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Abstract. In this paper we broadly generalize the assignment auction algorithm to solve linear
minimum cost network flow problems. We introduce a generic algorithm, which contains as special
cases a number of known algorithms, including the e-relaxation method, and the auction algorithm
for assignment and for transportation problems. The generic algorithm can serve as a broadly useful
framework for the development and the complexity analysis of specialized auction algorithms that
exploit the structure of particular network problems. Using this framework, we develop and analyze
two new algorithms, an algorithm for general minimum cost flow problems, called network auction,
and an algorithm for the k node-disjoint shortest path problem.
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1. Introduction

In this paper we discuss algorithms for solution of the classical minimum cost
network flow problem involving a directed graph with node set A and arc set
A. Each arc (4, j) has a cost coefficient a;;. Letting z;; be the flow of the arc
(4, 7), the problem is

minimize Z Qi 55 (LNF)
(¢, 5)eA
subject to
Z xiy — Z T = 8;, VieN, ¢))
{313, 5)eA} {315, 1)e A}
b <z <ciy, V(7)€ A, @

where a;j, b, c;j, and s; are given integers.

We denote by z the vector with elements z;;, (i, j) € A. We refer to b;; and
cij» and the interval [b;;, ¢;;] as the flow bounds and the feasible flow range of arc
(4, 5), respectively. We refer to s; as the supply of node i. The constraints (1)
and (2) are called the conservation of flow constraints and the capacity constraints,
respectively. A flow vector satisfying both of these constraints is called feasible,
and if it satisfies just the capacity constraints, it is called capacity-feasible. If
there exists at least one feasible flow vector, problem (LNF) is called feasible
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and otherwise it is called infeasible. For a given flow vector z, the divergence
of node 7 is defined to be the total flow coming out of ¢ minus the total flow
coming into ¢,

Yi = Z ZTij — Z Zji-
{3l e} {ilG,i)eA}
The surplus of node i is defined as the difference between the supply and the
divergence of i,
9i = 8 — Y. 3)

We assume that there exists at most one arc in each direction between any
pair of nodes, but this assumption is made for notational convenience and can
be easily dispensed with. We denote the numbers of nodes and arcs by N and
A, respectively. We also denote by C the maximum absolute value of the cost
coeflicients,

C = max |a;- 4
max, o] @

We use the following well-known dual problem to (LNF), which involves a
price variable p; for each node i

maximize ¢(p)

subject to no constraint on p, ©
where p is the vector with elements p;, and the dual function ¢ given by
ap) = Y (i —py) + Y s, (6
(i,5)eA ieN
where
9i(pi = p;) = min{(ay; + p; — p)zyjlby < 25 < €5} ™

We henceforth refer to (LNF) as the primal problem, and note that standard
duality results (see e.g., {6, 15, 23, 25]) relate primal-optimal and dual-optimal
solutions via the complementary slackness conditions, and imply that the optimal
primal cost equals the optimal dual cost.

The special structure of the dual cost (6) motivates solution by Gauss-Seidel
relaxation (or coordinate ascent methods). The idea is to choose a single
node i and change its price p; in a direction of improvement of the dual cost,
while keeping the other prices unchanged. Unfortunately there is a fundamental
problem; the dual cost g is nondifferentiable (piecewise linear), and the relaxation
idea may encounter difficulty at some “corner points,” where the dual cost cannot
be improved by changing any single node price.
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One way to overcome this difficulty is used in the e-relaxation algorithm first
proposed in [2, 3] (see also [6, 7, 13, 15, 18, 19]). The main idea in the
e-relaxation method is to allow a single price p; to change even if this worsens
the dual cost. When p; is changed, however, it is set to within a given ¢ > 0
of the price that maximizes the dual cost along the ith coordinate. For e small
enough, it can be shown that the algorithm approaches the optimal dual cost
sufficiently accurately to yield a primal-optimal solution.

A similar concept is used in the auction algorithm for assignment problems
([1, 4, 6, 15]). However, while in the e-relaxation algorithm there is at most
one node price change per iteration, the auction algorithm can raise two node
prices simultaneously. In particular, the price of an unassigned person is raised
implicitly through a “bid” as this person is assigned to a “preferred” object, and
then the price of this object is also raised. This simultaneous price rise is an
important feature that, we believe, accounts for the practical effectiveness of the
auction algorithm. Experiments show that the e-relaxation method applied to
the assignment problem, is on the average far slower than the auction algorithm.

The main contribution of this paper is the development and analysis of a general
algorithm which extends the concept of the auction algorithm for assignment
problems by combining a price increase of a node with price increases of several
neighboring nodes. This general algorithm can form the basis for a broad
variety of auction algorithms tailored to the structure of particular problems.
We investigate the termination properties of the generic algorithm for both
feasible and infeasible problems, and we discuss some of the associated worst-
case complexity issues.

