved undirected flow formulation and the directed

cut formulation are equivalent.

Lemma 5.1.5 The improved undirected flow formulation (5.5) and the directed cut formu-

lation (5.4) are equivalent, both as linear programs and mized integer programs.
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Proof: We assume that we select the same root node in both formulations. First, consider
any feasible solution (x*,y*) to the directed cut formulation. If we interpret y;; as a capacity
imposed upon the flow from node i to node j, the max-flow min-cut theorem implies that
we can (i) send rg /2 units of flow between any pair of nodes s and ¢ in the requirement
spanning tree, with rg > 2, and (ii) send one unit of flow from the root component in

the contracted requirement spanning tree to any other node/component in the contracted
i
can fulfill conditions (i) and (ii) while ensuring that for each edge {i,j}, the sum of the

requirement spanning tree. Furthermore, the constraint yfj + y;l < zf, implies that we
maximum flow sent (on the edge {7, j}) from node ¢ to node j, and the maximum flow sent
from node j to node 7 does not exceed :Eij.4 These arguments show that we can find flow
variables f* so that (x*,f*) is feasible in the flow formulation.

Suppose (X, f) is a feasible solution to the improved flow formulation. For each edge
{i,7}, set g;j = maxpek fZ]E and ¥j; = Maxex fjkz We claim the solution (X,y) is feasible
in the directed cut formulation. Whenever edge {s,t} is in the requirement spanning tree
and rg > 2, the improved undirected flow formulation sends 74 /2 units of flow from node s
to node ¢ and rg;/2 units of flow from node ¢ to node s. Consequently, if edge {s,t} is in the
requirement spanning tree and rg > 2, the capacity of every s—t dicut and every t—s dicut
is at least 75 /2 (for the solution (X,¥)). For any node set S, the requirement spanning tree
contains an edge {s,t} in 6(S) with econ(S) = rg. Therefore, whenever econ(S) > 2, the
capacity of the dicut 6~ (.9) is at least econ(S)/2. The improved undirected flow formulation
sends 1 unit of flow from the root component to every node/component in the contracted
requirement spanning tree. Therefore, the capacity of every dicut 6~ (S) with root ¢ S
and econ(S) = 1 is at least 1. The constraint ;l; + f]hl < Z;; implies that for every edge,
Uij + Uji < Zi;. Consequently, (X,¥) is feasible for the directed cut model, and thus the

improved undirected flow formulation and the directed cut formulation are equivalent. W

Before concluding this section, we note the improved models (5.4) and (5.5) are stronger,
as linear programs, than the cutset (5.1) and the undirected flow (5.2) model only if the
requirement spanning tree contains an edge {s,t} with rg = 1. To see this result, observe
that if no pair of nodes ¢ and j has a connectivity requirement of 1, then for all node sets
S, econ(S) # 1. But then, if X is any feasible solution to the cutset formulation, the vector
(X,¥), with §;; = 7;; = 4j/2, is feasible in the directed cut formulation. As we have shown
before, if (X,y) is any feasible solution to the directed cut formulation, then X is feasible in

the cutset formulation. Therefore, in this case, the two models are equivalent.

Tf re € {0,1, even}, Nash-Williams’ theorem permits us to send flow in only direction on an edge. In
general, this is not the case.
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5.1.3 Comparison with the Enhanced Cutset Model

Balakrishnan, Magnanti and Mirchandani [BMM94a] introduced the following enhanced
cutset model (our terminology) for the edge-connectivity version of the NDC problem: this

model resembles the directed cut formulation (5.4).

Enhanced cutset formulation for the NDC problem:

Minimize Z CijTij (5.6a)
{i,j}eE
subject to: Z Yij > ecor21(S) if econ(S) > 2; (5.6Db)
{i.5}€d(5)
S
Z Zij > %() if econ(S) > 2; (5.6¢)
{i.5}€8(5)
Z yij > 1 if econ(S) = 1; (5.6d)
{i.5}€d(5)

Yij + 2ij = Ty for all {Z,]} eF (5.66)
xy; <1 for all {i,j} € E (5.6f)
zij > 0 and integer, for all {i,j} € E. (5.6g)

Yij Zij > 0 for all {i,j} € E. (5.6h)

This formulation introduces additional edge variables y;; and z;;. It “splits” the connec-
tivity requirements of all sets with econ(S) > 2, and ensures that the y;; and z;; variables
satisfy these connectivity requirements (the model permits fractional values for y;; and z;;).
In addition, the y;; variables satisfy the connectivity requirements of those node sets S with
econ(S) equal to 1. It is easy to see that this formulation is valid (since x;; = y;; + z;5, the
x;; variables satisfy the connectivity constraints).

If the problem contains no node set S with econ(S) = 1, the enhanced cutset formulation
does not strengthen the cutset formulation (5.1). The z;; variables of the enhanced cutset
formulation are feasible for the cutset formulation, and we can convert a feasible solution to
the cutset formulation to a feasible solution to the enhanced cutset formulation by setting
Yij = zij = %;;/2 (with no change in the z;; variables). If the problem contains no node
sets with econ(S) > 2, then the z;; variables can be set to zero. Therefore, y;; = x;; for
all edges, and the formulation is identical to the cutset model. Consequently, the enhanced
cutset formulation does not strengthen the cutset model if econ(S) equals zero or one for
all node sets S.

The enhanced cutset formulation is stronger than the cutset formulation when the prob-

lem contains some node sets S with econ(S) = 1 and some node sets S with econ(S) > 2
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@ Connectivity 2 node| ——  Xjj =

® Connectivity 1node| — — — Xj=

Figure 5-4: The enhanced cutset formulation is stronger than the cutset formulation.
(a) Graph with all edge costs equal to 1. (b) Optimal LP solution to the cutset formu-
lation. (¢) Optimal LP solution to the enhanced cutset formulation.

(see Figure 5-4). In this SND example, each edge has unit cost. Nodes a, b and ¢ have a
connectivity requirement of 2. Nodes d, e, f, g, h and ¢ have a connectivity requirement
of 1. The optimal solution to the cutset formulation, which sets all edge variables to 0.5,
has an objective value of 6. The LP relaxation of the enhanced cutset formulation has the
solution Yaq = Yab = Yby = Yfe = Yce = Yea = Yag = Ygb = Ybi = Yic = Yeh = Yha = Zad =
Zdp = Zbf = Zfc = Zee = Zea = 0.5 (Figure 5-4c shows the x variables), with an objective
value of 9 (which is the objective value of the optimal integer solution).

For the SND problem (and in general the unitary NDC problem), the improved undi-
rected flow formulation can be stronger than the enhanced cutset formulation. Figure 5-2
provides an example. The optimal solution of the enhanced cutset formulation is y,, =
Yac = Ybd = Yed = Yde = Ydf = Yef = 0.5, 2ab = 2pe = 2ac = 0.5, and wgp = Toe = 1,
Tpe = Tpd = Ted = Tde = Tqf = Ty = 0.5, and the objective value is 5. In contrast, the
improved undirected flow formulation solves the problem optimally.

It is an open question whether for some instance of the unitary NDC problem, the en-
hanced cutset formulation is stronger than the improved undirected flow formulation (5.5).
We conjecture that this is not the case, and so the improved undirected flow formula-

tion (5.5) is stronger than the enhanced cutset formulation (5.6).
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Summary

In this section we first showed how to direct unitary NDC problems when the connectivity
requirements 7 are even or one. We then showed how to generalize this directing procedure
to all unitary NDC problems. We used this directing procedure to develop two improved
models, a flow-based model and a directed cut model, for the unitary NDC problem. Finally,
we compared these improved models with the enhanced cutset model of Balakrishnan, Mag-
nanti and Mirchandani [BMM94a], and showed that the improved models can be stronger
than the enhanced cutset model.

To conclude this section, we note that a simple modification of the formulations we have
considered permits us to model situations that allow edge replication: we just replace the

constraint z;; < 1 by the constraint z;; < b;; throughout our discussion.

5.2 Projecting from the Improved Formulation

In the previous section we described an improved flow-based model (5.5) for the unitary
NDC problem. In this section we investigate the relationship between this formulation and
the cutset model for the unitary NDC problem (5.1). More specifically, we project out the
flow variables from the improved undirected flow formulation (5.5) to obtain several valid

inequalities for the cutset model.

5.2.1 The Projection Theorem

To compare the improved flow formulation and the cutset formulation, we would like to
project out the flow variables from the improved flow formulation so that the resulting
models have the same set of variables. One approach is to use Fourier-Motzkin elimination:
project out a single flow variable at a time. A more elegant method, proposed by Balas and

Pulleyblank [BP83], is based upon a theorem of the alternatives.
Theorem 5.2.1 (Balas-Pulleyblank) The projection of the set P = {(x,f) € R"""|Ax+
Bf > d} onto the space of the x variables is
. nir T N :
Projy(P) ={x e R"|(g’') Ax=(¢g’) d, forj=1,2,....J}
which is defined by a finite set of generators {g’|j = 1,...,J} of the cone C = {g|BTg =
0;g > 0}.

(g/)'d, forj =1,2,...,J}.
f) € P. Therefore,

Proof: We first show that Proj(P) C {x € R”\(gj)TAx

>
Let X € Proj,(P). By definition, for some vector f € R™, (X,

Ax + Bf > d.
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Consider any element g € C. Multiplying both sides of this equation by g”, we obtain
gl Ax +g"Bf > g'd.
Noting that for any member of the cone C, BT g = 0, we see that

g’Ax > g'd.

Since this inequality is valid for all members of the cone C, it is also true for the generators

of the cone. Thus,
_ nts T T .
xe{xeR"(g') Ax>(g/) d, forj=1,2,...,J}.

Now we show that {x € R"|(gj)TAx > (gj)Td, forj =1,2,...,J} C Proj,(P). Let
xe{xe R"|(gj)TAx > (gj)Td, forj =1,2,...,J}. Then no element g € C satisfies the

condition

By Farkas’ lemma, this result implies some vector f € R™ satisfies the condition
Bf > (d — A%).

But then % € Proj,(P). |

We can similarly establish the following result.

Corollary 5.2.2 The projection of the set P = {(x,f) € R""™™|Ax + Bf > d,x € X},

where X is an arbitrary subset of R™, onto the space of the x variables is
. T T ‘
Projy(P) ={x € X|(g’) Ax>(g’) d, forj=12,...,J},
which is defined by a finite set of generators {g/|j = 1,...,J} of the cone C = {g|BTg =
0;g > 0}.

Proof: Similar to Theorem 5.2.1. ]

The cone C in the statement of Theorem 5.2.1 is just the linear programming dual to the
feasibility problem obtained by deleting the x variables and setting the righthand side to
zero. Consequently, there are many ways to express Theorem 5.2.1. For the improved undi-

rected formulation, it is more convenient to consider the following form of Theorem 5.2.1.

Corollary 5.2.3 The projection of the set P = {(x,f) € R"T™|Ax+Bf > d; A’x+ B'f =
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d’;x € X;f > 0} onto the space of the x variables is
) T ST T N .
Proj,(P) = {x € X|[(gl) Ax+(g]) A'x>(gl) d+(g)) d', forj=12,....J},

which is defined by a finite set of generators {(gl,gl)|j = 1,...,J} of the cone C =
{(u,v)[BTu+ BTv > 0;u > 0;v unrestricted}.

If we can identify a set of finite generators of the cone C', then we obtain the projection of
the set P. The Balas-Pulleyblank theorem has the additional advantage that every member
(u,v) of the cone C defines a valid inequality (u’ A +v? A")x > u’d + v’'d’) for Proj,(P).
As a consequence, even if we cannot characterize the generators of the cone, we can still

use the cone to obtain valid inequalities for Proj, (P).

5.2.2 Projection Cone of the Improved Undirected Flow Formulation (5.5)

As noted earlier, the cone C in the statement of Theorem 5.2.1 is the LP dual to the
feasibility problem obtained by deleting the x variables and setting the righthand side to

zero. For the improved flow formulation (5.5), we need to consider the following projection

cone:
k
ZheKu ‘H’ i >0 V{i,j}€E, Vke K (5.7a)
Sher iy + vy — v}
ufh >0 V{i,j} € E, Vkh€ K. (5.7b)

In these inequalities, fuf is the dual variable corresponding to the flow balance equation at
node ¢ for commodity k, and u’-“-h is the dual variable corresponding to the forcing constraint
f f < x;5. Note that for any edge {i,j} and any pair of commodities k and h, the model
contains two forcing constraints fﬂ < x;; and h + k < z;5. We identify the dual

variable uZ h with the constraint f f]Z < x;; and the dual Varlable uZ k¥ with the constraint

f f]Z §9$ZJ By convention, the dual variables obtained by reversm]g the indices, i.e. uf]h
and ng , are the same.

Since one flow balance equation for each commodity is redundant, we can set, for each
commodity k, vé(k) to value zero. Using Corollary 5.2.3 for any member of this cone, we

obtain a valid inequality of the form

Z{w}eE ZkeKZheK ij )%ij 2 ZkequU%(k)- (5.8)

In this expression, ¢x is the number of units of commodity k£ sent from commodity k’s
origin to its destination. We refer to the coefficient of z;; in this inequality as m;; and the

righthand side coeflicient as 7.
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Given some choice of the variables v¥ for all the nodes i and commodities k, there are a
number of choices for ui’f How do we determine the best such choice? Since the coefficient
m;; of x;; in the inequality mx > mg is ZketheKuth, we would like ZkeKZheKuth to be
as small as possible for each edge. The following theorem describes the choice of uhk that
minimizes Y x> pe Kuij . We give a constructive proof that also shows how to determlne

the uhf values.

Theorem 5.2.4 Suppose we are gz’ven values for vk for all nodes i and all commodities k.
For any edge {i,j}, lett = max (0, v —vk) and tk = max (0, v¥ —} k). Definet;; = ZkeKtm
and tj; = ZkEKt;?i‘ Then max (tw,tﬂ) 15 the minimum feasible value of ZkeKZhekU%h mn
the inequalities (5.7a).

Proof: We will establish this result for each edge {7, j}. Let us first show that max (¢;;,t;;)
is a lower bound on the value of > ;x> e Kufjh in any feasible solution to the inequal-
ities (5.7a). Let I be the set of all commodities with tfj > 0 and J be the set of com-

modities with tk > 0. For any edge {i,j} with vk — v

> 0, equation (5.7a) implies
2 ohek Ui kh > 1) —v¥. Summing over all commodities in I gives ZkeIZheKUU > Zke[(” —

oF) =t Slmllarly, by considering the commodities in .J, we obtain » ;> e Kuhk >

S e vk — v;“) = t;;. But then the inequalities ZkeKZheKu ZkeIZheKuf]h and

ZkEKZhGKu?jh = ZkeJZheKuij imply that ZkGKZhGKUZJ 2 max (twv tji)-
We next prescrlbe values for the variables ukh that achieve the lower bound max (t;;,;;).

Initially, each uij = 0 and > pcxd ne Kufjh = 0. Select a commodity [ from I and a
commodity m from J. Set ui = min {tw’ miIf tl > ¢, delete m from J, and if tl <th,

delete [ from I. Set tﬁj = tfj l;” and t7; = 177 —ulm Repeat this procedure until one of the
two sets [ and J, say J, is empty. Note that at this point EkeKZheKUi]‘h = min (¢;5, ;) and
the u and v variables satisfy inequality (5.7a) for every commodity we have deleted from I
and J. For the remaining commodities I € I, let m be any commodity in K and set ulm = tl
Thus, ZkeKZheKuf]h = min (¢;5,t5) + (max (t;5,t;;) — min (¢;;,¢;;)) = max (tw,tﬂ). By
construction, this choice of u?f satisfies the equations of the cone. |
With the aid of Theorem 5.2.4, we will now derive three classes of valid inequalities—
partition inequalities, odd-hole inequalities, and combinatorial design inequalities. For ease
of exposition, we will consider the NDLC problem. Then we will generalize the results to

the unitary NDC problem.

5.3 Partition Inequalities

For the NDLC problem, partition inequalities (also called multicut inequalities by some au-

thors) have the following form. Partition the node set N into disjoint node sets Ny, N1,..., N,
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(d) (€) (f)

Figure 5-5: Projecting partition inequalities for a five node example. (a) Connectivity
requirements (b) Value of the v) variables (c) Value of the v} variables (d) Value of the v?
variables (e) Value of the v} variables (f) Value of the v} variables.

satisfying the property that each node set has at least one node ¢ with a connectivity re-

quirement r; > 0. A partition inequality is an inequality of the form

= p+1 if at least two sets have a node with
3 Z Z Tij > a connectivity requirement of two;
k=06(Nk) P otherwise.

This inequality implies that (i) if no set or exactly one set in the partition has a node with
a connectivity requirement of two, then the network contains at least p edges between the
p + 1 sets, and (ii) if two or more sets have a node with a connectivity requirement of
two, then the network contains at least p + 1 edges between these sets. Chopra [Cho92b]
shows that the partition inequalities describe the dominant of the spanning tree polytope.
Chopra and Rao [CR94] and Grétschel and Monma [GM90] show that under appropriate
conditions, partition inequalities are facet defining for the Steiner tree problem and for the
NDLC problem.
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Consider the five node example shown in Figure 5-5. Nodes 0 and 1 have a connectivity
requirement of two; nodes 2, 3 and 4 have a connectivity requirement of 1. The improved
undirected formulation (with node 0 as the root node) for this network has four commodities
(1, 2, 3 and 4) with the origin as the root node and node 1, 2, 3 and 4, respectively, as
the destination node. It also has a commodity (commodity 5) with node 1 as the origin
and node 0 as the destination. We will refer to commodity 5 as commodity 0 to simplify
our discussion. Therefore, for each commodity ¢, node ¢ is the destination. Consider the
partition inequality with each node defining a set in the partition (i.e., %Zizj#xij > 5).
Each edge variable® in the partition inequality has a coefficient of 1. Consequently, in
projecting out these variables to obtain this inequality, we need ) ;. c x> he Kufjh = 1. Since
the righthand side has value 5, we also need ), Kvﬁ(k) =5 (gr = 1 for all commodities in
the NDLC problem).

In the example of Figure 5-5, for each commodity k& = 0,...,4, let vf =0if¢ # k
and v’,j = 1. Consider any edge {7,j}. Note that the vf and vf values are the same for all
commodities, except for (i) commodity ¢, with v} = 1 and v; =0, and (i) commodity j, with
v} =0 and v] = 1. Thus, for each edge {i, 5}, >pex max (0,vf — vf) = 3 je max (0,vf —
vf) = 1. Therefore, in accordance with Theorem 5.2.4 we can set u?f =1if h = j and
k =1, and u?f = 0 otherwise. This choice of variables in the projection cone imply the
partition %Zizj#xij > 5.

In general, consider a partition Np,...,N,. Without loss of generality assume that
the root node is a node in Ny. Suppose econ(N;) = 2. Recall, from Property 5.1.4, if
econ(N;) = 2 the improved flow formulation must contain two commodities: one with origin
n; € N; and destination some node m; € N;, and one with destination n; € N; and origin
m; & N;, both with a flow requirement of econ(N;)/2 = 1. Let i denote the commodity
with destination node n; € N; (and origin m; ¢ N;) and a requirement of 1. Similarly, if
econ(N;) = 1 and i # 0, the improved flow formulation must contain a commodity ¢ with
destination a node n; € IV; (the origin would be the root node) and a requirement of 1.

For commodities 0O, ..., p, we set

i 1 if i € Ny,

{ 0 otherwise,
and set vf = 0 otherwise.

With this choice of values for the vf variables, we ensure that for all edges {i,j} across
the partition }_j g max (O,vé‘? —vk) = 3 max (0,0F — vf) = 1 and for edges {i,j} not
in the partition ) c 5 max (0, vé‘? — k) = 3 max (0, vF — vf) = 0. Thus, by choosing the

5Note that the inequality counts each edge twice in the double summation.
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values of uf]h as indicated by Theorem 5.2.4, we find that m;; = > 1cxd ne Kuf]h is 1 if 7 and
Jj are in different sets of the partition and 7;; = 0 otherwise. Also, mp = ZkeK”]Z)(k) =p+1,
since v%(k) = 1 for commodities 0, ...,p and v%(k) = 0 otherwise.

If all the nodes with a connectivity requirement of two lie in one of the sets (i.e., Ny)
of the partition or the problem has no node with a connectivity requirement of two (in this
case the problem is a Steiner tree problem), by Property 5.1.4, there is no commodity in the
improved flow formulation with destination in Ny. Consequently, we select p commodities
with destinations in Ny, ..., N, and origin in Ny (i.e., the root node). With the same choice
of vf for k =1,...,p (i.e, vf = 1if i € N}, and 0 otherwise), for all edges {i,j} across the
partition, max (3¢ max (0, vf—vf), > kex max (0, vf—vf)) = 1; and for edges {7, j} not in
the partition, Y, max (0, vf—vf) = Y ek max (0, vF —vé‘?) = 0. Thus, in accordance with
Theorem 5.2.4 the edges across the partition have coefficient 1; all others have coefficient 0.

Since we have only p commodities, the resulting righthand side is mg = Zkv%(k) =p.

5.3.1 Partition Inequalities for the Unitary NDC Problem

Since the projection cone obtained from the improved flow model for the NDLC problem
and the unitary NDC problem are identical, any member of the cone that provides a valid
inequality for the NDLC problem also provides a valid inequality for the unitary NDC
problem.

Consider a partition Ny, ..., N,. Without loss of generality assume that the root node
is a node in Ny. Consider any set N; of the partition. If econ(N;) > 2, Property 5.1.4
implies the improved flow formulation must contain two commodities: one with origin
n; € N; and destination some node m; ¢ N;, and one with destination n; € N; and origin
m; € Nj, both with a flow requirement of econ(NV;)/2. Let i denote the commodity with
destination node n; € N; (and origin m; ¢ N;) and a requirement of econ(XV;)/2. Similarly,
if econ(V;) = 1 and @ # 0, the improved flow formulation must contain a commodity 7 with
destination a node n; € N; (the origin would be the root node) and a requirement of 1.

For commodities 0O, ..., p, we set

i 1 if 1 € Ng,
0 otherwise,

and set v¥ = 0 otherwise.

We have not changed anything so far. These values for v variables are the same as
for the NDLC problem. Therefore, for all edges in the partition, m;; = 1 if 4 and j are in
different sets of the partition and m;; = 0 otherwise. For commodities k = 0,...,p, g = 1 if

econ(Ng) = 1, and g = econ(Ny)/2 if econ(Ny) > 2. Substituting these values, we obtain
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the following valid inequality:

if Iy = ¢;
_ZZ$1J— p if Io=2¢

k=0§(Ny) { 3 Zzelg econ(N;) + |11 otherwise.

In this inequality, I; = {i : econ(N;) = 1} and Iy = {i : i € econ(N;) > 2}.
But since, in the mixed integer program, the variables x;; are either 0 or 1 we can round
up the righthand side in this inequality and still maintain feasibility. Thus, the following

inequalities are valid:

_ZZ$1J— p iflhh=¢

{ _ (5.10)
F=0 6(N2) [2 Y ier, econ(Ng)| + [11] otherwise.

Grdotschel, Monma and Stoer [GMS92¢, Sto92] call inequalities (5.10) partition inequali-
ties and show that under appropriate conditions they are facet defining for the SND problem.
Our derivation shows that these inequalities are valid for the more general unitary NDC
problem. If the number of sets in the partition inequality with odd connectivity require-
ment greater than one is odd, then the improved undirected formulation implies a weaker
form of the partition inequality that we refer to as weak partition inequalities (i.e., inequal-
ities (5.9)). Otherwise, the formulation implies the partition inequality. Note that the weak
partition inequalities are stronger than the cutset formulation (as long as I1 # ¢).

Since the flow model implies the weak partition inequalities, and does not always im-
ply the partition inequalities, we might like to characterize, in a certain sense, how much
stronger a model that contains the partition inequalities is compared to a model that con-
tains the weak partition inequalities.

To compare two classes of valid inequalities, we use the following notion previously intro-
duced by Goemans [Goe93]. Let X and X3 be two classes of valid inequalities. Then, the
relative strength of the class of the valid inequalities X7 to the class of the valid inequalities
X is defined as

{minex : x € RIF x e xy; x € Xo}
max

{minex : x € Rl x e Xo}

The relative strength measures how much, in the best case, the objective function of an LP
that contains the class of valid inequalities Xy improves by adding to it the class of valid
inequalities AX7.

We have been able to characterize the relative strength of the partition inequalities with

respect to the weak partition inequalities when (unlimited) edge replication is permitted.

Theorem 5.3.1 The relative strength of the class of partition inequalities X1 with respect

to the class of weak partition inequalities Xy is 190
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Proof: We will show that by multiplying any feasible solution (including any optimal solu-
tion) to the linear program {mincx : x € ’R'f'; x € Xa} (we refer to this linear program as
LP2) by 19#0 gives a feasible solution to the linear program {mincx : x € R|E|; x € Xq;x €
X2} (we refer to this linear program as LP1). This result implies that the optimal value to
LP1 is at most % times the optimal value to LP2. Note that the weak partition inequalities
are implied by the partition inequalities. Consequently, we can delete x € X5 from LP1.
LP1 and LP2 differ when the righthand side of the weak partition inequalities is frac-
tional. If we show the maximum ratio between the righthand side of any partition inequal-

ity and its corresponding weak partition inequality is %0, we have shown that the relative

strength of the partition inequalities with respect to the weak partition inequalities is %.
(Since multiplying any solution that satisfies the weak partition inequalities by % gives a
solution that satisfies the partition inequalities.)

The righthand sides of the weak partition inequalities and the partition inequalities differ
by at most 0.5. This happens when the cardinality of the set {7 : econ(N;) odd; and econ(N;) >
3} is odd (i.e., for an odd number of sets, econ(N;) is (i) odd, and (ii) greater than or equal
to 3). Noting that the partition contains at least two sets with the highest value of econ(N;),
we find that the maximum ratio is obtained by considering a partition with three sets, each
with connectivity 3. The righthand side for the weak partition inequality is 4.5 and the

righthand side for the partition inequality is 5. The ratio is %. |

5.4 0Odd-Hole Inequalities

Chopra and Rao [CR94] introduced odd-hole inequalities for the Steiner tree problem. These
inequalities have the following form. Consider a graph G, = (N,, E,) with N, = (T,,U Z,,),
T, = {ag,ai,...,a,} the set of nodes with nonzero connectivity requirements, and Z, =
{bo,b1,...,b,} the set of nodes with zero connectivity requirements. The edge set Ej, consists
of edges of the form {a;,b;}, {a;,bi—1} and {b;,b;—1} for ¢ = 0,...,p. Note that we define
b_1 ="bp, a1 = ap, bp41 = by and ap+1 = ap. An odd-hole inequality is an inequality of the

Z Tij > 2p.

{ivj}eEP
When p is even, the graph G, is called an odd-hole.® Chopra and Rao [CR94] show that if
p is even and p > 2, then an odd-hole inequality defines a facet for the Steiner tree polytope

form

on the graph G.

We extend the definition of odd-hole inequalities to obtain the following valid inequalities

5The odd in odd-hole refers to the number of nodes with nonzero connectivity requirements.
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Figure 5-6: Projecting odd-hole inequalities for a ten node example. (a) Connectivity
requirements (b) Value of the v) variables (c) Value of the v} variables (d) Value of the v?
variables (e) Value of the v} variables (f) Value of the v} variables.

for the NDLC problem.

2(p+1) if at least two nodes have a
Z Tij > connectivity requirement of two;
{ig}ebp 2p otherwise.

To prove that these inequalities are valid, we now show how to project these inequalities
from the improved undirected formulation.

Consider the odd-hole shown in Figure 5-6. Nodes ag and a1 have a connectivity require-
ment of 2, and a9, ag and a4 have a connectivity requirement of 1. The improved undirected
formulation, with root node ag, has five commodities. Commodities 1, 2, 3 and 4 have ag
as the origin and a1, a9, ag and a4 as the destination nodes. Commodity 5, which we will

also refer to as commodity 0, has a; as the origin and ag as the destination. Note, with this
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notation, each commodity ¢ has destination a;.

In the example of Figure 5-6, for all commodities k = 0, ...,4, let v¥ = 0 if i # ag, by, or
brp_1. Let vfjk =2 and v{fk = ng—l = 1. Notice that with this choice of values

i i it i+l

Vg, =V, = Uy — Vg =1
i i i1 -1 _

Vgy =V, = Uy — Vg =1
i—1 _ a—1 _ i+l _ i+l

Vp, o, — Uy, = Uy, Oy, = 1.

All other vf—vf = 0. Thus, for each edge {7, j}, > e max (0, vf—vf) = Y kex max (0,vF —

v;“) = 1. Therefore in accordance with Theorem 5.2.4 we can set ugk;rl)k, uflkgl)k and
kY% kVk—1
l()lzzr]i)fk_l) to 1 for k=0,...,4, and u?f = 0 otherwise. Since ZkeKUfjk = 10, this choice

of variables defines the odd-hole inequality > y; i1ep,#ij = 10.
In general, let node ag be the root node. For each node a;, select a commodity [ with
D(l) = a;. For commodities k € {0,...,p}, set

2 if 1 = ag;

ST

={ 1 if i =by ori=by_1;

0 otherwise,

and set all other v¥ values to zero.

With this choice of the v¥ variables, we once again ensure that 3. max (0, vé‘? —oF) =
S ke max (0,0F — vf) = 1 for any edge {7,7}. Thus, by choosing the values of uf]h as
indicated in Theorem 5.2.4, we find that m;; = ZkeKZheKufjh is 1 for each edge {i,j};
and my = ZkeK’U%(k) = 2(p + 1), since v%(k) = 2 for commodities O, ...,p, and v’f)(k) =0
otherwise.

Suppose the graph ), has more edges than E,. What inequality is implied? Retain
the same choice of vf variables and consider an edge {3, j} ¢ E,. This edge can be of three
types—{a;, b;}, {b;,b;} and {a;,a;}. For edges of type {a;,a;},

J ) — gt gt —
Vg = Va; = Vg, = Vg; = 2.

For edges of type {ai,b;} € Ep, j #iand j #1i— 1,

Jo_d g Jtl J+1 _
U, — Va, = Uy, =1

— Ual

and
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Finally, for edges of type {b;,b;} & Ep, j #1— 1 and j # i+ 1,

J Jo_ g+l J+1 _ i i it i+l _
Uy, = Up, = Uy, — Uy =V, — U, =V U = 1.

Thus, for any edge {i,j} & E),

k_ k k_ ok
ZkeK max (0,v; —v]) = ZkeK max (0,vj —v;') = 2.

Selecting uf]h values as prescribed by Theorem 5.2.4, shows that m;; = > pcxd ne Kuf]h is 2
for each edge {i,j} ¢ E,. The projected inequality

Z Tij + Z 2z > 2(p+1)

{ivj}eEP {Zvj}eE\EP

is called a lifted odd-hole inequality and is also a facet-defining inequality for the Steiner
tree problem (see Chopra and Rao [CR94]).

If the problem has no node with a connectivity requirement of two, it does not contain
any commodity with destination the root node. Therefore we select p commodities, one for
each node ay,...,ap, each with origin ag (the root node). With the same choice of vf for
commodities 1,...,p, we obtain max (3, max (O,U;? — ), e max (0, vF — vf)) =1
for all edges {i,j} € E, and max (> )¢y max (O,vé‘? — o), 3 e e max (0, vF — vf)) = 2 for
edges {i,j} € E\E,. Since we have only p commodities, the resulting righthand side is
0 = Ykex V) = 2P-

Both the odd-hole inequality and its lifted version are new valid inequalities for the
NDLC problem.

By examining the cone element that generates the odd-hole inequality, we can obtain
valid odd-hole inequalities for the unitary NDC problem. In the next section, we study a
generalization of odd-hole inequalities called combinatorial design inequalities. Therefore,

to avoid repetition, we will not derive odd-hole inequalities for the unitary NDC problem.

5.5 Combinatorial Design Inequalities

Goemans [Goe94b] introduced a new class of facet defining valid inequalities called combi-
natorial design inequalities for Steiner tree problems. He showed that under appropriate
conditions combinatorial design inequalities are facet defining for the Steiner tree problem.
He derives the combinatorial design inequalities by projecting from a node weighted (undi-
rected) extended formulation for the Steiner tree problem. Goemans and Myung [GM93]
show the LP relaxation of the node weighted model is equivalent to the improved undirected

flow formulation for the Steiner tree problem. Therefore we can expect the combinatorial
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design inequalities to be in the projection of the improved flow model. Since we are not
aware of any similar node weighted (undirected) formulation for the unitary NDC problem,
we show how to project out the combinatorial design inequalities from the improved undi-
rected flow formulation (5.5). As a result, we generalize the combinatorial design inequality
to the unitary NDC problem, and obtain a new class of valid inequalities for this problem.

The description of the combinatorial design inequality is fairly involved. Let T, =
{ao,...,ap} be the set of nodes with nonzero connectivity requirements. Z, = N, — T, =
{bo, ..., by} is the set of nodes with zero connectivity requirements. Associate with each
node a; of T, a subset T,, containing elements of Z,. Based on these subsets, we also
define sets Zj, associated with each node b; in Z,. Z;, contains those elements of T}, whose
associated subset contains the node b;. For example, consider the odd hole with p = 4
(see Figure 5-6). Ty = {ag,a1,a2,as3,a4} and Zy = {bg,b1,ba,b3,bs}. Here Tp, = {bo,ba},
To, = {bo,b1}, To, = {b1,b2}, Tay = {b2,b3}, Tn, = {b3,bs}. Thus, the sets associated
with the elements in Z are Zp,, = {ao, a1}, Zp, = {a1, a2}, Zp, = {a2, a3}, Zp, = {a3, a4},
Zy, = {asq,ap}. (The odd-hole inequality is a special case of the combinatorial design
inequality).

Define the ¢ x p matrix D = [d;;] with d;; = 1 if a; € Z, and d;; = 0 otherwise. The
following two conditions are imposed on D: (i) rank(D) = p, and (ii) the unit vector e
belongs to the cone generated by the columns of D; i.e., Dy = e for some vector y € RY.

For any fixed d > 0, if we set 3; = dy;, we see that

> B = d foralli=1,...,q (5.11)
a; EZbi
If we select d so that the greatest common divisor of 31, ..., 8y, and d is 1, the coefficients of

x;; in the following combinatorial design inequalities will be integer and as small as possible.

For every edge {s,t}, define

Zk:akE(Zbiﬂij)ﬁk {S,t} - {b“ b]} where b, bj < Zp;
dey = ﬂj {37t} = {aj,b,-} with b; € Taj;

0 otherwise.

For the Steiner tree problem, the inequality

Z{m}eE(d —dij)wij > dp,

is a combinatorial design inequality. The odd-hole inequality is a special case of the combi-
natorial design inequality when d =2, 8; =1 for j =0,...,p, and |T},| = |Z,].

We extend the definition of the combinatorial design inequality to obtain the following
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valid inequalities for the NDLC problem.

dip+1) if at least two nodes have a
Z (ig)e E(d — dij)zij > connectivity requirement of two; (5.12)

dp otherwise.

Let us now project the combinatorial design inequality from the improved undirected
formulation. In the improved undirected formulation, let node ag be the root node. For

each node ay, select a commodity | with destination a; and set

d ifz':ak;
of =4 B ifieTy,;

0 otherwise.

For all other commodities k set vF to zero.

Consider an edge {s,t} = {a;,b;} with b; € T,,. When a; is the destination node,
vgj = d and vj, = f; if i € T,;. Consider any node a), € Z,\{a;}. vl # 0 only if ay, is a
destination node for commodity [, i.e., [ = k and, in this case, v{fi = [ and vsj = 0. Note
that, vl’fi — véfj = . Thus,’

R D SR A

ar€{Zp,\{a;}} are{Zp;\{a;}}

— ] J
d—pBj =}, — vy,

(3

If ay, & Zy,, then vﬁj = Ul]fi = 0. Therefore, >, cx max (0,v§j - vl’fi) = > pex Max (O,U{fi -

b ) =d— Bj. By Theorem 5.2.4, in the projected inequality d — 3; is the coefficient of an

aj
edge {s,t} = {a;,b;} with b; € Ty;,.
Consider an edge {s,t} = {b;,b;}. For any commodity k£ with destination a, Ul]fi and
vl’fj differ only if exactly one of b; and b; belongs to T, . If b; belongs to T}, then vl’fi = Ok
and vffj = 0. Thus v{fi — vffj = (. Summing over all sets Tj, that contain node b; but not

node b;, we find that

k k
V. — Up. =
Zk:bjGTak;biQTak b; bj Zk:bjeTak;biQTak ﬁk

(5.11)
=" d- Zk:bjETak;biETak B

5.11
"The notation ( = ) means that the equality follows from expression (5.11).
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Similarly, summing up over all sets 75, that contain node b; but not node b;, we find that

ko ok
Vp. — Up, =
Zk:bieTak;ijTak bj = Ubi Zk:bieTak;bngakﬁk

(5.11)
=" d- Zk:biETak;bjETak B

Therefore, Y max (O,v{fj — ”l]fi) = > ek Max (O,vllfi - v{fj) =d =Y pper,, biet, Pr- By
Theorem 5.2.4, d — 3 yp e, bt Ok is the coefficient of an edge {s,t} = {b;,b;} in the
projected inequality.

All the other edges are either of the form {s,t} = {a;,a;} or {s,t} = {a;,b;} with
bi & Ta,;. For any edge of the form {a;,a;}, vgj —v) =l — fuflj = d for commodities ¢
and j and v = UI;J_ = 0 otherwise. Consider an edge of the form {s,t} = {a;,b;} with
b; & T;. For all commodities k with ay € Z;,, i.e. ay is the destination, vl’fi — v’ji = O.

For commodity j, a; is the destination and vgj — vii = d. For all other commodities k,

fufjj = UIIZ- = 0. Therefore, for both edges of the form {s,t} = {a;,a;} and {s,t} = {a;,b;}
with b; ¢ T,,, we find that Y pcp max (0,08 — vf) = S cpmax (0,0 — vf) = d. By
Theorem 5.2.4, d is the coefficient of these edges in the projected inequality.

The righthand side of the projected inequality is g = Zkv%(k) = d(p+1) since v%(k) =d
for commodities 0,...,p, and v%(k) = 0 otherwise.

If the problem has exactly one node or no nodes with a connectivity requirement of 2,
with the same choice of v variables we obtain the same coefficients for z;; and a righthand

side of dp (there will be no commodity with destination the root node ay).

5.5.1 Combinatorial Design Inequalities for the Unitary NDC Problem

To conclude this discussion, we examine the valid inequality for the unitary NDC problem
that is implied by the cone element that generates the combinatorial design inequality for
the NDLC problem.

For each node ai, k = 0, ..., p, we select a commodity k with destination a; as follows. If
the maximum connectivity requirement r,, of node a;, is greater than or equal to 2, then we
select a commodity k with destination node a;, and flow requirement r,, /2. If the maximum
connectivity requirement r,, of node a is equal to 1, then we select a commodity k with
destination node a; and flow requirement 1. Retain the same choice of variables vf. The

projected inequality is

dp if Ly = ¢7

d—d;)xg > 5.13
Z{i,j}eE( 2 { d(3 Yier, 1+ L) otherwise. (5:13)

In this inequality Ly = {i : ¢ € Tp,r; = 1} and Ly = {¢ : i € Tp,,r; > 2} (r; denotes the
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maximum connectivity requirement of a node).
Once again, noting that the lefthand side should be integer if the x variables are integer,

we can round up the righthand side, giving the inequality

if Ly = ¢,

dp
d—d; )z > 5.14
Z{i,j}eE( i)%ij { ([% ZleLz ri] 4+ d|L1]) otherwise. ( )

We refer to inequalities (5.13) and (5.14) as weak combinatorial design and combinatorial
design inequalities. Noting that d > 1, it is easy to prove a result similar to Theorem 5.3.1—
namely, if edge replication is permitted, the value of the linear program determined by the
weak combinatorial design inequalities is at least 1@Oths the value of the linear program

determined by the combinatorial design inequalities.

5.6 Node-Connectivity Requirements

So far, we have restricted our attention to edge-connectivity requirements. We now briefly
show how to improve the flow formulation for node-connectivity problems.

Because node connectivity implies edge connectivity, all the valid inequalities derived
for the edge-connectivity version of the unitary NDC problem are valid for the node-
connectivity version. That is, the partition, odd-hole and combinatorial design inequali-
ties are valid for the node-connectivity version of the unitary NDC problem. Stoer [St092]
shows that under certain conditions, the partition inequalities are facet defining for the
node-connectivity version of the SND problem.

We now show a simple way to strengthen the flow-based formulation for the unitary NDC
problem with node-connectivity requirements. This method creates additional commodities
derived from the directing procedure. To distinguish between the flow variables that impose
node-connectivity requirements and the flow variables that direct the problem, we denote
the former by f and the latter by g. We also let K/ denote the set of commodities that
impose node-connectivity requirements and K9 denote the set of commodities that direct
the problem. We can state the improved undirected flow formulation for the unitary NDC

problem with node-connectivity requirements as follows.