As special cases of the generic algorithm, we develop two new algorithms:
one for the general minimum cost flow problem (LNF), called network auction,
and another for the k¥ node-disjoint shortest path problem. The latter problem
contains as special cases the classical assignment and the shortest path problems.
The new algorithm is similar in structure to the recently proposed auction
algorithm for shortest paths [5, 6], in that it maintains paths that are contracted
or extended at each iteration. However, it requires a positive €, in contrast with
the algorithm of [5, 6], which corresponds to € = 0. We provide computational
results showing that our new &k node-disjoint shortest path algorithm outperforms
existing algorithms by a broad margin. This algorithm is also well-suited for
parallelization (see [24] for a related algorithm).

We also develop worst-case complexity bounds for the performance of the
network auction algorithm. The complexity analysis differs significantly from
previous analyses of coordinate ascent methods such as [13, 18, 19] in that
the network auction algorithm includes new classes of iterations (the irregular
nonsaturating §-pushes discussed in Section 5) which must be bounded. We
also develop a variation of the sweep implementation ([2, 13]). Combined with
appropriate scaling techniques such as cost scaling or e-scaling ([1, 12, 13,
18, 19]) our complexity analysis yields a complexity bound of O(N?3log(NC))
running time for the network auction algorithm when implemented using simple
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data structures. Although improved polynomial complexity bounds are possible
(the best such bound for the e-relaxation method is O(N Alog(N) log(NC)) for an
implementation that uses dynamic trees [19]), the more complex data structures
required are often detrimental to practical performance.

As a special case of our complexity analysis, we obtain the O(N3log(NC))
bound for our earlier auction algorithm for transportation problems [9]; no
polynomial complexity analysis was available for this transportation algorithm.
Furthermore, under the assumption that the feasible flow range of all arcs is [0,
1], we can show that the generic algorithm has an O(N Alog(NC)) running time,
where A is the number of arcs. This bound applies in particular to the new k
node-disjoint shortest path algorithm.

The rest of this paper is organized as follows: in the next section we formulate
the generic auction algorithm and establish its validity. In Section 3, we develop
the network auction algorithm for problem (LNF) based on the generic algorithm.
In Section 4, we give the auction algorithm for the k node-disjoint shortest path
problem, and we show that it is a special case of the network auction algorithm.
Section 5 contains our complexity analysis. Finally, in Section 6 we present
computational results for the k node-disjoint shortest path problem.

2. Basic operations and the generic algorithm

The algorithms of this paper maintain a price vector p, and a capacity-feasible
flow vector x, such that z and p jointly satisfy a relaxed form of the usual
complementary slackness conditions known as e-complementary slackness (e-CS
for short). We say that (z, p) satisfies €-CS if z is capacity-feasible and

;< cC; = pi—pj<ayte Y (i, j) €A, (83)
bji <z = pi—pj<—a;te v (], 7,) € A (8b)
The usefulness of «-CS is due in large measure to the following proposition. A

proof may be found in [2, 6, 13, 15]. Note that the proposition relies on our
assumption that the problem data are integer.

PROPOSITION 1. If € < 1/N, x is feasible, and (z, p) satisfies e-CS, then x is optimal
for (LNF).

We now define some terminology and computational operations that play a
significant role in our algorithms. Each of these definitions assumes that (z, p)
is a flow-price pair satisfying €-CS, and will be used only in that context.

Definition 1. An arc (4, j) is said to be e*-unblocked if

pi =p;ta;te w;<cy %
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An arc (j, 1) is said to be e -unblocked if
pi = pj — aji + € b < zji. (10)

The push list of a node i, denoted P, is the (possibly empty) set of arcs (3, 5)
that are e*-unblocked, denoted P;*, and the arcs (4, ¢) that are ¢ -unblocked,
denoted P;".

In all our algorithms, flow is allowed to increase only along e*-unblocked arcs
and is allowed to decrease only along e -unblocked arcs. The next definition
specifies the type of flow changes considered.

Definition 2. For an arc (i, j) [or arc (4, ¢)] of the push list P; of node ¢, let §
be a scalar such that 0 < § < ¢;; — z;; (0 < § < wj; — by, respectively). A S-push
at node i on arc (i, 7) [(J, ©), respectively] consists of increasing the flow z;; by é
(decreasing the flow zj; by 8, respectively), while leaving all other flows, as well
as the price vector unchanged. A saturating push of node i on arc (i, j) [arc
(4, ), respectively] is a 8-push with 6 = ¢;; — z;; (6 = zj — bj;, respectively).

The next operation consists of raising the prices of a subset of nodes by the
maximum common increment « that will not violate e-CS.