Improved undirected flow formulation for the unitary NDC problem with node-

connectivity requirements

Minimize Z CijTij (5.15a)
{i.j}eB
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—qr  if i =O(k);
subject to: Z Jkl — Z fk = qe ifi=D(k); forallic N & k€ K/ (5.15b)
jeN leN 0  otherwise;
1k
7 } < x4 for all {i,j} € E and k € K/ (5.15¢)
ji
Y fhi<a for all k € K/ & all i £ O(k), D(k) (5.15d)
leN
—qr  if i =O(k);
k ko o .
Zgji—Zgil = q. ifi=D(k); forallie N & ke K9 (5.15¢)
jeN leN 0  otherwise;
gl + gl < for all {i,j} € E and k,h € K9 (5.15f)
k k o .
il =20 for all {i,j} € E and k € K/ (5.15g)
g5.g5 >0 for all {i,j} € E and k € K9 (5.15h)
zi; € {0,1} for all {i,j} € E. (5.151)

The set of commodities in K/ have the interpretation described in Section 4.1.2 (see
page 92). The set of commodities in KY have the same interpretation as for the unitary
NDC problem with edge-connectivity requirements. We note, as in Section 5.1.2, this for-
mulation is stronger than the undirected flow formulation for the unitary NDC problem
with node-connectivity requirements only when some edge {s,t} on the requirement span-
ning tree (obtained by considering the node-connectivity requirements as edge-connectivity

requirements) has rg = 1.

5.6.1 Combined Edge- and Node-Connectivity Requirements in the Uni-
tary NDC Problem

In Chapter 4 we described a model for combined edge- and node-connectivity require-
ments (see Section 4.5.1). We now describe a similar model for combined edge- and node-
connectivity requirements in the unitary NDC problem.

In this model, we define the connectivity requirements as follows. Between each pair
of nodes {s,t}, we are given an edge-connectivity requirement r¢, and a node-connectivity
requirement r7,. We require that 75, > 77, for each edge {s,t}. Design a network that
contains, for every pair of nodes i and j, r; edge-disjoint paths and r;; node-disjoint paths.

For the SND problem, we describe this model as follows. Each node has an edge-
connectivity requirement r{ and a node-connectivity requirement r;'. We require that r{ >
r! for each node. Design a network that contains, for every pair of nodes i and j, min(r§, r5)

1777

edge-disjoint paths and min(ry", ) node-disjoint paths.
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Formulation (5.15) can easily model these requirements. We model the edge-connectivity
requirements with the commodities K¢ and the node-connectivity requirements with the

commodities K™.

5.7 Concluding Remarks

In this chapter we described an improved flow formulation for the unitary NDC problem.
When solved as a linear program, the optimal value of this formulation provides a tighter
lower bound on the cost of an optimal design than does the linear programming relaxation
of the standard cutset formulation. By projecting out the flow variables from the improved
model and rounding up the righthand side of the projected inequality, we derived three
classes of valid inequalities (partition, odd-hole, and combinatorial design) for the unitary
NDC problem (in the space of the edge selection variables). These inequalities are gener-
alizations of known inequalities for the Steiner tree problem. Using the notion of relative
strength of a class of valid inequalities with respect to another class of valid inequalities, we
showed that the relative strength of the partition inequalities with respect to the weak par-
tition inequalities is 10/9, and the relative strength of the combinatorial design inequalities
with respect to the weak combinatorial design inequalities is 10/9.

Grotschel, Monma and Stoer [GMS95] have previously examined the directed cut for-
mulation (5.3) as applied to the SND problem when the connectivity requirements of the
nodes are restricted to be even or one. They called all inequalities in the space of the edge
selection variables x;; that can be projected from the directed cut formulation Prodon in-
equalities. Because of the equivalence of the improved undirected flow formulation (5.5) and
the directed cut formulation (5.4), Prodon inequalities are equivalent to the inequalities that
can be projected out from the improved undirected flow formulation. Grotschel, Monma
and Stoer (5.3) also showed how to project out the partition inequalities using the directed
cut formulation for the SND problem, but did not investigate other types of inequalities
that might be obtainable by projection. If all the connectivity requirements are even, they
showed that other than the cut constraints, no Prodon inequality is facet defining. This re-
sult corroborates the observation we made earlier that the improved undirected flow model
is stronger than the cutset model only if ry = 1 for some edge {s,t} of the requirement
spanning tree.

Although we have shown that the flow formulation implies three classes of valid inequal-
ities (some in weaker form), some classes of facet defining inequalities are not obtainable
by projecting from the flow formulation.

Consider the SND problem shown in Figure 5-7. In this problem, nodes a, b, and ¢ have

a connectivity requirement of 2. Figure 5-7 shows the underlying graph and the cost of the
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Figure 5-7: The flow formulation does not always give integer solutions. The LP solution
is 7.5 and the optimal solution to the problem has cost 8.

edges. One optimal integer solution to the problem has the edges z,q = Tgp = Tpe = Teq = 1
and has cost 8. In the improved flow model assume commodity 1 is from node a to b,
commodity 2 is from node a to ¢, commodity 3 is from node b to a and commodity 4 is

from node ¢ to a. The optimal LP solution to the improved undirected flow model (5.5) is

al _ pal _ pcl _ pcl _ fa2 _ fa2 _ prc2 __ c2_05 al _ pal _ fal _ pcl _ pfcl __
ad — Jdb T Jad — Jde T Jbd T Jda T Jed T Jda — Y Jab — Jac T Jeb T Jab T Jac T
cl _ fra2 _ fa2 _ pa2 _ pc2 _ fc2 __ 02_025 _ _ =1 d — _
be = Jba = Jea = Jbe = Jea = Jeb = Jba = V49 Tad = Tbd = Ted = and Tgp = Tpe =

Zeq = 0.5 with cost 7.5. Grotschel, Monma and Stoer [GMS92b] have introduced a class of
inequalities for the SND problem, called r-cover inequalities, that eliminates such fractional
solutions in the cutset model.

It is unlikely that any polynomial size flow formulation implies the r-cover inequali-
ties because, in a certain sense, the r-cover inequalities are complements of the blossom
inequalities of the matching polytope. Therefore, if we can project out the r-cover inequal-
ities from a polynomial size flow-based formulation, then we will have a polynomial size
extended formulation for the matching polytope. However, Yanakakis [Yan88] showed that
the matching polytope has no polynomial size extended formulation unless P = NP (i.e.,
unless all NP-hard problems can be solved in polynomial time).

We also described an improved flow model for the node-connectivity version of the
unitary NDC problem that implies the partition, odd-hole, and combinatorial design in-
equalities. However, we were unable to project out of the improved flow model some classes
of inequalities that Stoer [St092] has described for the node-connectivity version of the SND
problem. Is it possible to strengthen the improved flow model for the unitary NDC problem
to obtain these and other valid inequalities? Notice that Formulation (5.15) does not include
any direct interaction between the flow variables that impose the node-connectivity require-
ments and the flow variables that arise from the directing procedure. This observation leads
to the following questions. Is there a way to link the two sets of variables? Does linking
the variables improve the formulation? Answering these questions might lead to better

flow-based models for the unitary NDC problem with node-connectivity requirements.
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Grotschel, Monma and Stoer [GMS92a, GMS92c¢] found the cut and partition inequalities
to be the most useful in polyhedral computations for the SND problem. These results
suggest that the improved flow model might be a good (strong) formulation for the SND
problem. In the next chapter we use the improved flow model to devise a new dual-ascent
algorithm for the NDLC problem and test this assertion empirically on problems with up
to 300 nodes and 3000 edges. The results of this experimentation suggest that the linear
programming relaxation of the improved flow formulation provides a good approximation

to this mixed integer program model.



Chapter 6

Low-Connectivity Requirements

In this chapter we consider the network design problem with low connectivity require-
ments (NDLC). Network providers (e.g., the RBOCs) frequently need to connect a set of
customer nodes (a node might represent an office building of a large corporation). To pro-
vide adequate service, the network often needs to connect some of these customers (e.g.,
those generating high revenues) to each other by two physically diverse paths. Some nodes
are optional: they need not be contained in the network, but can be used if they lower
the cost of the network design. Because network failures tend to be rare, many network
providers (e.g., the telcos) believe it is important to protect against single link and sin-
gle node failures. Therefore, the NDLC problem is significantly more important to these
corporations than the other survivability problems we consider.

In this chapter we consider the edge-connectivity version of the NDLC problem. This
restriction is reasonable for two reasons. First, at this time protecting against single link
failures in a network seems to be of greater importance to telcos than protecting against
single node failures in a network [TEM93a]. Second, recall (see Section 2.2.2) that for
the NDLC problem, if the costs satisfy the triangle inequality and the underlying graph is
complete, then the cost of the optimal solution of the edge-connectivity model is the same as
the node-connectivity model. In telecommunication settings, typically the costs associated
with the links are Euclidean (and so satisfy the triangle inequality when the underlying
graph is complete). Therefore, in many instances solving the edge-connectivity version of
the NDLC problem is sufficient.

Using an undirected flow formulation, in Chapter 4 we described a dual-ascent proce-
dure for the general network design problem with connectivity requirements (NDC). This
dual-ascent algorithm is a potential solution technique for the NDLC problem because the
problem is a special type of NDC problem. In this chapter we provide an alternative
dual-ascent procedure (for the NDLC problem) that exploits the improved flow formulation
(model (5.5)) described in Chapter 5.

185
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In computational experiments reported in this chapter, this dual-ascent algorithm has

solved problems with up to 300 nodes and 3000 edges to within 4 percent of optimality.

6.1 Directed Flow Formulation

Formally, we can state the NDLC problem as follows. Given a graph G = (N, E) and a
connectivity requirement r; € (0,1,2) for each node, design a network at minimum cost
that contains rg; = min(rs, ) edge-disjoint paths between nodes s and t. We first consider
the NDLC problem without edge replication. Later, we show how to apply a modified
version of the dual-ascent algorithm for situations with edge replication. In this chapter,
we let T denote the nodes with connectivity requirement 1, T, the nodes with connectivity
requirement 2, and 7' (= 11 U T%) the nodes with nonzero connectivity requirements.

Before developing the dual-ascent algorithm, we first review some of the material pre-
sented in Chapter 5, now in the context of the NDLC problem.

A feasible integer solution to the NDLC problem consists of a single 2-edge-connected
component that contains T, with trees attached to it. When applied to the 2-edge-
connected network, the Nash-Williams theorem says that we can orient its edges so that
the resulting digraph is strongly connected. In the literature, this result is referred to as
Robbins’ theorem [Rob39].

Theorem 6.1.1 (Robbins) An undirected graph is 2-edge connected if and only if' we

can orient its edges so that the resulting directed graph is strongly connected.

Therefore, we can orient the edges in the main 2-edge connected component, i.e., the one
that contains T, so that it becomes a strongly connected digraph. We can also orient every
tree away from the 2-edge connected component. As a result, the oriented network contains
a directed path from every node with a connectivity requirement of 2 to every other node
with a connectivity requirement. Figure 6-1 illustrates this directing procedure.

Consequently, we formulate the NDLC problem as follows.

Improved undirected flow formulation for the NDLC problem:

Minimize Z CijTij (6.1a)
{i,j}eE
1 ifi=O0k):
subject to: Z ]kl — Z fk = 1 ifi=D(k); forallie N and k€ K (6.1b)
jeN leN 0  otherwise;

'For the only if part, we impose a tacit assumption that the directed graph does not contain both arcs
(4,4) and (j,9).
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@ Connectivity 2 nodes
@ Connectivity 1 nodes
o Steiner nodes

\°2)

\°2J

Figure 6-1: Directing procedure applied to the NDLC problem.

i+ < ay for all {i,j} € E and k,h € K (6.1c)
zy; <1 for all {i,j} € £ (6.1d)
f{;,ffi >0 for all {i,j} € Fand k € K (6.1e)
xi; > 0 and integer for all {i,j} € E. (6.1f)

To define the commodities in this model (see Section 5.1.2), we select any node with a
connectivity requirement of 2 as a root node. We then define two types of commodities.
(i) Any node i from T, other than the root node, defines a commodity with the origin as the
root node and with node ¢ as the destination, (ii) Any node i (other than the root) in T3,
defines a commodity with node ¢ as the origin and the root node as the destination.
Alternatively, we can formulate the problem on a digraph. To describe this formulation,
we first convert the undirected network to a directed one D = (N, A) by replacing each
undirected edge {i,j} by two directed arcs (i,5) and (j,7), each with the same cost as the
undirected edge {i,j}. We say that arcs (i,7) and (j,i) are twins. Let y;; be 1 if arc

(7,7) is in the design and be 0 otherwise. The following model prescribes the directed flow
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formulation.

Directed flow formulation for the NDLC problem:

Minimize Z CijYij (6.2a)
(i,5)€A
~1 ifi=O0(k);
subject to: Z ffi — Z fr = if i =D(k); forallie N and k € K (6.2b)
jeN leN 0  otherwise;
Z’; < yij for all (i,j) e Aand k € K (6.2¢)
vij +yii <1 for all {i,j} € £ (6.2d)
k k . .
fij fji =20 for all {i,j} € F and k € K (6.2¢)
yij > 0 and integer for all {i,j5} € A. (6.2f)

As is the case for the minimum spanning tree problem (see Section 3.1), the improved
undirected flow formulation and the directed flow formulation are equivalent models of the
NDLC problem (as mixed integer programs or as relaxed linear programs).?

Like the NDC problem, the flow-based formulation for the NDLC problem can be quite
large; it contains as many as O(|N||E|) constraints and variables. As a result, solving even
its linear programming relaxation is quite challenging (for some computational experiments
with this LP relaxation see Section 6.6). Therefore, we develop a dual-ascent approach for

the problem.

6.2 Dual-Ascent Procedure

In developing a dual-ascent procedure for the NDLC problem, we draw on many ideas
presented in Section 3.4 for the Steiner branching problem.
We will apply the dual-ascent algorithm to the following dual of the linear programming

relaxation of the directed flow formulation for the NDLC problem.

Dual of directed flow formulation for the NDLC problem:

Maximize Z UkD(k) - Z Uij (6.3a)
keK {i,j}eFE
subject to vf —of < wfj for all (i,j) € Aand k € K (6.3b)

2Goemans and Myung [GM93] first showed this result in the context of the Steiner tree problem.
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Z wfj —u;; < ¢; forall (i,5) € A (6.3c)
keK
uij > 0 forall {i,j} € E (6.3d)
wfj >0 forall (i,j) € Aand k € K. (6.3¢)

In this dual linear program, v;? is the dual variable for the flow balance constraint (6.2b)
at node j for commodity k, wfj is the dual variable for constraint (6.2c), and wu;; is the
dual variable for constraint (6.2d). Since for each commodity k, one flow balance constraint
in the primal problem (6.2) is redundant, we can choose an arbitrary value for one dual
variable fu;‘?. We set fug(k) = 0 for each commodity k& € K. In this dual, note that the variable
u;i; is associated with the edge {,j} (so u;; = uj;), but the variable wfj is associated with
the arc (,7).

For given wfj and u;; values, the dual problem separates by commodity. For commod-
fj, for all (i,7) € A} is the dual to a
directed shortest path problem between the nodes O(k) and D(k) on the digraph D with

k
ij*
easy to calculate the shortest path lengths for each subproblem and thereby obtain a dual

ity k, the problem {max v%(k), subject to v;? — fuf <w

arc costs wt.. As a result, if we prescribe feasible values for the w and u variables, it is
solution for that choice of w and u.

To maintain dual feasibility, we need to ensure the solution satisfies constraints (6.3c),
(6.3d) and (6.3e). Let s;; be the slack in constraint (6.3c) (i.e., s;j = ¢ij + Uij — Y ek wfj)
As before, if s;; = 0, we say that the arc is tight, and the auxiliary network is defined by the
tight arcs. We denote the set of tight arcs by Z, and the auxiliary network by Dz = (N, Z).

6.2.1 Preliminaries: A Generalization of Wong’s Algorithm

We first discuss the dual-ascent algorithm with the values of the wu;; variables fixed at
value 0. We refer to this part of the dual-ascent algorithm as Stage 1. Keeping u;; fixed at
value 0 is tantamount to assuming that the formulation does not contain constraint (6.2d).
In that case, Formulation (6.2) is structurally very similar to the directed flow formulation
for the Steiner branching problem (model (3.7) on page 66); Formulation (6.2) contains
additional commodities with the root node as their destination.

This observation suggests a simple dual-ascent strategy to obtain a network that satisfies
all the constraints except (6.2d). For any one of the commodities k € K, identify and
perform a basic dual-ascent step on a loose O(k)-D(k) dicut. (Recall, a loose O(k)-D(k)

dicut is an O(k)-D(k) dicut that does not contain any tight arcs, and a basic dual-ascent

k
]

becomes zero. By Menger’s theorem, if the auxiliary network does not contain a directed
path from O(k) to D(k), then the digraph contains a loose O(k)-D(k) dicut.) Continue in

step increases the w?: values for all arcs in a loose dicut until the slack on one of the arcs
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this fashion until for every commodity k, every O(k)—-D(k) dicut contains a tight arc. Each
step of this strategy improves the dual objective value, and at termination the auxiliary
network contains a path from the root node to every node with a connectivity requirement
and a path from every node with a connectivity requirement of 2 to the root node.

We consider two dual-ascent strategies for Stage 1. Recall (from Chapter 3), if §7(.59) is
a loose O(k)-D(k) dicut for some commodity k, we refer to S as an ascent set. A minimal
ascent set is an ascent set that contains no subset of nodes that is an ascent set.

The first dual-ascent strategy is similar to the dual-ascent algorithm for the minimum
cost branching problem and the dual-ascent algorithm for the Steiner branching problem.
In this approach we identify and perform dual-ascent steps on minimal ascent sets in the
auxiliary network until the digraph contains no more ascent sets.

In the second strategy, we initially consider only minimal ascent sets that do not contain
the root node. This approach is equivalent to performing Wong’s algorithm for the Steiner
branching problem on the digraph with the terminal node set T"\{root node} (and with
the root as the root node). At the conclusion of this procedure, we obtain a network that
contains a directed path from the root node to every node with a connectivity requirement.
We next perform dual-ascent steps so that the the auxiliary network contains a directed
path from every node with a connectivity requirement of 2 to the root node. That is,
we ensure that the transpose of the auxiliary network contains a Steiner branching with
terminal node set T»\{root node}. We say a set of nodes S is a transpose minimal ascent
set if S is a minimal ascent set in D”, the transpose® of the digraph D. That is, §7(5)
(the arcs directed out of S in the digraph D) contains no tight arc and no subset of S
contains an outgoing tight arc. We now perform a basic dual-ascent step on the loose dicut
6~ (N\S) defined by the complement of S.* In the dual-ascent algorithm, we perform basic
dual-ascent steps on the complement of transpose minimal ascent sets until the digraph
contains no more transpose minimal ascent sets.

There is considerable flexibility in implementing either of the two strategies. In Sec-

tion 6.3 we will discuss several implementation approaches.

6.2.2 Twinless Strongly Connected Components

In this section we characterize the auxiliary network at the end of Stage 1 and use this
characterization to develop a second stage for a dual-ascent algorithm. At the conclusion of
Stage 1, if we use either of the two dual-ascent strategies outlined in the previous section, the

auxiliary network contains a directed path from the root to every node with a connectivity

3DT | the transpose of D, is the digraph DT = (N, AT) defined by the arc set AT = {(4,5) : (j,7) € A}.
4Observe that the set N\S might not be a minimal ascent set. This illustrates the difference between
the two strategies.
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Figure 6-2: Twin paths.

requirement and from every node with a connectivity requirement of 2 to the root node. As
a result, the nodes of T belong to the same strongly connected component of the auxiliary
network. Does the auxiliary network always satisfy the conditions of Robbins’ theorem?
(Remember, typically if the auxiliary network violates some primal constraint, it is possible
to ascend on the dual.)

As the example in Figure 6-2 shows, the answer to this question is no. In this example,
nodes a and b have a connectivity requirement of 2. The auxiliary network has a path from
node a to node b and a path from node b to node a. However, if we replace the directed arcs
by their undirected counterparts, (i.e., replace (,7), (j,4), or both by a single edge {i,j}),
the network is not 2-edge connected. We refer to the pair of paths from node a to node b
and from node b to node a as twin paths. In general, we say that two paths P and P’ are
twin paths if P is a path from node 7 to node 7, and P’ is a path from node j to node i that
uses the reversal of each arc on the path P.