Definition 3. A price rise of a nonempty, strict subset of nodes I (i.e., [ # 0, I #
N), consists of leaving unchanged the flow vector z and the prices of nodes not
belonging to I, and of increasing the prices of the nodes in I by the amount ~
given by

min{S* U8}, if STUST #0,
v = _ (11)
0, ifstus =90,
where S* and S~ are the sets of scalars given by
St = {pj + ai; + e — |3, jleAsuchthatiel, j &1, i < Cij}, (12)
S = {pj —a; +e€ —pil(j, iye Asuchthatiel, j¢ 1, zj; > bji}. (13)

In the case where the subset I consists of a single node i, a price rise of the
singleton set {i} is also referred to as a price rise of node i. If the price increment
v of (11) is positive, the price rise is said to be substantive and if v = 0, the price
rise is said to be trivial. Every scalar in the sets S* and S~ of (12) and (13)
is nonnegative by the e-CS conditions (8a) and (8b), respectively, so we have
v > 0. A trivial price rise changes neither the flow vector nor the price vector;
it is introduced to facilitate the presentation. Note that a price rise of a single
node ¢ is substantive if and only if the set S* US™ is nonempty but the push list
of i is empty.
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The generic algorithm to be described shortly consists of a sequence of §-push,
and price rise operations. The following lemma lists some properties of these
operations that are important in the context of the algorithm.

LEMMA 1. Let (z, p) be a flow-price pair satisfying e CS.

(a) The flow-price pair obtained following a 6-push or a price rise operation satisfies
e-CS.

(b) Let I be a subset of nodes with positive total surplus, that is, . g; > 0. Then
if the sets of scalars S* and S~ of (12) and (13) are empty, problem (LNF) is
infeasible.

Proof. (a) By the definition of ¢-CS, the flow of an e*-unblocked and an €~-
unblocked arc can have any value within the feasible flow range. Since a 6-push
only changes the flow of an ¢*-unblocked or e -unblocked arc, it cannot result
in violation of e-CS. If p and p’ are the price vectors before and after a price
rise operation of a set I, respectively, we have that for all arcs (4, j) with i € I,
and j € I or with i ¢ I and j ¢ I, the «-CS condition (8) is satisfied by (z, p)
since it is satisfied by (z, p) and we have p; — p; = p; — p;. For arcs (i, j) with
i€l,j &I and z;; < ¢;; we have, using (11) and (12),
Pi—py=pi—pi+y<pi—pi+t (@ ta;+te—p)=aj;+te
so condition (8a) is satisfied. Similarly, using (11) and (13), it is seen that for
all arcs (4, 7) with ¢ € I, j € I and z;; > bj;, condition (8b) is satisfied.
(b) Since the sets S* and S~ are empty,
Using the definition (3) of surplus, we have
0< Zgi = Zsi - E zij + Z Tjis (16)
icl iel {(G, 5)eAliel, 521} {G.)eAlil, j¢I}
and by combining (14)-(16), it follows that
0< Z 8 — Z ¢y + Z bji-
iel {G7)eAlie, 5¢1} {U, e Alicl, 541}

For a feasible vector, s; is equal to the divergence of 4, so the above relation
implies that the sum of the divergences of nodes in I exceeds the capacity of the
cut [I, N — I], which is a contradiction. Therefore, the problem is infeasible. O

The generic algorithm

Suppose that problem (LNF) is feasible, and consider a pair (z, p) satisfying
€-CS. Suppose that for some node ¢ we have g; > 0. There are two possibilities:
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(a) The push list of 7 is nonempty, in which case a §-push at node ¢ is possible.

(b) The push list of i is empty, in which case the set S* U .S~ corresponding to
the set I = {i} via (12) and (13) is nonempty, since the problem is feasible
[cf. Lemma 1(b)]. Therefore, from (11)—(13), a price rise of node ¢ will be
substantive.

Thus, if g; > 0 for some i and the problem is feasible, then either a 6-push or a
substantive price rise is possible at node i. Furthermore, since following a price
rise at a node i, the push list of ¢ will be nonempty [cf. (11)—~(13)], for a feasible
problem a &-push is always possible at a node i with g; > 0, possibly following a
price rise at .

The preceding observations motivate a method, called generic algorithm, which
uses a fixed positive value of €, and starts with a pair (z, p) satisfying e-CS.
The algorithm terminates when g; < 0 for all nodes i; otherwise it continues to
perform iterations. Each iteration consists of a sequence of 4-pushes and price
rises, including at least one §-push, as described below.

TBpical iteration of the generic algorithm

Perform in sequence and in any order a finite number of é-pushes and price
rises; there should be at least one §-push but not necessarily at least one price
rise. Furthermore:

(1) Each é-push should be performed at some node ¢ with g; > 0, and the flow
increment § must satisfy § < g;.
(2) Each price rise should be performed on a set I with g; >0 for all i € I.
The price rise operations of the generic algorithm may involve several nodes;
however, in the special case where only one node is involved in each price rise,
the generic algorithm can be further specified to obtain the e-relaxation method,
as shown in [8]. Similarly, for assignment and transportation problems, the
auction algorithms of [1, 4, 9] are also special cases of the generic algorithm; for
a detailed discussion of these equivalences, the reader is referred to [8]. Note
that the generic algorithm can be further specified to obtain many new variations
of auction algorithms for different classes of LNF problems, as discussed in
subsequent sections.