A digraph D = (N, A) is a Twinless Strongly Connected Digraph (TSCD) if for some
subset A’ of A, the digraph (N, A’) is strongly connected and does not contain any arc
and its twin. A Twinless Strongly Connected Component (TSCC) of a digraph is a maximal
twinless strongly connected subdigraph of D. Figure 6-3 identifies four TSCCs (that contain
3 or more nodes) in a digraph.

Robbins’ theorem (Theorem 6.1.1) says that a graph is 2-edge connected if and only if
some orientation of it is strongly connected. The statement of the theorem has an implicit
assumption, namely that the digraph contains no arc (i, 7) and its twin. Robbins’ theorem
implies that if the auxiliary network satisfies the connectivity requirements for the problem,
then it must have a TSCC that contains the root node and all other nodes that have a
connectivity requirement of 2. We will try to find violations to this characterization in the
auxiliary network and use the violations to improve the dual objective function.

We first derive some structural properties of TSCCs in a strongly connected digraph D.
We will use these properties to design a dual-ascent procedure and efficient implementations
of the procedure. For ease of exposition, we introduce some additional notation. The T.SCC
induced subdigraph of D is the digraph D* obtained by contracting each TSCC in D to a
single node. We replace parallel arcs that the contraction creates by a single arc. For any
digraph D = (N, A), the associated undirected graph G = (N, E) is a graph with edges
E={{i,j}:(i,j) € Aand/or (j,i) € A}. If (i,j) belongs to A, we refer to the edge {i,;j}

in E as an image of this arc.
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Twinless Strongly
Connected Compone

Figure 6-3: Twinless Strongly Connected Components. Bold arcs show twinless arcs that
form a strongly connected component.
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Figure 6-4: Proof that the paths P and P’ are twin paths.

We first prove a useful property concerning the structure of directed paths between

TSCCs in a strongly connected digraph.

Theorem 6.2.1 (Twin-arc) Let D = (N, A) be any strongly connected digraph and let
D* be the TSCC induced subgraph of D. The associated undirected graph of D* is a tree.
Moreover, every edge in the associated tree is the image of a pair of twin arcs (and no other
arcs) of D.

Proof: First, consider the TSCC induced subdigraph D* (note that since D is strongly
connected, so is D*). We show that D* contains a twin path and no other path between
any two nodes. As a result, the associated undirected graph of D* is a tree. We will establish
this result by contradiction. Assume the digraph D* contains a path P from a node s to
a node t and a path P’ from node ¢ to node s that are not twin paths. Let arc (i,q) be
the first arc on P’ that does not have a twin arc on the path P and let j be the first node
following node i on the path P’ that lies on the path P (see Figure 6-4). Then all nodes on
P’ between nodes 7 and 7 and all nodes on P between nodes j and 7 form a TSCC. But, a
TSCC in the contracted digraph corresponds to a TSCC in the original digraph, and so D*
is not the TSCC induced subdigraph of D. Thus, we have a contradiction.

We now show that every pair of twin arcs in D* corresponds to a pair of twin arcs and
no other arcs of D. As a result, every edge in the associated tree is the image of a pair of
twin arcs and no other arcs of D. Consider any two adjacent nodes in D*, say nodes a and t.
Node ¢ and node a correspond to TSCCs (possibly single nodes) in the expanded digraph
(i.e., D). We refer to the TSCC node a corresponds to as TSCC(a), and the TSCC node ¢
corresponds to as TSCC(t). If the original (expanded) digraph contains two nontwin arcs
(1,7) with i € TSCC(a) and j € TSCC(t) and (k,l) with k& € TSCC(t) and | € TSCC(a),
then TSCC(a), TSCC(t) and the arcs (i, j) and (k,[) form a larger TSCC, a contradiction.
Therefore, only a single arc (a,t) connects TSCC(a) to TSCC(t) and only a single arc, the
twin of arc (a,t), joins TSCC(t) to TSCC(a). |

Since D*, the TSCC induced subdigraph of the strongly connected digraph D, has the

structure of a bidirected tree (that is, a tree with twin arcs in place of each edge [see
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Figure 6-5]); we refer to D* as the TSCC tree. (Each node of this tree corresponds to a
TSCC in D). We also refer to every TSCC that corresponds to a leaf node of the TSCC
tree as a leaf TSCC, and refer to the arcs (a,b) and (b,a) directed into and out of a leaf
TSCC in D* as twin leaf arcs.

Figure 6-5b shows the TSCC tree of the strongly connected digraph shown in Figure 6-
5a. In this figure, nodes a, ¢, e and g correspond to leaf TSCCs. The pair of arcs (a,b) and
(b, a) are twin leaf arcs in the TSCC tree.

Theorem 6.2.1 implies the following result concerning the relationship between a strongly

connected digraph and its associated undirected graph.

Theorem 6.2.2 The associated undirected graph G of a strongly connected digraph D is

2-edge connected if and only if D is a twinless strongly connected digraph.

Proof: If D is a twinless strongly connected digraph, then its associated undirected graph
G is 2-edge connected. Otherwise, deleting some edge from G disconnects the graph. In D,
this edge corresponds to some arc or that arc and its twin. But since eliminating these arcs
disconnects D, it is not twinless strongly connected, a contradiction.

To complete the proof, we show that if the associated undirected graph G is 2-edge
connected, then D is a twinless strongly connected digraph. We claim the TSCC tree is a
single node. If the TSCC tree contained 2 or more nodes, then its associated undirected
graph (a tree) has at least one edge. But then G is not 2-edge connected (deleting this edge
from the associated undirected graph of the TSCC tree disconnects GG), a contradiction.
However, the TSCC tree is a single node only when D is a twinless strongly connected
digraph. |

Theorem 6.2.1 and Theorem 6.2.2 imply the following characterization of TSCCs in a
strongly connected digraph.

Corollary 6.2.3 The 2-edge-connected components of the associated undirected graph G of
a strongly connected digraph D correspond in a one to one fashion with the TSCCs of D.

6.2.3 Dual-Ascent and TSCCs

In this section we show how to perform dual-ascent using TSCCs. Suppose we identify
all TSCCs in the auxiliary network. We refer to any TSCC that contains a node with a
connectivity requirement of 2 as an admissible TSCC.

We can now improve the dual objective as follows. Consider the strongly connected
component, which we denote by Dg, of the auxiliary network that contains the nodes
of T5. Assume Dg contains more than one admissible TSCC; otherwise, the auxiliary

network satisfies the constraints of Formulation (6.2). By Theorem 6.2.1, Dg contains a
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Figure 6-5: Illustration of Theorem 6.2.1, Theorem 6.2.2, and Corollary 6.2.3. (a) Strongly
connected digraph D, (b) D* the TSCC induced subdigraph of D (the TSCC tree), (c) As-
sociated undirected graph of D*, (d) Associated undirected graph of D.
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pair of twin arcs® (a,b) and (b,a) whose deletion divides it into two strongly connected
components. Moreover, we can choose this pair of twin arcs so that both the resulting
strongly connected components contain an admissible TSCC. Let Dgf’ and Dga denote the
two strongly connected components of Dg obtained by deleting the arcs (a,b) and (b, a).
The arc (a,b) is directed into D% and the arc (b, a) is directed into D%

Let Sy, be the set of all nodes, including the nodes of Dg“, that have a directed path to
any node in D% in the auxiliary network after we delete arc (b,a) (recall that the auxiliary
network Dy = (N, Z) contains more nodes and arcs than Dg). Similarly, let S, be the set
of all nodes, including the nodes of D%b, that have a directed path to ng in the auxiliary
network® after we delete arc (a,b). Let Q = {67 (Spa) U (Sap) }\{(a,b), (b,a)} be the set
of all arcs other than arcs (a,b) and (b, a) that are directed into the sets Sg, and Spg.

Without loss of generality, assume the root node is in Sy, and let ¢t be a node from 15
in Sg. Let £ and h be the commodities with origin node ¢ and destination node t. Note
that, from equation (6.3c) even though arcs (a,b) and (b,a) are tight we can increase both
wsb and w{fa by € for any pair of commodities k and h by increasing uq, by €.

Suppose we increase wfj by € for all arcs in 6 (Sp,) and wzhj by € for all arcs in 07 (Sqp).
Then, in order to maintain feasibility, we need to increase uy, by €. We have thus increased
the shortest path lengths (v%(k) and v%(h)) for both commodities k and h by €, and the dual
objective increases by € (since ug, has a negative coefficient in the objective function). We
can improve the dual in this fashion using the sets Sy, and S, until an arc in ) becomes
tight. At this point, any further increase in the dual objective using the sets Sp, and Sg is
no longer possible.

In this dual-ascent step, we increase wfj by € for all arcs in 6~ (Sp,) and wlhj by e for
all arcs in 07 (Sg). Observe that the slack of an arc in @ that is in 67 (Spe) N 0~ (Sap)
decreases by 2¢, whereas the slack of an arc in @ that is in exactly one of the two dicuts
07 (Spe) and 6~ (Sgp) decreases by e. Consequently, we define the effective slack of arc (i, j)
in 67 (Spa) N~ (Sap) as s5/2, and the effective slack of arc (¢, 7) in exactly one of the two
dicuts 67 (Spe) and 67 (Sgp) as si;. The arc in @ that becomes tight in the dual-ascent step
is the one with minimum effective slack.

Since it is possible to perform dual-ascent by considering the pair of sets Sy, and Sy,
and they are defined by deleting twin arcs (a,b) and (b, a), we refer to the sets Sy, and Sy,
as twin ascent sets. Notice that a pair of twin ascent sets satisfies the following properties:
(i) they contain a node from 7Tb, (ii) they have a single tight arc directed into them, and

(iii) moreover, the tight arc directed into one of the sets is the twin of the arc directed into

5These are the twin arcs of the TSCC tree.
6Some nodes could be in both set Sy, and set Sqp. However, observe that no node in T belongs to both
set Spe and set Sgp since this situation would violate Theorem 6.2.1.
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the other set. We refer to the dual-ascent step on the twin ascent sets as a twin dual-ascent
step.

In Stage 2 of the dual-ascent algorithm, we perform twin dual-ascent steps on twin
ascent sets until the network has no more twin ascent sets. This situation occurs when all
nodes with a connectivity requirement of 2 are in a single TSCC. At the conclusion of these
dual-ascent steps, the auxiliary network contains a digraph that satisfies the constraints in
Formulation (6.2), and the dual solution provides a lower bound on the optimal solution to
the NDLC problem.

Minimal Twin Ascent Sets (Leaf TSCC Rule)

We now discuss a rule for selecting twin ascent sets in Stage 2 that is reminiscent of the
minimal ascent set rule used in previous chapters. In the dual-ascent algorithm we consider
only twin ascent sets Sy, and Sy, that are minimal, in the sense that one of the sets Sy, and
Spe is minimal; it does not contain any member set of a twin ascent set pair as a subset.
We call sets S, and Sy, minimal twin ascent sets and refer to this scheme as the minimal
twin ascent set rule.

The following property relates leaf TSCCs to twin minimal ascent sets.

Property 6.2.4 Consider the strongly connected component Dg of the auxiliary network
that contains the nodes of Ty. Iteratively delete (peel of) leaf nodes that are not admissible
TSCCs from the TSCC tree, so that every leaf TSCC in the resulting TSCC tree is an
admissible TSCC. Then twin ascent sets Sy, and Sy, obtained by deleting twin leaf arcs
(a,b) and (b,a) of this tree are minimal twin ascent sets. Furthermore, all minimal twin

ascent sets of the digraph can be obtained in this fashion.

Proof: First, observe from Theorem 6.2.1 that deleting a leaf TSCC that is not admissible
does not destroy the twin path between two admissible TSCCs in the TSCC tree. Conse-
quently, none of the twin arcs deleted from the original TSCC tree defines a pair of twin
ascent sets.

Therefore, from now on we assume that all leaf TSCCs of the TSCC tree are admissible.
Observe that deleting any pair of twin arcs of this TSCC tree splits Dg into two strongly
connected components, both of which contain TSCCs. As a result, (deleting) every pair of
twin arcs of the TSCC tree defines a pair of twin ascent sets. We now show that deleting
only leaf twin arcs defines minimal twin ascent sets, proving the assertion of the theorem.

Suppose we delete twin leaf arcs (a,b) and (b,a). Without loss of generality assume,
that TSCC(a) (the TSCC that contains node a in the TSCC tree) is a leaf TSCC. Sy, is
defined as the set of all nodes, including the nodes of Dgf’, that have a path to any node in
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D% in the auxiliary network after we delete arc (b, a). We claim that Sy, is minimal. This
assertion is true because Sp, contains only one TSCC, TSCC(a).

Now suppose we delete a pair of twin arcs (a,b) and (b,a) that are not twin leaf arcs.
Then, the resulting twin ascent set pair, Sy, and Sp,, is not minimal. Since (a,b) and (b, a)
are not twin leaf arcs, Sp, and S, each contain at least two TSCCs from the TSCC tree.
Furthermore, both the twin ascent sets Sy, and Sp, contains at least one (admissible) leaf
TSCC. By considering the twin leaf arcs adjacent to a leaf TSCC in S,; we obtain a pair
of twin ascent sets, and one is a subset of S,;. Similarly, by considering the twin leaf arcs
adjacent to a leaf TSCC in Sy,, we obtain a pair of twin ascent sets, and one is a subset

of Sp,. Thus, Sy, and Sy, are not minimal twin ascent sets. |

Since every leaf TSCC of the TSCC tree (we assume every leaf TSCC of the tree is
admissible) characterizes a pair of minimal twin ascent sets, the twin leaf arcs adjacent to
the TSCC define the minimal twin ascent sets, we also refer to the minimal twin ascent set
rule as the leaf TSCC rule.

These results provide us with all the required ingredients for creating a dual-ascent
algorithm for the NDLC problem. However, there are still a number of issues to be resolved:
in Section 6.3, we discuss implementation issues; in Section 6.4 we describe methods for
obtaining a primal solution. We conclude this section by providing a formal description of

the dual-ascent algorithms and then illustrating them with an example.

6.2.4 Dual-Ascent Algorithms

In Stage 1, Dual-ascent algorithm 1 performs basic dual-ascent steps on minimal ascent

sets.

Dual-ascent algorithm 1

1. (Initialization) Set

ui; = 0 for all {i,j} € F.
vF=0forallie N and k € K.

7

2. (Stage 1) While the digraph contains a minimal ascent set .S,
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(a) Select a node | € S that has a connectivity requirement and identify the com-
modity k associated with it (i.e., D(k) =1, O(k) € S). Set N(k) to be the set of
nodes that have a directed path to node .

(b) Find minimum slack.

e ¢ = min Sij-
{@@,5):(4,5)€0~ (N (k))}

(c) Update relevant dual variables, slacks, the auxiliary network Dz = (N, Z), and
the lower bound L.

o wi = wii+e Y (i,5) € 6~ (N(k)),

® S5 = S —€ Y (i,5) € 0~ (N(k)),

o v = Fte Vie N(k),

[ ] L = L+ €,

o 7 = ZU{(i,j):(i,j) €7 (N(k)) and s;; = 0}.

3. (Stage 2) While the auxiliary network Dy contains a pair of minimal twin ascent

sets Sgp and Sy,

(a) Without loss of generality, assume the root node belongs to Sy and let ¢ be
a node in T that belongs to Sp,. Select commodities k and h with D(k) =t
(O(k) = root) and O(h) =t (D(h) = root).

(b) Find minimum effective slack.

° 5 = { % if (Zaj) € 6_(Sab) N 6_(Sba)7

Sij otherwise,
° € = min Sij-
{(2,9):(,5)€{6~ (Sba )V~ (Sap) }\{(a,b),(b,a) } }

(¢) Update relevant dual variables, the auxiliary network Dy, and the lower bound

L.
o wy = wjte ¥ (i,5) € 6~ (Sa),
o wh = wjte ¥ (i,5) € 67 (Sab),
° Sij = Sy—c {07 (Sba) U6~ (Sba) \{(a, D), (b,a)},
. sy = {2%' i (i,7) € 5 (Sap) (167 (Sha):
Sij otherwise,
®  Ugp = UghTE,
° vf = vf+e Vi€ (Spa),
o Vv = Whte Vie (Sw),

L L +e,
o 7 = ZU{(i,J):(i,5) € {07 (Sba) U™ (Sap) }\{(a,b), (b,a)} and s;; = 0}.
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The second algorithm, Dual-ascent algorithm 2, differs from Dual-ascent algorithm 1 in

Stage 1. Dual-ascent algorithm 2 first considers minimal ascent sets that do not contain the

root and performs basic dual-ascent steps on them. When the digraph has no more ascent

sets that do not contain the root, the algorithm considers transpose minimal ascent sets

and performs basic dual-ascent steps on the complement of these sets.

Dual-ascent algorithm 2

1. (Initialization) Identical to Dual-ascent algorithm 1.

2. (Stage 1)

(a) (Stage la) While the digraph contains a minimal ascent set S that does not

contain the root node,

i.

ii.

iii.

Select a node [ € S that has a connectivity requirement and identify the
commodity k associated with it (i.e., D(k) =1). Set N(k) to be the set of
nodes that are reachable in the auxiliary network on a directed path from

node {.

Find minimum slack.

min
{(65):(6,5)€6~ (N (K))}
Update relevant dual variables, slacks, the auxiliary network Dy, and the

o € = Sij-

lower bound L.

o wj = wjte ¥ (i,5) € 07 (N(k)),

* Ssij = Sij—€ V (i,5) € 6~ (N(k)),

e v = Wfte Vie N(k),

e L = L+eg

o 7 = ZU{(i,j):(i,j) €5 (N(k)) and s;; = 0}.

(b) (Stage 1b) While the digraph contains a transpose minimal ascent set S,

i.

il.

iii.

Select a node I € S that has a connectivity requirement and identify the
commodity k associated with it (i.e., O(k) =1). Set N(k) to be the set of

nodes in the auxiliary network that node [ has a directed path to.
Find minimum slack.

e ¢ = min Sij-
{(6.5):(i,5) €8T (N (k) }
Update relevant dual variables, slacks, the auxiliary network Dy, and the

lower bound L.
. wfj = wfj—i—e v (i,7) € 6T (N (k)),

Sij = Sij —€ Y (i,5) € 0T (N(k)),
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Figure 6-6: Data for dual-ascent example. (a) Nodes a, ¢ and d have connectivity require-
ment 2. (b) The undirected graph converted into a directed graph.

° vf = vf—i—e Vie N\N(k),
e L = L+g
7 ZU{(i,j) : (i,4) € 6*(N(k)) and s;; = 0}.

3. (Stage 2) Identical to Dual-ascent algorithm 1.

In these algorithms, if our interest is only in the value of the dual objective, that is the
lower bound, we need not store the v and w variables. The slacks and u;; values of the
arcs provide the necessary information to update the lower bound, auxiliary networks, slack
and u;; values. Consequently, we can store the slacks, w;; variables, and digraph data in
O(|N| + |A|) space.

6.2.5 Example

To illustrate the two dual-ascent algorithms, consider the example shown in Figure 6-6. In
this example, nodes a, ¢ and d have a connectivity requirement of 2, and in the flow model
we select node a as the root node.

Figure 6-7 illustrates Dual-ascent algorithm 1. The algorithm first performs Stage 1.
The sets {a}, {c¢} and {d} are minimal ascent sets. Stage 1 begins by performing a basic
dual-ascent step on {a}. As a result, arc (b,a) becomes tight. The dual objective increases
by 3 units to L = 3. The algorithm then performs a basic dual-ascent step on the minimal
ascent set {c}. As a result, arc (b, c) becomes tight, and the dual objective increases by 3
units to L = 6. The algorithm then performs a basic dual-ascent step on minimal ascent
step {d}. As a result, arcs (c,d) and (g, d) become tight and the dual-objective increases by
6 units to L = 12. Figure 6-7a shows the digraph at the conclusion of these iterations. At
this point, the sets {a,b} and {c,b} are minimal ascent sets. The algorithm performs a basic

dual-ascent step on the minimal ascent set {a,b}. Arc (e,a) becomes tight and the dual
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Figure 6-7: Example of Dual-ascent algorithm 1 for NDLC problem. Numbers next to arcs
are slacks; bold arcs have zero slack.
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objective increases by 1 unit to L = 13. The dual-ascent algorithm then performs a basic
dual-ascent step on the minimal ascent set {c,b}. Arc (f,b) becomes tight and the dual
objective increases by 2 units to L = 15. Figure 6-7b shows the digraph at the conclusion
of these two iterations. At this juncture, sets {a,b,e, f} and {c,b, f} are minimal ascent
sets. The dual-ascent algorithm performs a basic dual-ascent step on the minimal ascent set
{a,b,e, f}. Arc (¢,b) becomes tight and the dual objective increases by 2 units to L = 17.
The dual-ascent algorithm then performs a basic dual-ascent step on the minimal ascent
set {c, b, f}. Arcs (a,b), (e,c) and (d,c) become tight, and the dual objective increases by
1 unit to L = 18. Figure 6-7c shows the digraph at the conclusion of these two iterations.
At this point, the network has no more ascent sets. Therefore, Stage 1 is complete and the
auxiliary network contains a strongly connected component that contains nodes a, ¢, and d.