The following proposition establishes the validity of the generic algorithm.
PROPOSITION 2, Assume that the minimum cost flow problem (LNF) is feasible. If
the increment § of each 8-push is integer, then the generic algorithm terminates with

a pair (x, p) satisfying e-CS. The flow vector z is feasible, and is optimal if e < 1/N.

Proof. We first make the following observations.
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(a) The algorithm preserves e-CS; this is a consequence of Lemma 1.

(b) The prices of all nodes are monotonically nondecreasing during the algorithm.

(c) Once a node has nonnegative surplus, its surplus stays nonnegative thereafter.
The reason is that a §-push at a node ¢ cannot drive the surplus of i below
zero (since 6 < g;), and cannot decrease the surplus of neighboring nodes.

(d) If at some time a node has negative surplus, its price must have never been
increased up to that time, and must be equal to its initial price. This is
a consequence of (c) above and of the assumption that only nodes with
nonnegative surplus can be involved in a price rise.

Suppose, to arrive at a contradiction, that the algorithm does not terminate.
Then, since there is at least one §-push per iteration, an infinite number of
§-pushes must be performed at some node m on some arc (m, n) or some arc
(n, m). For concreteness, assume it is arc (m, n); a similar argument applies
if the arc is (n, m). Since for each §-push, § is integer, an infinite number of
8-pushes must also be performed at the opposite end node n of the arc (m, n).
This means that arc (m, n) becomes alternately e¢*-unblocked with g,, > 0 and
e -unblocked with g, > 0 an infinite number of times, which implies that p,, and
p, must increase by amounts of at least 2¢ an infinite number of times. Thus
we have p, — oo and p, — oo, while either g, > 0 or g, > 0 at the start of an
infinite number of §-pushes.

Let /™ be the set of nodes whose prices increase to oo; this set includes the
nodes m and n. To preserve e-CS, we must have, after a sufficient number of
iterations,

Tij = Cjj for all (, _7) € Awithi e N®°, j g N, (17)
zj = by for all (5, 7) € A with i € N*°, j g N*°. (18)

After some iteration, by (d) above, every node in A**° must have nonnegative
surplus, so the sum of surpluses of the nodes in '™ must be positive at the start
of the §-pushes where either g, > 0 or g, > 0. It follows using the argument of
the proof of Lemma 1(b) [cf. (14)—(16)] that

0< Esi—< Z C,'J'+ Z IJJz

PEN {(G, HEAlIEN™, jgN>=} {0, e AlieN™, jgN>}

For any feasible vector, the above relation implies that the sum of the divergences
of nodes in N'® exceeds the capacity of the cut [N, N'=AN*°], which is impossible.
It follows that there is no feasible flow vector, contradicting the hypothesis. Thus
the algorithm must terminate. Since upon termination we have g; < 0 for all 4
and the problem is assumed feasible, it follows that g; = 0 for all <. Hence the
final flow vector « is feasible and by (a) above it satisfies ¢-CS together with the

final p. By Proposition 1, if e < 1/N, z is optimal. d

The example of Figure 1 shows how the generic algorithm may never terminate
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S4='1

Flow range: [0,1]

Figure 1. Example of a feasible problem where the generic algorithm does not terminate, if it does
not perform at least one §-push per iteration. Initially, all flows and prices are zero. Here, the first
iteration raises the price of node 1 by e. Subsequent iterations consist of a price rise of node 2 by
an increment of 2¢ followed by a price rise of node 1 by an increment of 2e.

even for a feasible problem, if we do not require that it performs at least one
d-push per iteration.

Dealing with infeasibility

Let us consider now what happens when the problem is infeasible. Assume that
the generic algorithm is operated so that for each é-push, ¢ is integer. Then
there are three possibilities:

(a) The algorithm terminates with g; < 0 for all + and g; < 0 for at least one 4,
in which case infeasibility is detected.

(b) The algorithm finds a subset of nodes I such that >, ;g; > 0, and the sets
of scalars S* and S~ of (12) and (13) are empty [cf. Lemma 1(b)], in which
case infeasibility is again detected.

(c) The algorithm performs an infinite number of iterations and, consequently,
an infinite number of §-pushes.

In case (c), from the proof of Proposition 2 it can be seen that the prices of
the nodes involved in an infinite number of §-pushes will diverge to infinity. The
following proposition gives a bound on the total price change of a node for a
feasible problem. When this bound is violated, infeasibility is established.