The dual-ascent algorithm now performs Stage 2. At the start of Stage 2, the auxiliary
network contains three admissible TSCCs—{a}, {¢} and {d}. TSCCs {a} and {d} satisfy
the leaf TSCC rule. The dual-ascent algorithm selects admissible TSCC(d),” and identifies
the twin leaf arcs (¢,d) and (d, c¢). Therefore, it sets S.q = {d, g} and S4. = {a,b,c, f} and
then performs a twin dual-ascent step on this twin ascent set pair. As a result arc (g, f)
becomes tight, and the dual objective increases by 1 unit to L = 19. Figure 6-7d shows the
digraph at the conclusion of this iteration. TSCCs {a} and {d} satisfy the leaf TSCC rule.
The dual-ascent algorithm selects TSCC(d) and identifies the twin leaf arcs (¢, d) and (d, ¢).
It sets Seq = {d, g} and S4. = {a,b, ¢, f, g} and then performs a twin dual-ascent step on this
twin ascent set pair. As a result, arc (f,g) becomes tight, and the dual objective increases
by 3 units to L = 22. Figure 6-7e shows the digraph at the conclusion of this iteration.
At this point, TSCCs {a} and {d} satisfy the leaf TSCC rule. The dual-ascent algorithm
selects TSCC(d) and identifies the twin leaf arcs (¢, d) and (d, ¢). It then sets S.q = {d, g, f}
and Sg. = {a,b,c, f,g} and performs a twin dual-ascent step considering this twin ascent
set pair. As a result, arcs (b, f) and (d, g) become tight, and the dual objective increases
by 3 units to L = 25. Figure 6-7f shows the digraph at the conclusion of this iteration.
At this point, TSCCs {a} and {b,c,d, f, g} satisfy the leaf TSCC rule. The dual-ascent
algorithm selects admissible TSCC(a) and identifies the leaf twin arcs (b, a) and (a,b). The
dual-ascent algorithm sets Sy, = {a, e} and Sy, = {b,c,d, e, f,g} and then performs a twin
dual-ascent step on this twin ascent set pair. As a result, arcs (a,e) and (¢, e) become tight
and the dual objective increases by 4 units to L = 29. Figure 6-7g shows the digraph at the
conclusion of this iteration.

At this point, the nodes of D form a single TSCC. As a result, the dual-ascent algorithm
terminates with a lower bound of 29 units.

Figure 6-8 illustrates Dual-ascent algorithm 2. The algorithm first performs Stage 1la.

" Again, we let TSCC(4) denote the TSCC that contains node 4.
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Figure 6-8: Example of Dual-ascent algorithm 2 for NDLC problem.
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In this stage, it considers minimal ascent sets that do not contain the root node, namely
the sets {c} and {d}. The algorithm first performs a basic dual-ascent step on minimal
ascent set {c}. As a result, arc (b, c) becomes tight and the dual objective increases by 3
units to L = 3. The algorithm then performs a basic dual-ascent step on minimal ascent
step {d}. Arc (¢,d) and (g,d) become tight and the dual-objective increases by 6 units
to L = 9. Figure 6-8a shows the digraph at the conclusion of these two iterations. At
this point, the set {c,b} is the only minimal ascent that does not contain the root. The
dual-ascent algorithm performs a basic dual-ascent step on the minimal ascent set {c,b}.
As a result, arcs (a,b), (f,b), (e,¢) and (d, ¢) become tight and the dual objective increases
by 3 units to L = 12. Figure 6-8b shows the digraph at the conclusion of this iteration. At
this juncture, every ascent set contains the root node.

The algorithm now performs Stage 1b. In this stage, the dual-ascent algorithm identifies
transpose minimal ascent sets. The only transpose minimal ascent set is {c,d}. The dual-
ascent algorithm performs a basic dual-ascent step on the complement of set {c,d}, i.e.,
{a,b,e, f,g}. The arc (¢,b) becomes tight and the dual objective increases by 3 units to
L = 15. Figure 6-8c shows the digraph at the conclusion of this iteration. At this point,
the only transpose minimal ascent set is {b,c,d}. The dual-ascent algorithm performs a
basic dual-ascent step on the complement of set {b, ¢, d}, i.e., {a,e, f,g}. As a result, the
arcs (b,a), (c,e), (b, f) and (d,g) become tight. The dual objective increases by 3 units
to L = 18. Figure 6-8d shows the digraph at the conclusion of these two iterations. At
this point, the network contains no transpose minimal ascent sets. Therefore, Stage 1b is
complete, and the auxiliary network contains a strongly connected component that contains
nodes a, ¢ and d.

The dual-ascent algorithm now performs Stage 2. At the start of Stage 2, the auxiliary
network contains three admissible TSCCs—{a}, {¢} and {d}. TSCCs {a} and {d} satisfy
the leaf TSCC rule. The dual-ascent algorithm selects admissible TSCC(d) and identifies
the twin leaf arcs (¢,d) and (d,c). The dual-ascent algorithm sets S.; = {d, g} and Sy4. =
{a,b,c, f} and then performs a twin dual-ascent step considering this twin ascent set pair.
As a result, arcs (g, f) and (f,g) become tight, and the dual objective increases by 4 units
to L = 22. Figure 6-8e shows the digraph at the conclusion of this iteration. At this point,
TSCCs {a} and {b,c,d, f, g} satisfy the leaf TSCC rule. The dual-ascent algorithm selects
admissible TSCC(a) and identifies the twin leaf arcs (a,b) and (b,a). The dual-ascent
algorithm identifies the sets Sy, = {a} and Sy, = {b,¢,d, e, f,g}. It then performs a twin
dual-ascent step considering this pair of twin ascent sets. As a result, arcs (a,e) and (e, a)
become tight, and the dual objective increases by 4 units to L = 26. Figure 6-8f shows the
digraph at the conclusion of this iteration.

At this point the nodes of D form a single TSCC. As a result the dual-ascent algorithm
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terminates with a lower bound of 26 units.

This example also illustrates the effectiveness of the leaf TSCC rule. Suppose at the
start of Stage 2, Dual-ascent algorithm 2 deletes twin arcs (b, c) and (c,b) (note, they are
not twin leaf arcs). The dual-ascent algorithm sets Sy = {e, ¢, d, g} and Sy = {a, b, f}, and
performs a twin dual-ascent step on this twin ascent set pair. As a result, arcs (a, e), (e, a),
(f,9) and (g, f) become tight and the dual objective increases by 4 units to L = 22. The
auxiliary network is feasible to the problem. Therefore, the lower bound is less than that
provided by the leaf TSCC rule. Figure 6-8g shows the auxiliary network at the conclusion
of Stage 2 without the leaf TSCC rule.

This example also seems to indicate that Dual-ascent algorithm 1 provides a better lower
bound than Dual-ascent algorithm 2. However, as our computational experiments indicate

(see Section 6.6), neither algorithm is more effective in all situations.

6.3 Implementing the Dual-Ascent Algorithms

In this section we show how to efficiently implement the dual-ascent algorithms. We show
how to identify the TSCC tree in linear time (and thus identify leaf TSCCs in linear time)
and then show how to implement the dual-ascent algorithms so that they run in O(|A|?)
time and O(|N| + |A]) space. (To avoid confusion we will describe the complexity of the
algorithms in terms of the number of arcs |A| in D, instead of the number of edges |E)|
in G. To obtain the complexity of these algorithms in terms of |E| simply replace |A| by
|E| [since |A| = 2|E]].)

In this section we draw on many ideas and implementations described in Section 3.4.3
for Wong’s dual-ascent algorithm for the Steiner branching problem. Consequently, to
avoid repetition, much of our discussion is brief and refers to the appropriate material in
Chapter 3.

6.3.1 Stage 1
Dual-Ascent Algorithm 1

In Stage 1 of this dual-ascent algorithm, we perform dual-ascent steps on minimal ascent
sets in the digraph. Recall that in Section 3.4.3 we described an algorithm for identifying
root components, and used the root components to identify minimal ascent sets.

For convenience we review the definition of a root component for the Steiner branching
problem. Recall in the Steiner branching problem, given a directed graph D = (N, A), a root
node r, and a set 7' (r ¢ T') of terminal nodes, we wish to design a minimum cost network
that contains a directed path from the root node r to every node in 7. If the auxiliary

network contains a directed path from node ¢ to node j and no directed path from node j
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Root-Components
fori=0to [N|—1
pred[i| = —1;
color[i] = green;
root[i] = 0;
fori=0to |[N|—1
if ((color[i] = green) and (reqli]=1))
then root[i] = 1;
DFS-Visit(i);

S IR N

Figure 6-9: Algorithm to find root components.

to node ¢, then we say that node i dangles from node j. A strongly connected component R
is a root component if it contains a member of 7" and no member of 7'U {r} dangles from a
member of R. Let Sg = {j : there is a directed path in Dz from node j to a node in R}.
We showed (in Section 3.4.2) that the set Sk corresponding to root component R is a
minimal ascent set. Furthermore, we showed these are the only minimal ascent sets in the
digraph.

We now modify slightly the definition of the root component to include strongly con-
nected components that contain the root node. A strongly connected component R is a
root component if it contains a node from T (= T} U Ty), the set of nodes with a connec-
tivity requirement greater than zero, and no member of 1" dangles from a member of R.
An identical argument to that in Section 3.4.2 shows that the sets Sy associated with root
components are minimal ascent sets, and are the only minimal ascent sets in the digraph.

Since the nodes in a root component are strongly connected, it is sufficient to identify
the digraph obtained by contracting all strongly connected components. If a strongly con-
nected component in Dz contains a node from 7', then the node is a required node in the
contracted network. We assume that the contracted network is topologically sorted (recall,
a digraph with no strongly connected components can be topologically sorted). We note
that algorithm Root-Components, which we present again in Figure 6-9 for convenience,
identifies all root components in this topologically sorted digraph.

Consequently, we could implement Stage 1 for Dual-ascent algorithm 1 in four different

ways.

Implementation 1: This implementation identifies a single root component and performs

a basic dual-ascent step on the minimal ascent set associated with it. The arguments in
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Section 3.4.3 (on page 76) show that this implementation requires O(|A| min(|T||N|,|A]))
time and O(|N| + |A]) space.

Implementation 2: In this implementation, we find minimal ascent sets Si, ..., .S, corre-
sponding to all root components. We then sequentially perform a basic dual-ascent step on
each of the sets S1,...,S,. (The example in Figure 6-7 is similar to this implementation.)
The correctness of this implementation follows from Proposition 3.4.2.8 Consequently, this
implementation requires O(|A| min(|T||N|, |A])) time and O(|T||N| + |4]|) space.

Implementation 3: In this implementation we consider all minimal ascent sets simul-
taneously, and perform an ascent step on them simultaneously. This procedure requires
O(|T||A| min(|T'||N|, |A])) time and O(|T||N| + |A]|) space.

Implementation 4: This implementation is identical to the round robin rule presented
for the Steiner branching problem. Initially, for each commodity the dual-ascent algorithm
sets N(k) = {D(k)}. In a dual-ascent step on commodity k, the algorithm identifies the
arc (i*,7%) in 0 (N (k)) with minimum slack (in case of ties, it selects any one of the arcs
with minimum slack). The algorithm then adds ezactly one node, the node i*, to the set
N (k). We say that a commodity k is active if O(k) is not in N (k); otherwise, commodity & is
inactive. Note that for an inactive commodity k, the auxiliary network contains a path from
O(k) to D(k). The algorithm considers the commodities in a fixed order and cycles through
the commodities, performing dual-ascent steps for active commodities, in this fixed order.
As mentioned in Chapter 3, Balakrishnan, Magnanti and Wong [BMW89] have shown that
the round robin rule simulates the minimal ascent set rule for the Steiner branching problem.
The same result (with no change to their proof) is also true here. That is, the round robin
rule simulates the minimal ascent set rule for Stage 1 of the dual-ascent algorithm. Arguing
similarly as in Section 3.4.3 and noting that the number of commodities is at most 2|T|
shows that this implementation requires O(|T||N||A|) time and O(|T||N| + |A|) space.

Dual-Ascent Algorithm 2

This dual-ascent algorithm performs Stage 1 in two parts—Stage la and Stage 1b.

First, in Stage 1a, it uses dual-ascent to construct an auxiliary network that has a path
from the root node to every other node with a connectivity requirement. Then, in Stage 1b,
it uses dual-ascent to ensure that the auxiliary network has a path from every connectivity

requirement 2 node to the root.

8Proposition 3.4.2 asserts that if S is a minimal ascent set, then, after a sequence of basic dual-ascent
steps, S is either a minimal ascent set or no longer an ascent set (i.e., it has a tight arc directed into it).
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Stage la is equivalent to Wong’s algorithm for the Steiner branching problem presented
in Section 3.4.2, with the root node as the root and the nodes in 7'\{root node} as the
required nodes. Consequently, we could implement it in any of the four ways described in
Section 3.4.3.

Stage 1b is equivalent to Wong’s algorithm on the transpose of the digraph and can
therefore be implemented identically as Stage la. As an example, we briefly describe how
the round robin rule could be implemented for Stage 1b. (To obtain the steps of the round
robin rule, we simply transform the operations of the round robin rule from the transpose
of the network to the network.) Initially, for each commodity the dual-ascent algorithm
sets N (k) = {O(k)} for all commodities with D(k) = root node. In a dual-ascent step on
commodity k, the algorithm identifies the arc (i*,5*) in 6t (N(k)) with minimum slack (in
case of ties, it selects any one of the arcs with minimum slack). The algorithm then adds
exactly one node, the node i*, to the set N (k). The algorithm considers the commodities
(with D(k) = root node) in a fixed order and cycles through the commodities, performing
dual-ascent steps for active commodities, in this fixed order.

As a result, assuming similar implementations for Stage 1a and Stage 1b,
1. Implementation 1 requires O(|A|min(|T||N|,|A|)) time and O(|N| + |A|) space,
2. Implementation 2 requires O(|A| min(|T'||N|, |A|)) time and O(|T||N| + |A]|) space,

3. Implementation 3 requires O(|T'||A| min(|T||N|, |A|)) time and O(|T||N|+ |A|) space,

and

4. Implementation 4 requires O(|T||N||A|) time and O(|T||N|+ |A]|) space.

6.3.2 Stage 2

At the end of Stage 1 the auxiliary network contains (i) a directed path from the root node
to every other node with a connectivity requirement, and (ii) a directed path from every
node with a connectivity requirement of 2 to the root node.

In Stage 2 of the dual-ascent algorithm, we identify minimal twin ascent sets and perform
twin dual-ascent steps on them. To identify these minimal ascent sets, we need to identify
all the twinless strongly connected components of Dg, the strongly connected component
of the auxiliary network that contains the nodes of T5. Recall, from Section 3.4.3 (see
Figure 3-5 on page 74), we can identify all strongly connected components in a digraph in
linear time. Therefore we can identify Dg from Dy (the auxiliary network) in linear time.
In this section we describe a linear time algorithm to identify all twinless strongly connected

components of Dg.
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Identification of Twinless Strongly Connected Components

Recall from Corollary 6.2.3 that to identify the TSCCs of a strongly connected digraph, it is
sufficient to identify all 2-edge-connected components of its associated undirected graph. We
can convert Dg to its associated undirected graph Gg in O(|N| + |A|) time. A well-known
method for identifying all 2-edge-connected components is based on depth first search (see
exercise 23.2 in [CLR90], or exercise 3.7 in [Eve79]). For completeness, in Figure 6-10 we
describe the algorithm.

A bridge is an edge whose removal disconnects a graph. Algorithm Bridges identifies all
bridges in an undirected graph. By deleting the bridges of a graph, we obtain the 2-edge-
connected components of a graph. Notice that the bridges correspond to the image of edges
of the TSCC tree. As a result, the algorithm Bridges contains the necessary information to
construct the TSCC tree.

Algorithm Bridges performs depth first search. The arrays pred, color, start, and
finish are the same as in algorithm DFS (described in Section 3.4.3). Recall that the pred
array defines the depth first search forest Dpred = (IV, Apred), with

Apred = {(pred[i],7) : i € N and pred[i] # —1}.

Note that the depth first forest defines a directed graph even though we perform depth first
search on an undirected graph. The forest contains a directed path from the root of each
tree to all the nodes in that tree. The start array indicates the order in which the DFS
algorithm first examined the nodes. That is, if start[i] < start[j], then the algorithm visits
node ¢ before node j. The low array provides us with the necessary information to identify
those edges that are bridges.

To help the reader understand this algorithm, we briefly sketch a proof that shows
Bridgesis correct. For more details, refer to [Eve79]. For convenience, assume that the graph
is connected. In this analysis, we orient the edges {i, j} of the graph that do not appear as
arcs on the depth first search forest, orienting a nonforest edge {i,j} from node i to node j
if start[i| > start[j] (i.e., orient it in the direction that the depth first search algorithm
first traversed edge {4, j}). Let L(i) denote the set of nodes that can be reached from node i
via a directed path on the depth first search forest followed by at most one nonforest arc.
Define low[i] = min;cy ;) start[j]. If {k,[} is a bridge, then deleting it disconnects the
graph. Let Glffkl} and G{{kl} denote the two components obtained by deleting bridge {k,(}:
Glfk,l} contains node k£ and Gf{k’l} contains node [. Suppose, in depth first search, we first
reach node [ by traversing {k,(}, i.e., pred[l] = k. Then all the nodes in Gl{k’l} must be
unscanned when we first reach node [; otherwise some edge of the network besides {k,}

connects Glfk,l} and Gf{k’l}. Therefore, low|[l] = start[l]. If {k,l} is not a bridge, i.e., it lies
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Bridges(G)

1. forie N

2. pred[i] = —1;

3. color[i] = green;

4. time = 0;

5. forie N

6. if (color[i] = green)

7. then x =DFS-Visit(i);
8. Output list of bridges.

DFS-Visit (i)

color[i] = yellow.
time = time + 1;
start[i] = time;
low([i] = time;
while i’s adjacency list is nonempty
select a node j from 4’s adjacency list;
if (color[j] = green)
then pred[j] = i;
low|[:] = min(low([i],DFS-Visit(j))
else if ((color[j] = yellow) and (pred|i]
then low[i] = min(low[i],start[j])
color[i] = red,;
time = time + 1;
finish[i] = time;
if ((pred[i] # —1) and (low[i]=start]i]))
then add {i,pred|[i|} to the list of bridges;
return(low[s]).

)

Figure 6-10: Algorithm to find bridges of a graph.
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on a cycle, one of its ancestors? is in L(l). Therefore, low[l] < start[l]. The algorithm uses
this property of the low array to identify bridges.

Since the algorithm Bridges performs depth first search, it has a worst case running
time of O(|N| + |E|). Constructing the TSCC tree from the algorithm Bridges is a linear
time procedure, requiring O(|N| + |A|) time. Note that once we have the TSCC tree, we
can identify all twin leaf arcs and leaf TSCC’s in O(|N| + |A4|) time.

Methods for Implementing Stage 2

We now describe three methods for implementing Stage 2. Note that we can reduce the
size of the digraph D in the dual-ascent procedure by contracting every twinless strongly
connected component in the auxiliary network Dz into a single node in the digraph D. If
this contraction creates parallel arcs, we retain the arc with the smallest slack. Although
contraction does not improve the complexity analysis of any of the implementations we

discuss, it might prove to be useful in practice, especially when solving large-scale problems.

Implementation 1: This implementation first identifies a single leaf TSCC on the TSCC
tree and performs a twin dual-ascent step on the minimal twin ascent set associated with
it. (This is similar to the examples in Figure 6-7 and 6-8.) The algorithm continues in this
fashion (it identifies a leaf TSCC (either the same one or a different one) on the TSCC tree
and performs a twin dual-ascent step on the minimal twin ascent sets associated with the
leaf TSCC) until the TSCC tree is a single node.

We can identify the twin ascent set pair S,; and Sp, associated with twin leaf arcs (a, b),
and (b,a) as follows. Consider the digraph DY = (N, Z\{(a,b), (b,a)}) (i.e., the digraph
obtained by deleting arcs (a,b) and (b, a) from D). By performing depth first search from
TSCC(a) on the transpose of D%b, we can identify Sp,, and by performing depth first search
from TSCC(b) on the transpose of D“Zb we can identify S,;. Therefore, we can identify
the minimal twin ascent sets associated with a leaf TSCC in O(]A4]) (since Z C A) time.
Performing a twin dual-ascent step requires identifying the arc with minimum effective slack,
a computation that requires O(|A|) time if we sequentially scan all the arcs in the digraph.
The dual-ascent algorithm performs at most |A| iterations because, after |A| iterations, all
the arcs in the original digraph D are tight. Consequently, the dual-ascent algorithm is
an O(|A|?) procedure. If we do not store the dual variables v and w, this implementation
requires O(|N|+|A|) space to store the adjacency lists of the digraph, the auxiliary network,
and the slacks. It simultaneously keeps track of two dicuts, and requires O(|N|) space to

do so.

9An ancestor of node i is any node that can reach node ¢ on the depth first forest Dpreda-
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Implementation 2: In this implementation, we find all minimal twin ascent sets (i.e., the
twin ascent sets corresponding to every pair of twin leaf arcs). We then sequentially perform
a twin dual-ascent step on each of the twin sets. We continue by again finding the TSCC
tree, identifying all minimal twin ascent sets, and sequentially performing twin dual-ascent

steps on them. The correctness of this implementation follows from the following property.

Proposition 6.3.1 Suppose Sy and Sy, are a pair of minimal twin ascent sets. Then after
a sequence of twin dual-ascent steps, Sqp and Sy, either form a pair of minimal twin ascent
sets or are no longer twin ascent sets (i.e., one of Sqp and Sy, has two tight arcs directed
into it).

Proof: By definition, one of the two set Sy, and Sp, is minimal. Suppose S, is minimal.
Then all nodes with with a connectivity requirement of 2 in Sy, are in TSCC(b). Therefore
any twin ascent set that contains TSCC(b) must contain S,;. Consequently as long as Sgy,

and Sy, are twin ascent sets, they are a pair of minimal twin ascent sets. |

If the dual-ascent algorithm attempts to perform a twin dual-ascent step on the pair Sy
and Sp, and they are not twin ascent sets, then one of them has a tight arc in Z\{(«a, b), (b,a)}
directed into it. The algorithm finds that the minimum effective slack of some arc in
{07 (Spa) U~ (Sap) }\{(a,b), (b,a)} is zero and makes no change to the dual variables and
lower bound.

If the TSCC tree contains p twin leaf arc pairs, then we can identify the minimal
twin ascent set pairs corresponding to every pair of twin leaf arcs of the TSCC tree in
O(p|A]) steps (finding the minimal twin ascent set pair for one twin leaf arc pair requires
O(]A]) time). The algorithm now performs p twin dual-ascent steps, one for each of the
p minimal twin ascent set pairs, each requiring O(|A|) steps. Therefore, p iterations require
O(|A|+p|A|+p|A|) steps. So on the average, each of the p iterations requires O(|A|) steps.
Now, arguing similarly as in Implementation 1, we can prove that this implementation
requires O(]A|?) time. Since this implementation needs to simultaneously keep track of
at most O(|T»|) dicuts (the maximum number of admissible TSCCs is |T3|, and so the

maximum number minimal twin ascent set pairs is |T5|), it requires O(|T>||NV]|) space.

Implementation 3: This implementation identifies the minimal twin ascent sets corre-
sponding to each pair of twin leaf arcs and then performs the dual-ascent steps simultane-
ously on all minimal twin ascent sets. We can determine all minimal twin ascent set pairs in
O(|T3]|A]) steps (the maximum number of minimal twin ascent set pairs is |T|). To deter-
mine the arc that first becomes tight, for each arc we need to determine the rate at which
its slack decreases. We can do so by sequentially scanning the arcs and determining how
many ascent sets an arc is directed into. Therefore, each iteration requires O(|T'||A]|) time.

Arguing similarly as in Implementation 1 shows that this implementation is an O(|T||A|?)
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procedure. Since this implementation needs to simultaneously keep track of O(|T3|) dicuts,

it requires O(|T»||N|) space.

In this section we showed how to identify all TSCCs in linear time (and how to iden-
tify a single minimal twin ascent set pair in linear time). We then gave several simple
implementations for each stage of the dual-ascent algorithm. Our analysis shows that if
we use Implementation 1 for both Stage 1 and Stage 2, the dual-ascent algorithm requires
O(|N|+|A|) space and O(|AJ?) time. However, we believe that by using more sophisticated
data structures and analysis, it might be possible to improve the running times of these

algorithms.

6.4 Primal Heuristics

At the conclusion of the dual-ascent procedure, the auxiliary network D  contains a solution
that is feasible to Formulation (6.2). It might be possible to delete some arcs from the
auxiliary network and retain a feasible solution to Formulation (6.2).

We consider two classes of heuristics—drop heuristics and exchange heuristics.!? In
our implementation we first perform drop heuristics to obtain a feasible solution (that is

minimal), and then apply the improvement heuristics to this solution.

6.4.1 Drop Heuristics

In this section we describe two LIFO drop heuristics. Recall that in a LIFO drop heuristic,
we sequentially consider the arcs in the opposite order that they became tight (i.e., the
opposite order that the algorithm adds them to the auxiliary network).

The first heuristic sequentially considers the arcs of the auxiliary network in a LIFO
order and deletes them if their deletion does not create an infeasible solution. However,
because the NDLC problem is an undirected problem, we might be able to improve on this
solution. Figure 6-11 shows a solution obtained by using a LIFO drop rule. In this example,
nodes ¢ and d have a connectivity requirement of 2. Observe that the only directed path
from node ¢ to node d includes the path from node b to node a, and the only directed
path from node d to node c includes the path from node b to node a. However, in the
undirected network, we can delete the path from node b to node a. Therefore, at the end
of the directed LIFO drop heuristic, we consider the associated undirected graph of the
heuristic solution and sequentially delete edges in any order, deleting an edge if it retains

the solution’s feasibility.

10 An exchange heuristic is a local search heuristic that considers a feasible solution and improves it by a
combination of adding and deleting edges from the solution.
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CD/\

connectivity 2 nodes

Figure 6-11: Nodes ¢ and d are connected via the path from b to @ in the directed graph.
The arcs on the path from b to a can be deleted if the network is made undirected.

In the second LIFO drop heuristic, we consider the associated undirected graph of the
auxiliary network and perform a LIFO drop heuristic on it. To perform the LIFO drop
heuristic, we construct the LIFO list as follows. We replace arc (a,b) or (b,a) or both on
the LIFO list by edge {i,j}. If the auxiliary network contains some twin arcs, then some
edges will appear twice on the LIFO list. We can consider deleting these edges based on
when the algorithm added the former of (i,5) and (j,7) to the auxiliary network or added
the latter of these arcs to the network. We refer to these procedures as the LIFO first and
LIFO last rules.

To implement either drop heuristic, we need to check if the solution is feasible when we
drop an arc (or edge). To do so, we can use the algorithm Bridges to ascertain whether all
nodes with a connectivity requirement of 2 belong to the same TSCC, and the algorithm
DFS on the directed graph to ensure that the network contains a path from the root node
to every node with a connectivity requirement of 1. As a result, we can check feasibility of
a solution in O(|Al) time, thus implementing the drop heuristic in O(]A|?) time (since we

can drop no more than |A| arcs).

6.4.2 Exchange Heuristics

At the conclusion of either of the two drop heuristics, the resulting network design is a
minimal undirected network satisfying the connectivity requirements (i.e., if we delete an
edge from the network design, it is no longer feasible). To obtain further improvements, we
consider exchange heuristics. We adapt and apply some of the improvement heuristics—

one-opt, two-opt and two-for-one—that Monma and Shallcross [MS89] have developed con-
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Figure 6-12: One-opt exchange.

sidered heuristics for the NDLC problem (actually, they consider the node connectivity ver-
sion, but their methods are also applicable for the edge-connectivity version of the NDLC

problem).

One-Opt Heuristic

The one-opt heuristic attempts to remove an edge {z,y} from the solution and replace it by
another edge {x, z} not in the solution. We make the replacement if the resulting network
is feasible and has a lower cost. Figure 6-12a illustrates a one-opt exchange. Sometimes,
as illustrated in Figure 6-12b, a one-opt exchange creates a solution that is not minimal.
That is, if we remove edge {i,h} from the network and add edge {i,k}, then we can also
delete edges {f,g} and {g,h}. To delete such edges, we use a drop heuristic (i.e., drop
edges in any order, deleting an edge if it retains the solution’s feasibility) after applying a

prespecified number of successful one-opt changes.

Two-for-One

In this heuristic, we replace two “back to back” cycles by a single cycle if the resulting
solution has a lower cost. Figure 6-13a illustrates a two-for-one exchange heuristic. In this

example, we remove the edges {a,b} and {e, h}, replacing them by a single edge {b, h}.
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Two-Opt

In this heuristic, we replace two edges {a, b} and {c, d} in a cycle by the crossing edges {a, d}
and {b, c} to form a new cycle (if the resulting solution is cheaper). Figure 6-13b illustrates

a two-opt exchange.

6.5 Extensions

To this point, we have considered a model that prohibits edge replication. With replication,
a design could use some edges two or more times. However, problems with nonnegative
edge costs always have an optimal solution that does not replicate an edge more than
twice since we can delete additional copies of the edge (beyond two) while retaining the
solution’s feasibility. Therefore, to model the NDLC problem with edge replication, we
delete constraints (6.1d) and (6.2d) from models (6.1) and (6.2) for any edge {i,j} that is
replicable.

What are the consequences of this change to the dual-ascent algorithms? If an edge
{i,7} is replicable in the undirected problem, a solution to the directed problem that con-
tains twin arcs (i,7) and (j,) is feasible. Therefore, in the dual-ascent algorithm, if the
auxiliary network contains twin arcs (7, j) and (j,7) and edge {4, j} is replicable, we contract
nodes i and j. (If this contraction creates parallel arcs, we retain the arc with the smallest
slack.) With this change, the dual-ascent applies to the NDLC problem that permits edge
replication. We note that both the drop heuristics and exchange heuristics are applicable
to this problem.

Although the NDLC problem is undirected, we have developed the dual-ascent algo-
rithm on a directed network. Consequently, this dual-ascent algorithm is also applicable
to the Steiner 1-arc-connected subdigraph problem (a directed network design problem).!!
This problem can be formulated in a similar fashion to Formulation 6.2, except without
constraint (6.2d) (i.e., yi;; + y;; < 1).12 Consequently, the dual-ascent algorithm is applica-
ble to this problem as well. Recall that the auxiliary network at the conclusion of Stage 1
satisifies all of the primal constraints except y;; + y;; < 1. Since the formulation for the
Steiner 1-arc-connected subdigraph problem does not contain this constraint, the auxiliary

network at the conclusion of Stage 1 is a feasible solution for this problem. Therefore, we

"1n the Steiner 1-arc-connected subdigraph problem, we are given a directed network D = (N, A), arc
costs, and a set of nodes T' that must be strongly connected. We need to design a minimum cost strongly
connected network that contains the nodes in 7.

28elect some node in T as the root node and create commodities as follows. For each node i from T,
other than the root node, create two commodities: one with the root node as the origin, node ¢ as the
destination, and a requirement of 1; and one with node i as the origin, the root node as the destination, and
a requirement of 1.
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do not need to apply Stage 2 of the dual-ascent algorithm for this problem. Of the primal
heuristics we described only the directed LIFO drop heuristic is applicable to the Steiner
l-arc-connected subdigraph problem; the others were designed specifically for undirected

problems.

6.6 Computational Experiments

In this section we report on the application of the dual-ascent procedure to a set of NDLC
problems.

We implemented both Dual-ascent algorithm 1 and Dual-ascent algorithm 2 as well
as the primal heuristics. To implement Stage 1 of both dual-ascent algorithms, we used
Balakrishnan, Magnanti and Wong’s round robin rule. To implement Stage 2 of both dual-
ascent algorithms, we used Implementation 1. That is, we identified a single TSCC that
satisfies the leaf TSCC rule and performed a dual-ascent step on the pair of sets associated
with this TSCC. To obtain a primal solution, we first applied the two LIFO heuristics.
We then applied the one-opt heuristic, the two-for-one heuristic, and the two-opt heuristic
sequentially to the solution of the two LIFO heuristics (that is, we applied the two-for-one
heuristic to the solution of the one-opt heuristic, applied the two-opt heuristic to the solution
of the two-for-one heuristic and so on). We repeated this sequence (one-opt, two-for-one,
and two-opt) until the method no longer improved the solution. We coded our algorithms
in C, and performed all our tests on a Sun SPARCstation 10 (Model 41) workstation (a 96
MIPS machine).

We would have liked to test our dual-ascent algorithm on some real-world problems.
However, because problems in the telecommunications industry appear to be classified, we
instead tested the dual-ascent algorithm and primal heuristics on some randomly generated
problems with similar characteristics to existing telecommunication network design prob-
lems. From this experience, we hope to learn how the dual-ascent method performs and to

classify its strengths and weaknesses.

6.6.1 Random Problem Generator

Our random problem generator creates NDLC test problems. It uses the following four
input parameters: the number of nodes |N|, the number of edges |E|, the number of nodes
with a connectivity requirement of two |T»|, and the number of nodes with a connectivity
requirement of one |77|. It then randomly selects |N| nodes on a 100 x 100 grid and
arbitrarily creates |E| edges between these nodes. To ensure that the problems are feasible,
it also creates a cycle that contains all the nodes. The generator randomly selects the nodes

with a connectivity requirement of 1, and the nodes with a connectivity requirement of 2.
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| Nodes | Edges | [T1] | T3] ||
36 65 12 | 24
e 112 65 14
39 71 31 | 8
46 98 36 | 10
116 173 | 108 | 8
116 173 | 108 | 8
116 173 84 32

“Table I from [GMS92a] contains this incorrect
data (65 4 14 # 77).

Table 6.1: Grotschel, Monma and Stoer’s [GMS92a] test data.

If the edge costs are to be Euclidean, then the cost of an edge {7, } on this graph is the
integer part of the Euclidean distance between nodes 7 and j. Otherwise, the cost of an edge
is a random integer between 1 and 100. We also used this generator to test our dual-ascent

algorithm on the Steiner tree problem (as reported in Section 3.4.3).

6.6.2 Results

We limited our computational tests to problems with Euclidean edge costs, since telecom-

munication applications typically have this structure.

Test Problems that Resemble Telecommunication Data

We attempted to generate test problems that closely resembled those in the telecommunica-
tions industry. Grotschel, Monma and Stoer [GMS92a] solved seven connectivity problems
for the Regional Bell Operating Companies. Table 6.1 shows the data for these seven
problems. In these test problems the edge costs were Euclidean.

To simulate these test problems, we generated problems with 40 nodes and 80 edges, and
problems with 120 nodes and 180 edges. In these problems, all the nodes have a nonzero
connectivity requirement. For the 40 node problems, we varied the fraction of nodes in 75
from 20 to 60 percent, and for the 120 node problems, we varied the fraction of nodes in T5
from 10 to 30 percent.

Tables 6.2, 6.3 and 6.4 summarize our computations on problems with these characteris-
tics. The first table summarizes the computational performance of Dual-ascent algorithm 1
and the primal heuristics. The second summarizes the computational performance of Dual-
ascent algorithm 2 and the primal heuristic. The third combines the results of Dual-ascent
algorithm 1 and Dual-ascent algorithm 2. 1t selects the best upper bound and best lower
bound generated by the two dual-ascent algorithms. The columns LIFO! and LIFOZ2 indi-
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cate the performance of the two LIFO heuristics (for LIFO2 we used the LIFO first rule).
The column Best shows the performance of the best primal solution generated (i.e., the best
solution after the exchange heuristics were applied). The column Running Time measures
the running time in CPU seconds of the algorithm. It includes the time for input, output,
the dual-ascent phase, and the primal heuristics. For the combined algorithm in Table 6.4,
the running time is the sum of the running times of Dual-ascent algorithm 1 and Dual-ascent

algorithm 2. The columns Ave Gap and Max Gap measure the gap between the upper and
Upper bound — Lower bound % 100

Lower bound )
The results indicate that the average gaps of LIFO2 seem to be marginally better than

lower bounds, calculated as

those of LIFO1. For several problem instances, the maximum gap of LIFO2 exceed those of
LIFO1. Dual-ascent algorithm 2 performs slightly better than Dual-ascent algorithm 1. The
computational performance of the combined algorithm is worth noting. Both the average
gaps and the maximum gap values are significantly lower than Dual-ascent algorithm 1,
and a little lower than Dual-ascent algorithm 2. Typically, one algorithm generates a better
upper bound and the other algorithm generates a better lower bound. For the 40 node
problems, the average gaps vary from 5 percent to 11 percent, and the maximum gaps
vary from 9 percent to 16 percent. For the 120 node problems, the average gaps vary from
4 percent to 8 percent, and the maximum gaps vary from 5 percent to 10 percent. The error
gap increases as the fraction of nodes in 75 increases. The running time for these problems,
whose structure is typical of telecommunication applications, varied from about 3 seconds
for 40 node problems to about 30 seconds for 120 node problems.

To obtain a better understanding of the error gaps, we solved some of the test problems
with an LP solver. We developed a GAMS model for Formulation (6.2) and solved the
linear programs with CPLEX version 2.1 on a Sun SPARCstation 10 (Model 41). The
linear programming models are fairly large. For instance the mixed integer programming
model of a problem with 40 nodes, 80 edges, |T1| = 16, and |T3| = 24, contains as many as
8320 continuous variables, 160 binary variables, and 10480 constraints.'> We solved only
the 40 node problems using GAMS/CPLEX because CPLEX was unable to find an optimal
solution (to the LP) for the 120 node problems in a reasonable amount of computational
time (24 hours). We used the dual-simplex method to solve the LPs, since it was 10-15 times
faster than the simplex method for these problems. Table 6.5 shows the results of this study.
The running time for GAMS/CPLEX is quite large. The average running time varies from
around 290 seconds to 1372 seconds, and increases as the fraction of nodes in T5 increases.

The columns Ave Gap and Mazx Gap for the Heuristic-LP Gap measure the gap between the
Upper bound — LP solution value »
LP solution value

heuristic solution and LP solution value, calculated as

3Tn general model (6.2) contains 2|E| binary variables, 2|E|(2(|T2| — 1) + |T:|) continuous flow variables,
and |E| + (2(|T2] — 1) + |T1|)(2|E| + |N|) constraints.



Low-Connectivity Requirements

222

Size Terminal Nodes | Trials LIFO1 LIFO2 Best Running Time®
Ave Max Ave Max Ave Max Ave Max
(IN],|E|) (|71, | T2)) Gap Gap Gap Gap Gap Gap | Time | Time
(32,8) 10 7.10% | 10.03% | 6.59% | 10.43% | 6.29% | 9.03% | 1.4 1.8

(40,80) (24,16) 10 12.91% | 19.12% | 12.25% | 19.66% | 11.44% | 18.13% | 1.35 | 1.82
(16,24) 10 14.35% | 20.80% | 13.98% | 20.80% | 13.86% | 20.80% | 1.42 | 1.71
(108,12) 10 4.77% | 7.52% | 4.711% | 6.60% | 4.35% | 6.13% | 9.62 | 13.89
(120,180) (96,24) 10 7.82% | 10.53% | 7.50% | 8.89% | 7.10% | 8.64% | 13.78 | 24.25
(84,36) 10 9.64% | 11.45% | 9.48% | 12.22% | 9.03% | 11.45% | 16.68 | 23.36

“Seconds on a Sun SPARCstation 10 (Model 41).

Table 6.2: Computational experiments with Dual-ascent algorithm 1.
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Size Terminal Nodes | Trials LIFO1 LIFO2 Best Running Time®

Ave Max Ave Max Ave Max Ave Max

(IN],|E|) (|71, | T2)) Gap Gap Gap Gap Gap Gap | Time | Time
(32,8) 10 5.30% | 8.77% | 5.54% | 10.44% | 4.65% | 8.77% | 1.34 | 1.64
(40,80) (24,16) 10 11.17% | 19.78% | 10.39% | 19.78% | 9.61% | 18.07% | 1.83 | 2.29
(16,24) 10 12.52% | 18.60% | 11.38% | 14.34% | 11.38% | 14.34% | 1.54 | 2.22
(108,12) 10 4.27% | 6.38% | 4.26% | 6.01% | 3.88% | 5.20% | 10.36 | 13.78
(120,180) (96,24) 10 7.44% | 11.13% | 7.01% | 8.93% | 6.58% | 8.67% | 13.67 | 20.04
(84,36) 10 9.08% | 11.79% | 8.98% | 10.64% | 8.42% | 10.86% | 18.29 | 22.80

“Seconds on a Sun SPARCstation 10 (Model 41).