PROPOSITION 3. Suppose that the generic algorithm is applied to a feasible minimum
cost flow problem with initial prices p0. Then in the course of the algorithm, the
price p; of any node i with g; > 0 satisfies

pi—p S(V=1)(C + ¢ + maxp} — minp}, (19

where C' = max; jc4 |@ij)-
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Proof. Let z° be a feasible flow vector and let (z, p) be a flow~price pair
generated by the algorithm prior to its termination. Suppose that g; > 0 for
some i. Then by using the conformal realization theorem (see e.g. [6, 25]) on
the flow vector z — 20, we conclude that there exists a node s such that g, < 0,
and a simple path H starting at s and ending at ¢ such that x;; — mgj > 0 for all
(i, j) € H* and z;; — o < 0 for all (i, j) € H~, where H* and H~ are the sets
of forward and backward arcs of H, respectively. By e-CS we have

pita; <pite V(35 e€H",
pi<pita;te V(i,j)eH.

Adding these conditions along H, we obtain
pi—ps S (N —-1)(C +¢).

Since s has negative surplus, its price has not yet changed (p, = p?), so by
subtracting p? from both sides of the above relation, we conclude that

pi—p) S (N —1)(C + ) +p) —p} < (N —1)(C +¢) + maxp} —minp}. O
jeN 1 jeN T

The conclusion is that when the problem is feasible, the generic algorithm will
terminate with a feasible z and a pair (z, p) satisfying -CS, as per Proposition 2,
and when the problem is infeasible, the generic algorithm will detect infeasibility
via one of the three tests (a)—(c) above, combined with the bound of (19).

An alternative way to deal with infeasibility is to introduce some artificial arcs
to guarantee that the problem is feasible. Each artificial arc should have zero
lower flow bound and high cost coefficient. The cost coefficient of each artificial
arc should be high enough so that, for a feasible problem, its flow starts and
stays at zero in the course of the algorithm. By using the bound of the preceding
proposition, we can select the cost coeflicients to be high enough so that in
the case where the original problem is feasible, the artificial arcs never become
e*-unblocked, and their flow stays at zero.

3. The network auction algorithm

The network auction algorithm described in this section is a particular variation
of the generic algorithm. The algorithm starts an iteration from a node 4 with
positive surplus and tries to exhaust the push list of ¢ in preparation for a price
rise. However, as it does so, it collects information from neighboring nodes that
can be used to effect a price rise involving ¢ and some of its neighbor nodes.
The potential advantage here is that the corresponding price increment may be
larger, thereby saving some iterations; furthermore, a price rise can be performed
before the push list of i is exhausted.

To describe the typical iteration of the network auction algorithm, we need
some definitions and a new operation. The reject capacity r; of node i is defined as
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0, if the push list P; is empty,
" Z (cij — =) + Z (zji — bj;), otherwise. (20)

{716, 5)ept} U@ Der}

Thus, r; is the sum of the residual capacities of the arcs of the push list P;.

Definition 4. A reject operation at node i consists of performing a saturating push
on each of the arcs in the push list of i.

Note that in a reject operation at node ¢, the push list of 4 is emptied and the
total amount of flow “pushed away” from ¢ is equal to the reject capacity ;.

The network auction iteration uses a subset L of neighbor nodes of ¢, which
is empty at the start of the iteration. The nodes in L are the ones whose push
list is emptied during the iteration through a reject operation. As a result, the
prices of all nodes in L can be increased at the end of the iteration. This will
occur regardless of whether the price of ¢ is also increased. The price increase
of the nodes in L, however, often has the beneficial effect of allowing a larger
price increase for ¢ than would otherwise be possible.

Bpical iteration of the network auction algorithm

Step 0: (Select node) Sclect a node ¢ with g; > 0. If no such node exists,
terminate the algorithm; else set L = @ and go to Step 1.

Step 1: (Select push list arc) Let P’ be the set of arcs of the push list of
i whose end node opposite to ¢ does not belong to L. If P’ is empty go to
Step 3; else select an arc o from P’ and go to Step 2.

Step 2: (6-push) Let j be the end node of arc a, which is opposite to 7. If
r; < g;, perform a reject operation at node j, set L := LU {j}, and go to
Step 1. Else let

5= mfn{rj — 9j» 9i» Cij — Tij} ff a= (i 7), o
min{r; — g;, gi, ¢ — bji} if a = (g, 7).

If § = r; — g;, perform a é-push of 7 on arc a, perform a reject operation at
node j, and set L := LU {j}; else just perform a §-push of i on arc a. If as a
result of these operations we obtain g; = 0 go to Step 3; else go to Step 1.
Step 3: (Price rise) Perform a price rise of the set {i} UL. Then, if L # 0,
perform a price rise of L. Then, if g; = 0 stop; else set L = § and go to
Step 1.
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An alternative form of Step 3 is the following: Perform a price rise of the set
{i} U L. Then, if L # @, sequentially perform a price rise of each of the nodes
in L. Then, if g; = 0 stop; else set L = @ and go to Step 1.