Table 6.3: Computational experiments with Dual-ascent algorithm 2.
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Size Terminal Nodes | Trials | Combined Algorithm | Running Time
Ave Max Ave Max
(IN|, |E|) (|71, |T3]) Gap Gap Time | Time
(32,8) 10 4.56% | 8.77% 2.714 | 3.4
(40,80) (24,16) 10 8.73% | 16.50% 3.18 | 3.79
(16,24) 10 11.25% | 14.18% 296 | 3.79
(108,12) 10 3.79% | 5.20% 19.98 | 27.67
(120,180) (96,24) 10 6.39% | 8.51% 27.45 | 44.49
(84,36) 10 8.17% | 10.52% 34.96 | 44.96

Table 6.4: Combining Dual-ascent algorithm 1 and Dual-ascent algorithm 2.

Terminal | Trials | GAMS/CPLEX | Heuristic-LP Gap | LP-Dual-Ascent Gap
Nodes Ave Max Ave Max Ave Max

(|71, |T3]) Time Time Gap Gap Gap Gap
(32,8) 10 290.56 | 507.27 | 1.75% | 3.91% 2.66% | 4.55%
(24,16) 10 934.84 | 1753.33 | 3.23% | 8.85% 5.02% | 6.64%
(16,24) 10 1372.45 | 1913.83 | 3.43% | 5.09% 7.00% | 9.39%

Table 6.5: Comparison of LP solution with lower and upper bounds of 40 node problem.

100. The columns Ave Gap and Max Gap for the LP-Dual-Ascent Gap measure the gap
between the lower bound generated by the dual-ascent algorithm and the LP solution value,

LP SOlutiI?E} ;7311:11&0; %z(;lvggr bound 100, The average Heuristic-LP Gap

varies from less than 2 percent to 3.5 percent, while the maximum gap varies from about

calculated as

4 percent to 9 percent. These results show that although the error gaps between the primal
feasible solution and the dual-ascent algorithm are substantial (over 11 percent on average
for one problem class), the heuristic solution is typically within 4 percent of optimality.
The LP-Dual Ascent Gap is larger than the Heuristic-LP Gap. It varies from 3 percent
to 7 percent increasing as the fraction of nodes in 75 increases. We will discuss this issue

further in the next section.

Other Computational Experiments

We performed two other computational experiments. In the first, we varied the fraction of
Steiner nodes, i.e., nodes with a connectivity requirement of 0. In these tests, we generated
problems with 100 nodes and a 1000 edges and varied the fraction of Steiner nodes from
25 percent to 75 percent. In each of these problems, we held the ratio |T3|/|T1| fixed at 0.10.
Table 6.6 summarizes these computations. The average error gap is close to 4 percent,

and increases slightly as the number of Steiner nodes increases. The maximum error gap
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Size Steiner Nodes | Trials | Combined Algorithm | Running Time
Ave Max Ave Max

(IN|, |E|) Gap Gap Time | Time
25 10 | 3.72% | 5.63% 23.67 | 44.11
(100,1000) 50 10 | 4.04% | 5.29% 16.67 | 27.42
75 10 4.14% | 14.84% 10.29 | 17.04

Table 6.6: Performance as a function of the number of Steiner nodes.

Size Terminal Nodes | Trials | Combined Algorithm | Running Time

Ave Max Ave Max

(IN|, |E|) (|71, |T3]) Gap Gap Time | Time
(100,1000) (90,10) 10 3.92% | 6.13% 26.60 49.91
(200,2000) (180,20) 10 3.59% | 4.82% 174.45 | 287.55
(300,3000) (270,30) 10 4.17% | 6.00% 957.91 | 1416.53

Table 6.7: Performance as a function of problem size.

increases from 5 percent to 14 percent.!? The running time of the algorithm decreases
significantly as the number of Steiner nodes increases. We believe that our use of the round
robin rule implementation of Stage 1 leads to this behavior. We will elaborate on this issue
shortly.

Our second experiment varied the problem size. For these experiments, we generated
test problems with 100 to 300 nodes, and 1000 to 3000 edges. For each problem, T5 contained
10 percent of the nodes, and the problem contains no Steiner nodes. Table 6.7 summarizes
these computations. The running time of the algorithm increases significantly from 26
seconds for the 100 node problems to 957 seconds for 300 node problems. The average
error gap was around 4 percent and the maximum error gap was around 8 percent. There
does not appear to be any noticeable relationship between the average error gap and the
problem size. The error gaps decreased slightly from the 100 to 200 node problems and
increased slightly from the 200 to 300 node problems. The mixed integer programming
models for these problems are huge. For example, the mixed integer programming model of
the 300 node problems contain 6000 binary constraints, 1,968,000 continuous flow variables,
and 2,069,400 constraints. As an experiment, we attempted to solve the LP relaxations of
one of these models using GAMS/CPLEX. The model was so large, however, that the
problem exceeded the memory capacity (i.e., the RAM) of the workstation.

' QOnly one problem had an error gap greater than 10 percent.
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6.6.3 Comments

In their computational work, Grétschel, Monma and Stoer were able to successfully solve
the problems shown in Table 6.1 to optimality. They used the underlying network structure
to reduce the problem size. For example, many parts of the telecommunication networks
they considered were trees, and thus could be “forced” into the solution (i.e., fixed). Conse-
quently, they were able to reduce the size of the problems shown in Table 6.1. For example,
they reduced the 116 node problem to a problem with 39 nodes and 86 edges. Our test
problems do not have this structure because we ensure that all the nodes of the graph lie
on a cycle. Also, except for a few crossing edges, the networks they considered were usu-
ally planar. Thus, the “real” problems have far richer structure that we could conceivably
exploit.

We now elaborate on two issues. First, we consider the round robin rule. For con-
venience, we restate the rule as applied to Dual-ascent algorithm 1. Initially, for each
commodity the dual-ascent algorithm sets N (k) = {D(k)}. In a dual-ascent step for com-
modity k, the algorithm identifies the arc (¢*,5*) in 67 (N (k)) with the minimum slack (in
case of ties, it selects any one of the arcs with the minimum slack). The algorithm then adds
exactly one node, the node i*, to the set N (k). The algorithm considers the commodities in
a fixed order and cycles through the commodities, performing dual-ascent steps for active
commodities in this fixed order.

Consider a root component, and let L be the set of active commodities whose destination
is in this root component. For the moment, assume that N(k) = N(I) for any k,l € L.
When the dual-ascent algorithm performs a dual-ascent step on the first commodity it
considers from the set L, say commodity k, it selects an arc (i*,7*) in d7(N(k)) with the
minimum slack, reduces its slack to zero, and adds node i* to N (k). In subsequent steps,
for each active commodities | € L, the algorithm finds that = (N(1)) has a tight arc (i*, j*)
directed into it. Therefore, it performs a dual-ascent step that does not change the dual
variables, and only adds node i* to N(I). We refer to a dual-ascent iteration that does not
change the dual variables as a degenerate dual-ascent iteration. The algorithm continues to
perform degenerate dual-ascent steps until N (k) = N(I) for all k,l € L.

The dual-ascent algorithm performs degenerate dual-ascent iterations in another sce-
nario. Suppose the dual-ascent algorithm adds D(l) to N (k) for some pair of commodi-
ties k and [ (we are not assuming that their destinations lie in the same root component).
Then, if N(I) contains some nodes that are not in N(k), the algorithm performs degenerate
dual-ascent iterations on N (k) until all the nodes that N(I) contains are in N (k). (This
is true because D(I) € N(k), and so the auxiliary network contains a directed path from
all the nodes in N(I) to D(k).) As the number of commodities in the model increases, the

number of dual-ascent iterations that do not improve the dual objective increase rapidly.



6.7 Concluding Remarks 227

Therefore, the running time of the dual-ascent algorithm increases as the number of Steiner
nodes decreases, and also increases sharply with problem size (since the number of com-
modities is proportional to the number of required nodes). Consequently, as mentioned in
Chapter 3, we believe Implementations 1, 2, and 3, might provide better running times for
Stage 1, especially the Implementations 1 and 3, that strictly increase the lower bound in
every dual-ascent step.

Why might the performance of the dual-ascent algorithm deteriorates as the fraction of
nodes in 75 increases? On a careful examination of the dual-ascent algorithm, we found

that there are situations when vf > vf and both wfj and wfi are greater than zero. Notice

that if vf > vf, we can set wfj = 0 and wfi = of - vf, i.e., reduce the w values, while

retaining the dual solution’s feasibility. However, as a result, some tight arcs might become
loose, and so the auxiliary network might no longer be feasible. This situation presents
us with an opportunity to apply the dual-ascent algorithm again and increase the lower

bound. Arguing identically as we did for Wong’s algorithm (see Section 3.4.2), we can show

k
ij

the violations to wfj = maX(O,vé‘? — v¥) occur in Stage 2 (and thus for commodities with

destinations in 75). In some recent research [Rag94], we have made nontrivial modifications

to the dual-ascent algorithm to ensure that wfj = max(0, vf —vf) for all commodities k € K

and arcs (i,7) € A. We believe that, when implemented, the computational performance

that at the conclusion of Stage 1, w¥ = max(O,vé‘? — fuf) for all commodities. Therefore,

of this version of the dual-ascent algorithm will improve upon our results, especially for

problems with a large fraction of nodes in T5.

6.7 Concluding Remarks

In this chapter, using a directed flow model that is equivalent to the improved models
presented in Chapter 5, we developed a new dual-ascent algorithm for the network design
problem with low connectivity constraints. This algorithm generalizes Wong’s dual-ascent
algorithm for the Steiner branching problem.

Our algorithm is based upon several concepts from both the optimization and computer
science communities. In Chapter 5 we showed how to improve formulations for the uni-
tary network design problems (which includes the NDLC problem). Much of this work was
ground deeply in ideas from the mathematical programming literature. In this chapter our
emphasis was on developing an efficient dual-ascent algorithm. To that end, we drew upon
several ideas and concepts from the graph theory and computer science literature. In par-
ticular, we introduced a graphical structure called twinless strongly connected components,
and used them to identify ascent directions for the dual to the LP relaxation of the directed

flow model.
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Our computational results are quite encouraging. We have quickly solved NDLC prob-
lems that are an order of magnitude larger than anyone else has solved in the literature.
For problems with a small fraction of requirement 2 nodes (those in 73), our code per-
forms relatively well, with an average error gap of about 6 percent when the fraction of
required nodes in T is less than 20 percent. As the fraction of nodes in 75 increases to
about 60 percent, the average gaps between the upper and lower bounds generated by the
dual-ascent algorithm increase to about 11 percent. However, as compared to the optimal
LP solution, the heuristic solution is typically within 3-4 percent of optimality, indicating
that this heuristic procedure is reasonably good. Further developments to this code, as
suggested in the previous section, should improve its performance (both its average error

gaps and its running time).



Chapter 7

A Strong Formulation for the
Network Design Problem with

Connectivity Requirements

In the course of this thesis we have described several models for the network design prob-
lem with connectivity requirements (NDC) and its special cases. Our starting point was
the well-known cutset and undirected flow formulations (models (1.1) and (1.2)). By using
a directing procedure, for the unitary NDC problem, we improved upon these formula-
tions. This development raises the following question. Can we develop better models for
nonunitary NDC problems by directing them?

In this chapter we first study the Steiner forest problem, a special case of the NDC
problem. Recall that in this problem we are given a graph G = (N, F) and node sets
T1,Ts,...,Tp with T; N T} = ¢ for all node set pairs (i # j). We wish to design a graph at
minimum cost that connects the nodes in each node set (possibly by including multiple node
sets in any connected component of the graph). There are several reasons for studying the
Steiner forest problem. First, it is an important network design problem with applications,
for example, in VLSI design (see [LMSL92]). Perhaps more importantly, strong models for
the Steiner forest problem lead to significantly improved models for the nonunitary NDC
problem. The main contribution of this chapter is a strong formulation for the Steiner forest
problem, and its generalization as a strong directed model for the NDC problem.

To our knowledge, the model we present in this chapter is the first directed model for the
Steiner forest problem in the literature. For the Steiner forest problem, we are aware of only
the well-known cutset formulation and the undirected flow model presented in Chapter 1.
For the NDC problem with general edge-connectivity requirements, Balakrishnan, Magnanti

and Mirchandani [BMM94a] described an enhanced cutset formulation that is stronger than
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the cutset model (for the Steiner forest problem, their formulation is equivalent to the cutset
formulation). We will briefly compare the enhanced cutset model with the directed model
for the NDC problem that we present in this chapter.

The strong formulation for the Steiner forest problem also leads to a stronger formulation
for a more general multi-level network design problem. In the two-level network design
problem, we are given a network with two facility types available for each edge—primary
and secondary—and a partition of the nodes into two types—primary nodes and secondary
nodes. In this scenario, primary edges are more expensive than secondary edges. We wish
to design a minimum cost connected network that connects the primary nodes to each other
by primary edges. A more general version of this problem splits the primary nodes into
primary sets 11, ...,Tp with T; NT; = ¢ for all primary node set pairs. We wish to design a
minimum cost connected network that connects the nodes in each primary set by primary
edges. We can interpret this problem as a Steiner forest problem overlayed on a tree (the
primary edges in the optimal solution define a forest, and the edges in the optimal solution,
both primary and secondary, define a tree). Developing a stronger model for the Steiner
forest problem yields better models for this two-level network design problem (and for the
multi-level network design problem).

This chapter is organized as follows. We first show how to direct the Steiner forest
problem. Next, we describe three equivalent flow-based formulations for the Steiner forest
problem. We then describe our main result: how to direct the NDC problem with edge-

connectivity requirements. Finally, we summarize future research directions.

7.1 Directing the Steiner Forest Problem

For convenience, we once again describe the cutset and undirected flow formulations for the

Steiner forest problem.

Cutset formulation for the Steiner forest problem

Minimize Z Cijij (7.1a)
{i,j}er
for all S SCN
subject to: dooomy > 1 orall5,¢c5C N, ‘ (7.1b)
(i./1e8(S) SNT; # ¢ and S\T; # ¢ for some i,
x;; > 0 and integer. (7.1c)

In the following undirected flow formulation for the Steiner forest problem, we select a
root node for each node set and send one unit of flow from the root node of each node set

to every node in that node set.
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Undirected flow formulation for Steiner forest problem:

Minimize Z CijTij (7.2a)
{i,j}eE
1 ifi=O(k);
subject to: Z f]k, — Z fﬁ = 1 ifi=D(k); forallie N and ke K (7.2b)
jeN leN 0  otherwise;
fl]; } < xi; for all {i,j
D0 < g orall {i,j} € Fand k€ K (7.2c)
Jt
ik >0 for all {i,j} € F and k € K (7.2d)
xi; > 0 and integer; for all {i,j} € E. (7.2e)

If we assume each c¢;; > 0, these formulations always have an optimal solution that is a
Steiner forest, and so each component of the forest is a tree. Nodes belonging to any node
set T;, for any i, lie in the same component. As an example, Figure 7-1 shows the optimal
solution to a Steiner forest problem with five components. One component contains the two
node sets T} and T4. All the other components do not contain nodes from other node sets.

How might we direct the Steiner forest problem? Since each component in the optimal
solution is a tree, we could arbitrarily choose a node in each component and direct each tree
away from it. Unfortunately, before we solve the problem, although we know that nodes in
each node set will lie in the same component, we do not know the number of components in
the optimal solution and the node sets they contain. The problem is to determine, a priori,
the root node for each component. For this reason, directing the Steiner forest problem
raises difficulties not encountered in directing the Steiner tree problem and unitary NDC
problems.

In directing the Steiner forest, for each set T;, we choose an arbitrary root node r; € T;.
We then direct each component (tree) away from the lowest indexed root node that it
contains. In the example shown in Figure 7-2(a), one component contains two node sets T}
and Ty. Since 77 is the lowest indexed node set in this component, we have directed the
component away from the root node r; of node set T7. All the other components contain
nodes from only one node set T;, for i = 1,2,3,4,5, and we direct each of them away from
the root node r; of node set T;. Figure 7-2(b) shows the forest after we have applied the
“directing procedure.”

For notation, if j € T;, we let p(j) = r; denote the root node of the node set that node j
belongs to. We refer to r; as node j’s root node. We also define T'=Ty UT5U...Tp, and
let R be the set of all root nodes, that is, R = {ry,r9,...,7p}.
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Figure 7-1: An undirected forest.

7.2 Formulations for the Steiner Forest Problem

We model the Steiner forest problem using commodity flows. Observe that the network we
obtain after directing the Steiner forest contains a directed path from the lowest indexed
root node in a component to all other nodes in that component. Therefore, we can send a
unit of flow from the root node of each directed component to every node in that component.

For each node j € T;, with j # r;, and for each p < i, we define a commodity with
origin node 7, and destination node j, and for each root node r; and for each p < 7, we
define a commodity with origin node r, and destination node r;. In the optimal solution,
it is possible to send a unit of flow from the lowest indexed root node of a component to
each required node in that component. Let CO(q) denote the set of all commodities that
have node ¢ as their origin, and C'D(q) denote the set of all nodes that have node ¢ as
their destination and let K denote the set of all commodities. We also define H = {S :
S C K, and|[SNCO(rj)| = 1for all j = 1,..., P}. That is, each member of H is a set of
commodities with exactly one commodity having each root node as its origin.

We now describe three different flow based formulations for the Steiner forest problem.

The first formulation is on an undirected graph and the latter two are directed formulations.
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(b) Direct each forest away from the lowest indexed root node that it contains.

Figure 7-2: Example of the directing procedure.
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In the first formulation, we let x;; be 1 if the network design contains edge {7,j} and be
0 otherwise. The improved undirected flow formulation for the Steiner forest problem has

the following form.

Improved undirected flow formulation for Steiner forest problem:

Minimize Z CijTij (7.3a)
(i,9)eE
> —1 ifi =0(k); | Vi € N;
subject to STE-STrh (< ifi=D(k);p and  (7.3b)
jeN S = 0 otherwise; ke K;
LS k
2keC0(i) 2jeN fJD]g’ﬂ =1 for all i € T\R (7.3¢)
- ZkeCO(z‘) 2leN fD(k)l
. VjeT\R, Vk € CD(j)
) k ) k ’ ’
ZJ;:NJCJ?;’“) < ZJ;:NJCJJ?;’:*’ st. O(k) = O(k*), and (7.3d)
leN JD(k)l leN J D(k*)l D(k*) — P(j);
Z o Z [ for all {z’,j} € F, and (7.3¢)
hell * heli meo= all H, H pairs in ‘H
Z Z f-k- < 1 for all j € N, and (7.36)
=500 T all H in 'H '
k for all {i,j} € E, and
9 } > 0 kor all {i,7} , an (738)
k €K
zy; € {0,1} for all {i,j} € E. (7.3h)

Constraints (7.3b) and (7.3c) ensure that each node in T'\ R obtains a unit of flow from
either its root node, or the root node of a lower indexed node set. Constraint (7.3d) ensures
that if node 7 € T}, i # r;, is supplied by a commodity £ whose origin is not the root node
of set T}, then its root node also is supplied from the origin of commodity % (i.e., its root
node belongs to the same component that it belongs to). Constraint (7.3e) follows from the
property that in an optimal solution flow travels in only one direction across an edge, and
all the flow across an edge originates from the same source (the root node of the component
the edge belongs to). Constraint (7.3f) follows from the fact that flow into any node in a
component originates from a single node (the root node of that component).

We can simplify some notation in equations 7.3¢ and 7.3d, if we set f/%(k)l = 0 for
all commodities £ € K, and all nodes [ € N. If commodity k flows out of node D(k),
constraints (7.3b) and (7.3¢) imply that it flows around a cycle and returns to D(k). By
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decreasing the flow on this cycle, we can obtain a feasible solution with f/%(k)l = 0. We will
make this change to equation (7.3c) and (7.3d) in the next two formulations.

To formulate the problem on a digraph, D = (N, A), we replace each undirected edge
{i,7} by two directed arcs (i,j) and (j,7), each with the same cost as the undirected edge
{i,7}. In the directed flow formulation, let y;; be 1 if arc (7,7) is in the design, and be 0

otherwise. The directed formulation is

Directed flow formulation for Steiner forest problem:

Minimize Z CijYij (7.4a)
(1,9)€A
> —1 ifi = O(k); | Vi € N;
subject to Z Jkl - Z fFd< 1 ifi = D(k); p and (7.4b)
jeN leN = 0 otherwise; | k € K;
Yoo X fipw =1 for all i € T\R (7.4¢)
keCO(i) jEN

vV jeT\R, Yk € CD(j),

Z o) < fof)(m s.t. O(k) = O(k*), and (7.4d)
jeN JeN D(k*) = p(5);
for all (i,5) € A
Srh <o ol e dand g
keH HeH
ity <1 for all {i,j} € E (7.4f)
forall j € N
DI I (745)
=5 all H in H
f{z > 0 for all (4,5) € A, and (7.4h)
ke K
for all l € N, and
k ’ i
= 0 7.41
fD(k)l Le K ( )
vi; € {0,1} for all (i,7) € A. (7.4j)

In this formulation, constraints (7.4b), (7.4c), (7.4d), and (7.4g) are the same as those in
Formulation (7.3). Constraint (7.4f) is valid because the optimal solution to the Steiner
forest problem contains at most one of the two arcs (i,j) and (j,7). Constraint (7.4e) is
valid because all the flow on an arc originates from the same root node.