It can be shown that the above alternative form of Step 3 leads to larger
price rises for transportation problems than the first form, because for bipartite
graphs, there is no arc joining any pair of nodes in L. Therefore, the alternative
form of Step 3 is preferable for bipartite problems, or more generally, in cases
where for most iterations there is no arc connecting any two nodes of L.

We can show that the network auction algorithm is a special case of the generic
algorithm. Indeed each iteration consists of é-pushes, reject operations, and price
rises, and the § increments of all é-pushes are positive integers. From (21) it is
seen that § < g;, while we have r; < g; whenever a node j enters the set L and a
reject operation is performed at j; this means that following a é-push or a reject
operation, the surplus of the corresponding node is nonnegative, so condition (1)
of the generic algorithm is satisfied. Note also that the argument of the proof of
Proposition 2 can be adapted to show that the number of é-pushes per iteration
is finite. Furthermore, since we have g; > 0 at the start and g; = 0 at the end of
an iteration, it follows that at least one §-push must occur before the iteration
can stop.

Regarding price rises, we note that they involve nodes with nonnegative surplus,
thereby satisfying condition (2) of the generic algorithm. To show that the number
of substantive price rises per iteration is finite, note that with each substantive
price rise, the reject capacity of either node ¢ or a neighbor node of i (belonging
to L) is increased by an integer amount. It follows that the number of substantive
price rises per iteration cannot be infinite, since the reject capacity of each node
is bounded and the number of 6-pushes per iteration is finite. Finally, regarding
the number of trivial price rises per iteration, we note that the first price rise in
Step 3 involving the set {i} U L will be trivial only if the modified push list P’
(cf. Step 1) is nonempty (the push lists of all nodes in L are empty following
the reject operation in Step 2), in which case we must have g; = 0 and the
iteration will stop at that visit to Step 3. Therefore with each visit to Step 3
except at most one, there will be at least one substantive price rise. Since the
number of substantive price rises is finite, it follows that the number of visits to
Step 3 is finite, implying that the number of trivial price rises is also finite. Thus,
the network auction algorithm is a special case of the generic algorithm and
performs at least one §-push per iteration. Therefore, Proposition 2 guarantees
the termination of the algorithm with an optimal flow vector obtained if ¢ < 1/N.

Note that if the first price rise involving the set {i}UL in Step 3 is trivial and L
is nonempty, the subsequent price rise in Step 3 (or price rises, if the alternative
form of Step 3 is used) involving the set L will be substantive, since following
the reject operation in Step 2, the push lists of all the nodes in L are empty.
Thus, with each visit to Step 3 for which the set L nonempty, there is a price
increase of all the nodes of L. Practical experience, as well as the complexity
analysis of the next section, suggest that high frequency and large size of price
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rises is a good performance indicator, so the extra work needed to compute the
set L. may be compensated by the associated extra price rises.

4. An algorithm for the k node-disjoint shortest path problem

In this section we consider a generalization of the single origin/single destination
shortest path problem, where instead of a single path, we seek k¥ node-disjoint
paths that minimize a linear cost. An example is a three-dimensional assignment
problem, involving the optimal choice of % disjoint ordered triplets, where the cost
of a triplet (¢, j, m) is separable of the form a;; + a;,. We derive a specialized
version of the network auction algorithm for this problem. Note that in the
literature the term k shortest path problem has been used somewhat differently;
it refers to finding the shortest, second shortest, etc., up to kth shortest path
between an origin and a destination [17].

Suppose that we are given a graph with node set N, arc set A, and integer
arc costs a;;. In this section, by a path P we mean either a single node 3
(in which case we say that P is a trivial path), or else a sequence of arcs
(i1, ©2), (82, ©3), - -+, (i1, tm). If the nodes iy, ..., i, are distinct we say that
the path is simple. We refer to i; as the starting node of P and to i, as the
terminal node of P; if P is trivial, its unique node is viewed as both the starting
and the terminal node of P. The cost of a nontrivial path P is the sum of the costs
of its arcs. By a cycle we mean a sequence of arcs (41, 42), (22, 43), ..., (fm—1, %1)-
If the nodes ¢y, ...1,,_; are distinct we say that the cycle is simple.

Let s and ¢ be given nodes called the origin and the destination, respectively.
We assume that:

(a) s has no incoming arcs, ¢ has no outgoing arcs, and (s, t) is not an arc.
Furthermore, each node except for ¢ has at least one outgoing arc. (These
assumptions are convenient for stating the algorithm but do not involve a
loss of generality.)

(b) The cost of each cycle is positive.

For a given positive integer k, we want to find k nontrivial simple paths
Py, P, ..., P that start at s, terminate at ¢, and satisfy the following conditions:

(a) The paths are node-disjoint, that is, uav pair of paths from the set {P;, P, ...,
P} shares no node other than s and t¢.
(b) The sum of the costs of P, P, ..., P, is minimal.

It is possible to view this problem as a special case of the minimum cost flow
problem (LNF) by replacing each node i other than s and t with two nodes
i* and i~, which are connected with a zero cost arc (i*, i), and by replacing

each arc (i, §) with the arc (:7, 77) of cost a;;, as shown in Figure 2. All arcs
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Figure 2. Converting the k node-disjoint shortest path problem to a minimum cost flow problem with
all arcs having feasible flow range [0, 1). Each node i is split into the two nodes i* and i~, which
are connected with a unit capacity and zero cost arc. Each arc (i, 5) is replaced by an arc (™, j*)
of cost a;;.

have feasible flow range [0, 1]. The supply of the origin is &, the supply of the
destination is —k, and the supply of every other node is zero.

The following algorithm can be obtained by applying in a particular way
the network auction algorithm to the above minimum cost flow problem. In
particular, there will be price rises of pairs or triplets of nodes [either i* and
i~, or i~ and j* where (4, j) is an arc, or i*, 7, and 7 where (7, j) is an arc].
These two-node or three-node price rises are almost as easy as single node price
rises, and the algorithm is far more efficient than what would be obtained by
straightforward use of the e-relaxation method.

To simplify the presentation, we will describe the algorithm from first principles,
and we will indicate more precisely the connections with the network auction
algorithm later. We first introduce a price and flow vector structure, and
a corresponding definition of e-CS, which are adapted to the k& node-disjoint
shortest path problem. This form of €-CS is somewhat more restrictive than the
form given in Section 2.

¢-CS for the k node-disjoint shortest path problem
The subsequent k node-disjoint shortest path algorithm maintains the following:

(a) Two prices p; and p; for each node i # s, £, which satisfy
pi <o, Vi#s (22)

these prices correspond to the constituent nodes ¢* and i~ referred to earlier.
(b) A price p; for the origin and a price p} for the destination, which are
specified in terms of the remaining prices by the equations

p, = min{z|z > a,; + p] + ¢ for k or more arcs (s, j)}, (23)
p; = max{z|ay + z < p; + ¢ for k or more arcs (i, t)}. (24)
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(c) A set of simple paths P, ..., P, and a set of simple cycles Cy, ..., C,, which
are all node-disjoint, and a flow vector = such that for all arcs (z, 5)

1 if (4, j) belongs to one of the paths
zi;=4¢ P,..., P, orcycles Cy, ..., C, (25)
0 otherwise.

We require that out of the paths Py, ..., P, exactly k are nontrivial and start
at the origin, and at most k are nontrivial and terminate at the destination.
Furthermore, a trivial path consisting of a single node, say i, belongs to the
set {P}, ..., Py} if and only if ¢ # s, ¢, p; < p}, and no nontrivial path from
{P1, ..., P} or cycle from {Cy, ..., C,} passes through i. (Note that the
triplet (z, p*, p~) specifies completely the paths Pi, ..., P, and the cycles
Ci, ..., C, based on the above requirements.)

We say that the triplet (z, p*, p™) satisfies e-C'S for the k node-disjoint shortest
path problem if the above conditions hold and in addition

P >ay +pf —¢, V(i j) such that z;; = 1, (26a)
pz._ S Gij + p; + €, V(Z, j) such that Tij = 0. (26b)

For a triplet (z, p*, p~) satisfying ¢-CS, we say that one of the corresponding
paths Py, ..., P, is active if it terminates at a node other than the destination.
Note that a trivial path consisting of a single node i # s, t is active if and
only if p; < p}. Note also that if there are no active paths, then in view of the
requirement that out of the paths P, ..., P, exactly k are nontrivial and start
at the origin, and no more than k are nontrivial and terminate at the destination,
the paths P, ..., P, must be k in number, must all start at s, and must all terminate
at t, thereby yielding a feasible solution of the k node-disjoint shortest path problem.

The following proposition gives the basis for the subsequent algorithm.

PROPOSITION 4. Suppose that the triplet (z, p*, p~) satisfies e-CS. Then if ¢ < 1/N,
there are no simple cycles corresponding to (z, p*, p~). If in addition none of the
corresponding paths Py, ..., P, is active, then these paths constitute an optimal
solution of the k node-disjoint shortest path problem.

Proof. If C is a simple cycle corresponding to (z, p*, p~), then for every arc
(4, 4) of C we must have z;; = 1, and from (22) and (26),

P 2p; 2 a5 +pf -
By adding this relation over all arcs of C, we obtain

Cost of C'= Y ay <(N-1)e
(5)eC
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Since the arc costs are integer and ¢ < 1/N, it follows that the cost of C is
less or equal to zero, which contradicts our assumption that all cycle costs are
positive.