Yet another way to formulate the Steiner forest problem is to use a layered network.
In this approach, we create P copies, D', ..., DY of the digraph D. That is, we replace
each arc (i,7) by P arcs (i,7)',...,(i,§)F, each with cost cfj =c¢jforp=1...,P If
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the root node of a component is node r,, then the component contains only arcs from the

digraph DP. For example, in Figure 7-2(b) the component that contains node sets 77 and

Ty is rooted at node 1. As a result, all arcs in this component belong to the digraph D'.
Let yfj be a binary variable representing whether arc (i,)? is in the network design.

We formulate the problem as follows.

Multilevel directed flow formulation for Steiner forest problem:

P
Minimize Z Zcijyfj (7.5a)
(i,j)eAp=1
> —1 if i =0(k); | Vi e N;
subject to Z fﬁ- - Z fi < ifi = D(k); p and (7.5b)
JEN leN = 0 otherwise; | k € K;
> > e = 1 for all i € T\R (7.5¢)
keC(i) jeN
vV jeT\R,Vk € CD(j),
> fow < X fpwe st Ok)=O(K), and  (75d)
je N DU = i)
for all (i,§) € A, k € K;
o<y or all (i, ) (7.5¢)
I such that O(k) € rp,
P
S Wh+dh) <1 for all {i,j} € E (7.5f)
p=1
for all j € N, and
DD BRI e (75¢)
N el all H in 'H
for all (4,j) € A, and
k> o ’ ’ 7.5h
f” - ke K, ( )
for all [ € N, and
k ’ ;
= 0 7.5
T L I (7.51)
for all € A, and .
woe oy T (750

In this formulation, constraints (7.5b), (7.5¢), (7.5d), and (7.5g) are the same as those in
Formulations (7.3) and (7.4). Constraint (7.5f) is valid because the optimal solution contains
at most one arc from (i, 5)',..., (1,57, (4,9)', ..., (j,i)F. Constraint (7.5¢) is valid because
any flow sent on arc (¢, )P must originate at node r, (arc (z,7)? belongs to a component

only if the component’s root node is 7).
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The improved undirected flow formulation, the directed flow formulation, and the mul-
tilevel directed formulation are closely related. We show that the LP relaxations of all three

formulations are equivalent.

Theorem 7.2.1 If the flow costs are zero, the LP relaxzations of the improved undirected
flow formulation, the directed flow formulation, and the multilevel directed formulation are

equivalent.

Proof: In all three formulations, the flow variables are identical. In transforming the
solution of the LP relaxation of one formulation to a solution to the LP relaxation of
another, we will make no changes in the flow variables. As a result, to prove that the
formulations are equivalent we need to show how to transform the edge or arc variables
from one formulation to another so that after the transformation, the solution satisfies the

constraints that contain edge or arc variables.

1. To transform a solution to the LP relaxation of (7.5) to a solution to the LP relaxation
of (7.4) with no change in cost, we let y;; = Zleyfj. Then replacing Zgzlyfj by vij
in constraint (7.5f) yields constraint (7.4f). Observing that any combination of flows

with different sources originate from different root nodes, we obtain the constraint

SNofh o< > yl;  where H € H.
keH {p:rp=0(k);keH.}
P
< >
p=1
= Yij-

2. To transform a solution to the LP relaxation of (7.4) to a solution to the LP relaxation
of (7.3) with no change in cost, we let z;; = y;; + y;j;. Then replacing vy;; + y;i by x;;
in constraint (7.4f), we obtain z;; < 1. By adding constraint (7.4e) for arcs (7,j) and
(j,1) and replacing y;; + y;; by z;j, we obtain constraint (7.3e).

3. To transform a solution to the LP relaxation of (7.3) to a solution to the LP re-
laxation of (7.5) with no change in cost, we set yfj = maX{k:O(k):Tp}fZ% and y;’i =
max{kzo(k):,np}ffi, forall {i,j} € Fandp=2,...,P. Also, set yl-lj = max{kzo(k):m}filj
and yjll =T — y}j - gzz(yfj + yfl) Constraint (7.3e) is > pcp fl-kj + > heh ffi < x4
for all H, H pairs in H. Therefore,

P P

Zlmax{k:O(k):rp}fikj + Z:l Max(y,.0(k)=r,} f15 < T
b= b=
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(@) (b) ()

Figure 7-3: (a) Graph with unit edge costs and 71 = {a,d}, and T5 = {b,c}. (b) Optimal
solution to LP relaxation of cutset formulation. (c) Optimal solution to LP relaxation of
improved undirected flow formulation.

Substitute (i) yfj in place of maX{k;O(k):Tp}ffj forp = 1,..., P, (i) yﬁ-’i in place of
max{kzo(k):%}ffi for p = 2,...,P, and (iii) ;,3:1@% + %) in place of z;;, in the
previous equation. We find that max.om)=r,} fjlz- < yjlZ Therefore, the resulting
solution satisfies constraint (7.5e) ( fi]} < yfj if O(k) = rp). Noting that z;; is less than
or equal to 1 shows that the solution satisfies constraint (7.5f) ( 5:1 yfj + yfi <1).

Figure 7-3 shows that the the improved undirected flow formulation is stronger than
the cutset formulation (or undirected flow formulation, since they are equivalent) for the
Steiner forest problem. In this example 77 = {a,d}, To = {b, c}, and each edge has a cost
of 1 unit. The optimal solution to the cutset formulation sets x4 = Tpg = Tde = Teq = 0.5
with a cost of 2 units. In the improved undirected flow formulation, we select node a as the
root of node set 17, and select node b as the root of node set T5. This formulation contains
four commodities. Commodities 1, 2, and 3 have origin node a and destinations nodes b,
¢ and d. Commodity 4 has origin node b and destination node ¢. The optimal solution to
the LP relaxation of the improved undirected flow formulation sets xq = Tpg = Teg = 1,
2. = fL = f3 = f2, = 1 (notice that all the commodities originate at the node a, the

lowest indexed root node of the optimal solution), and has a cost of 3 units.
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Figure 7-4: (a) Graph with unit edge costs and 71 = {a,d}, and T5 = {b,c}. (b) Optimal
solution to LP relaxation of improved undirected flow formulation. (c) Optimal integer
solution. (d) Optimal solution to LP relaxation of cutset formulation.

Researchers have previously shown that the LP relaxations of the improved undirected
flow formulation and the directed flow formulation (the multi-level directed flow formulation
is identical to the directed flow formulation for the Steiner tree problem) provide integer
solutions (i.e., the design variables are integer) for the Steiner tree problem when the un-
derlying graph is series-parallel (see [PLGS85]). Is a similar result true for the Steiner forest
problem? The example in Figure 7-3 suggests that this might be the case, since the underly-
ing graph in that example is series-parallel. However, Figure 7-4 provides a example showing
that this property is not true. This example is very similar to the example in Figure 7-3.
The graph, a series-parallel graph, contains an additional edge between node b and node c.
In this example 71 = {a,d}, T> = {b, ¢} and each edge has a cost of 1 unit. In the improved
undirected flow formulation, we select the root nodes and commodities as in the previous

example. The optimal solution to the LP relaxation of the improved undirected flow formu-

3 _ £3 _ pl _ g2 __ r4 __
ac = Jed = Jab — ac_fbc_0'57

with a cost of 2.5. The optimal integer solution is zy, = pg = xp. = 1 with a cost of

PN _ _ _ _ _ 3 _ 3 _
lation is gy = Tpa = Tde = Tea = Tpe = 0.5, fo) = fig =

3 units. The optimal solution to the LP relaxation of the cutset formulation (or undirected
flow formulation) is the same as in the previous example and has a cost of 2 units. Thus
the result is not true for Steiner forest problems.

Before we conclude this section, we note that we modeled the directing procedure using
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commodity flows. Unlike the Steiner tree problem and the unitary NDC problem, there
does not seem to be any obvious way to formulate a directed cut model. This shows the
flexibility and power of flow models for modeling network design problems with connectivity

constraints.

7.3 Directing the NDC Problem

In Section 5.1.2 we showed how to direct unitary NDC problems. In this section we show
how to generalize the directing procedure we have just presented for the Steiner forest
problem to obtain a directed model for all NDC problems. As a result, we obtain a stronger
formulation for the NDC model with edge-connectivity requirements.

To sketch the basic idea underlying the directing procedure, we first consider NDC
problems where the connectivity requirements ry are even or one. Any solution to the
NDC problem consists of one or more connected components. By following the procedure
described in Section 5.1.1 for each connected component of the integer solution to the NDC
problem, we can direct each component. However, like the Steiner forest problem, because
the problem is nonunitary, we do not know a priori the number of connected components
in the optimal solution and the required nodes' they contain. (We do know that if we
delete the edges {s,t} with rg = 0 from the requirement spanning tree, then the nodes
that belong to the same tree (component) of the requirement forest will be in the same
component of the solution to the NDC problem.) By combining the directing procedure for
the unitary NDC problem and the directing procedure for the Steiner forest problem, we
obtain a directed model for the NDC problem.

The following commodity selection procedure outlines the essential idea of the directing
procedure. In this discussion, we no longer restrict the connectivity requirements to be even
or one. We first use the directing procedure described in Chapter 5 to direct the problem for
commodities with rg > 2. We then apply the Steiner forest problem’s directing procedure
and direct the bridge edges in each component of the optimal integer solution to the NDC

problem.

Commodity selection procedure for Formulation (7.6)
1. Find the requirement spanning tree.

2. Delete all edges with s = 0 from the requirement spanning tree.

"We say a node is required if it has a connectivity requirement. Recall a node i has a connectivity
requirement if r;; > 1 for some node j.
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3. For each edge {s,t} of the requirement spanning tree with ry > 2, create two com-
modities: one with origin node s and destination node ¢, and the other with origin
node t and destination node s; each of these commodities has a flow requirement

of rs/2. Let L denote this set of commodities.

4. Contract each edge {s,t} with rgy > 2 in the requirement spanning tree, creating
a forest F' in which r;; = 1 for all edges {7,j}. Identify the connected components
T1,T5,...,Tp of this forest. Denote any node in F' created by contraction by any of
the nodes it contains in the original requirement spanning tree (e.g., if contracting
nodes s and t creates a node in F', then we denote the contracted node by s). Select
a contracted node in each set T; as the root node r; of the node set T;. (If node set T;
does not contain a contracted node, then arbitrarily select any one of the nodes as
the root node.) Now create commodities as described for the Steiner forest problem
with node sets 11,75, ...,Tp, and root nodes r1,ro,...7p. Let K denote this set of

commodities.

Using this set of commodities we obtain the following improved undirected flow formu-

lation.

Improved undirected flow formulation for NDC problem:

Minimize Z Cijl‘ij (7'63)
(4,j)EE
> -1 if i =0(k); | Vi € N;
subject to Z fﬁ- - Z k< ifi =D(k); p and (7.6b)
JEN leN = 0 otherwise; ke K;
—qs if i =0(k); | Vi € N;
3 ]kz -y k= g if i = D(k); p and (7.6¢)
JEN leN 0 otherwise; kelL;
S Y o = 1 for all i € T\R (7.6d)
keCO(i) JEN
vV jeT\R, Vk € CD(j),
2 o) < > T st O(k) = O(k"), and (7.6e)
JEN JEN D(k*) = p(j);
for all {i,j} € E, and
DI < g o iz’j}. © ) N (7.6f)
= fyert all H, H pairs in H
for all j € N, and
E« ’ 7.6
sz” - all H in H (7-6e)

i€EN keH
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Rl < oay for all k,h € K UL (7.6h)
fhay = 0 forall I € N and k € K (7.61)
zy; < 1 for all {i,j} € E (7.6j)

k . .
flk > 0 for all {i,j} € E, and (7.6K)

H keKUL
xziyj > 0 and integer, for all {i,j} € E. (7.6])

In this formulation, 7 = Th U...UTp, R = {r1,...,rp}, and p(j) denotes node j’s
root node. CO(k), CD(k), and H are defined as for the Steiner forest problem for the
commodities k € K.

If the requirement spanning tree contains no edge {s, ¢}, with r5; = 1, Formulation (7.6)
contains no commodities in K, and so the model contains only constraints (7.6c), (7.6h),
(7.6), (7.6k), and (7.61). In this case, an argument similar to the one we used in Section 5.1.2
shows that this formulation is equivalent to the undirected flow formulation. Consequently,
the improved formulation for the NDC problem is stronger than the undirected flow formu-
lation only when the maximum spanning tree of the requirement graph contains some edge
{s,t} with ro = 1.

The enhanced cutset formulation (5.6) of Balakrishnan, Magnanti, and Mirchandani
[BMM94a] also applies to the nonunitary NDC problem. For the Steiner forest problem,
the enhanced cutset model is equivalent to the cutset model. Therefore, there are instances
for the nonunitary NDC problem when the improved flow formulation is stronger than the
enhanced cutset formulation. We conjecture that this is true in general, and so the improved

undirected flow formulation (7.6) is stronger than the enhanced cutset formulation (5.6)

7.4 Conclusions

The main contribution of this chapter is the strong formulation for the NDC problem. To
develop this formulation, we first showed how to direct the Steiner forest problem. Based
upon this directing procedure, we presented three equivalent formulations for the Steiner
forest problem. We then generalized one of these formulations to the NDC problem with
edge-connectivity requirements. To our knowledge, these formulations are the first directed
formulations for the Steiner forest problem and the NDC problem with edge-connectivity
requirements.

Although we have not proved this result in this chapter, the max-flow min-cut theorem
implies that (i) the choice of root node for each node set, and (ii) the order of node sets does
not affect the optimal objective value of the LP relaxation of the improved flow formulation

for the Steiner forest problem or the NDC problem.
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There are many unanswered questions concerning the new directed model for the NDC
problem. How strong is the directed model? Is it significantly stronger than the undirected
flow or cutset models? Can we derive new classes of valid inequalities for nonunitary NDC
problems by projecting out the flow variables from this model? (Like we did for the unitary
NDC problem.) Can we derive an improved dual-ascent procedure (or perhaps a Lagrangian
relaxation method) based on this improved formulation? In our future research, we plan to

investigate these issues.
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Chapter 8
Summary and Final Remarks

In this thesis we considered the network design problem with connectivity requirements
(NDC). This problem has many applications, especially to telecommunication network de-
sign, and is of considerable theoretical interest because it generalizes several well-known
combinatorial optimization problems.

Our research was motivated by the need for efficient solution procedures for large-scale
NDC problems. Consequently, we devoted our attention to understanding the structural
properties of solutions to the NDC problem, and exploiting these properties to develop
mixed integer programming models and computationally attractive solution procedures. In

particular, we designed

1. A dual-ascent algorithm for a general NDC problem. This algorithm optimally solves
special cases including the k-edge-disjoint path problem and the k-node-disjoint path
problem. The algorithm is to date the only heuristic procedure that applies to the
general NDC problem.

2. A dual-ascent algorithm for the network design problem with low connectivity require-
ments (NDLC). This algorithm generalizes Wong’s [Won84] well-known algorithm for

the Steiner branching problem.

Since a dual-ascent algorithm attempts to approximately solve the dual of the LP re-
laxation of a formulation, it is important to use strong formulations of a problem in order
to obtain good lower bounds from a dual-ascent procedure. With this objective in mind,
we developed strong models for the NDC problem. We started Chapter 3 by reviewing a
well-known directing procedure for the minimum spanning tree problem and Steiner tree
problem. In Chapter 5 we generalized this directing procedure and developed a directed
model for all unitary NDC problems with edge-connectivity requirements. This model gen-

eralizes a directed model described by Goemans [Goe90] for the survivable network design

245
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problem (SND) when the connectivity requirements of the nodes are even or one. By pro-
jecting out the flow variables from the improved model for the unitary NDC problem, we
generalized some known classes of facet-defining inequalities for the Steiner tree problem—
partition, odd-hole, and combinatorial design—to the unitary NDC problem. We continued
our development of strong models for the NDC in Chapter 7 by showing how to direct the
Steiner forest problem. We then described a directed model for the Steiner forest problem,
and later generalized this model to all NDC problems with edge-connectivity requirements.
The directed model for the Steiner forest problem and the nonunitary NDC problem are
new.

Because flow models, although compact, are fairly large, we devised methods to reduce
the size of these formulations by minimizing the number of commodities they contain.
For this purpose, the main tool we used for edge-connectivity problems is the Gomory-Hu
requirement spanning tree. We showed how to model edge-connectivity problems and the
node-connectivity version of the SND problem using O(|N|) commodities. We also outlined
a scheme for reducing the number of commodities in the flow model of NDC problems with
general node-connectivity requirements.

We established a Lagrangian duality framework to derive dual-ascent algorithms for
network design problems. Using this framework, we developed dual-ascent algorithms for
the Steiner branching problem, the NDC problem, and the NDLC problem. We introduced
the notion of a minimal ascent set, and using this concept provided a simple interpretation
of Wong’s algorithm for the Steiner branching problem (and Edmonds’ algorithm for the
branching problem). We also used minimal ascent sets, and a generalization of this no-
tion (i.e., minimal twin ascent sets), in designing the dual-ascent algorithm for the NDLC
problem. Throughout this research, we devoted considerable attention to devising efficient
implementations of these algorithms. For this purpose, several graph search algorithms
proved to be particularly useful.

We implemented some of our dual-ascent algorithms, testing them on some important
NDC problems—the network design problem with low connectivity requirements, and the
Steiner tree problem. These algorithms solve NDLC problems that are an order of magni-
tude larger than previously solved (problems with upto 300 nodes and 3000 edges). Our
results indicate that the dual-ascent algorithms are quick, and generate excellent heuristic
solutions (typically within 4 percent of optimality for the NDLC problem, and within 1 per-
cent of optimality for the Steiner tree problem), as well as reasonably good lower bounds.
The quality of the lower bound of the dual-ascent algorithm for the NDLC problem deterio-
rates as the fraction of nodes with a connectivity requirement of 2 increases. We believe that
certain modifications to this dual-ascent algorithm, as described in Chapter 6, will improve

its performance both in terms of providing a better lower bound and a faster running time.
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We view our research as synthesizing concepts from two important areas: mathematical
programming and computer science. In developing mixed integer programming models, we
relied on concepts that are traditional to the optimization community; while developing
dual-ascent algorithms, we used many algorithmic ideas from the computer science liter-
ature. The use of both these areas proved crucial to the development of the dual-ascent
algorithms. Without a good model, the dual-ascent procedure is bound to generate poor
lower bounds. In the dual-ascent algorithms, we usually related some graphical structure
(e.g., twinless strongly connected components) to an ascent direction. Without an efficient
algorithm for identifying such structures, the running time of a dual-ascent procedure might
be excessively large. By combining lessons learned from both fields we developed quick and
efficient dual-ascent methods.

The following recipe summarizes the main lesson learned about using dual-ascent as an

algorithmic approach to solve combinatorial optimization problems.

Recipe for a dual-ascent algorithm

1. Develop a good model for the problem. (For network problems, perhaps by directing
the problem.)

2. Study special cases of the problem that are polynomially solvable and devise dual-

ascent methods that solve them optimally.
3. Generalize the dual-ascent method to the more general problem.

This is the approach we have taken for developing our algorithms, and one that we have
found to be particularly effective. Algorithms designed to optimally solve polynomially
solvable cases seem to capture the properties of a “good” solution. Consequently, when
applied to the more general NP-hard problem, these algorithms seem to generate reasonably
good solutions.

In conclusion, a dual-ascent procedure developed for a strong formulation of a problem,
followed by an efficient implementation, can be a very effective solution methodology for

(approximately) solving combinatorial optimization problems.
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Appendix A

Abbreviations

DFS Depth first search

DNDC Directed network design problem with connectivity requirements
IP Integer program

LP Linear program

MIP Mixed integer program

MST Minimum spanning tree problem

NDC Network design problem with connectivity requirements
NDLC Network design problem with low connectivity requirements
RBOC Regional Bell Operating Companies

SND Survivable network design problem

TSCC Twinless strongly connected component

TSP Traveling salesman problem
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