If in addition there are no active paths, the vector z is a feasible solution that
together with the price vector (p*, p~) satisfies ¢-CS for the associated minimum
cost flow problem, cf. Figure 2. The optimality proof for z is obtained by
adapting the proof of Proposition 1 (see e.g., [6] or [15]) and by using the fact
pj > p; for all i # s, t. We omit the details. |

The & node-disjoint shortest path algorithm starts each iteration with a triplet
(z, p*, p7) satisfying e-CS. The algorithm terminates if there is no active path.
Otherwise, the algorithm selects an active path, and either contracts it by deleting
its terminal node, or extends it by connecting its terminal node to another node;
also the triplet (z, p*, p~) and at most one other of the corresponding paths
and cycles are modified while maintaining ¢-CS. As a result of the iteration, the
path may get eliminated (if it consists of a single node or arc and is contracted)
or may stop being active (if it joins a path that terminates at the destination).
The number of active paths then decreases by one. It is also possible that the
number of active paths stays the same as a result of the iteration.

To start the algorithm, we need an initial triplet (z, p*, p~) satisfying e-CS.
One way to obtain such a triplet is as follows:

Standard initialization
Set z;; = 0 for all arcs (i, j), select p; arbitrarily for all i # s, set

— . + . + .
p; =min<p;, min {a; + p; +e} Vi s; 27
' {p’ gl t it rep, @)
and set p, and p; according to (23) and (24); then select k nodes j such that
(s,5) € A and p; > ag; + p} + ¢, and for all these nodes, set z;; = 1 and
p} = p; —as; +¢ then set z; = 1 for all nodes arcs (4, t) with p;’ > ax + pi+e

Contraction and extension operations

We now describe the operations of contraction and extension of an active path.
Let (z, p*, p7) be a triplet satisfying ¢-CS, and let Py, ..., P, and Cy, ..., Cp
be the corresponding simple paths and cycles. Suppose that P is an active path
with terminal node i.

A contraction operation for P can be performed in one of the following
two circumstances:

(a) P consists of just node ¢ and
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(b)

+
D; a;; +p;yte
I A i)
in which case the contraction consists of setting
+ —
T =p, = a;; + + €.
PES RS i e 5}

(In this case P is eliminated as a path.)
P has a final arc, say (r, i), and

— +
r ar; < min 1, Y2 &
P UWMM{] i}

in which case the contraction consists of setting

F=p = ai; + + €,
pi=p = min Ai{ i+ i}

245

(28)

(29)

(30)

deleting the final arc (r, ¢) from P, and setting z,; = 0. If r is the origin
node s, the following additional operations are executed: the price p; is
set to the value given by (23) (this value may be higher than the previous
value of p; since p} was just increased); also an arc (s, n) is found such
that z,, = 0 and p; = a,, + p;} + ¢, and its flow z,, is set to 1, while the
flow of each incoming arc (r, n) with r # s is set to zero. (This creates a
new nontrivial path starting at the origin, to replace the path P consisting of
the arc (s, 7) that was eliminated through the contraction.) Following these

changes, the price p} of each node n with z,, = 1 is set to p; —

Qg T €.

An extension operation for P is performed only if a contraction is not possible.
Then we find a node j; such that

j; =arg min {a; + p’},
J gM@DA#lJ P’}

and we a.so find

min g5 G, )eA}{@i; + pf } + € if i has two or more outgoing

ws = arcs,
;=
oo if (i, 4;) is the only outgoing
arc from 1,
py. —a,; + € if P has a final arc (r, 1),
U; =

o, if P consists of just node s.

We then distinguish three cases, depending on whether j; is the destination
node, and whether an arc connecting the origin with j; is part of a current path

(wsji = 1)

(@) If j; # t and z,; = 0, the prices p} and p; are set to
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pf = v, p; = min{v;, w;}.

Furthermore, the price pf is set to
p; = min{v;, wi} — ay;, + ¢, (31)

while the arc (i, j;) is added to P and its flow is set to 1; also the flow of
any incoming arc (n, j;) with n # ¢ and z,;, = 1 is set to 0 (this could make
n the terminal node of an active path).

(b) If j; # t and =z,; = 1, all the operations of the preceding case (a) are
performed, including setting z,; to 0. The following additional operations
are then executed to create a new nontrivial path starting at the origin,
replacing the path P = (s, j;) that was just eliminated [cf. case (b) of the
contraction operation]: the price p, is set to the value given by (23); also
an arc (s, n) is found such that z,, = 0 and p] = a,, + p} + ¢, and its flow
Z., is set to 1, while the flow of each incoming arc (r, n) with » # s is set
to zero. Following these changes, the price p} of each node n with z,, =1
is set to p;, — Qe + €.

(¢) If j; = ¢, the prices p; and p; are set to

p; =wv;, p; = min{y;, w;},

and the arc (3, t) is added to P, while its flow is set to 1. If as a result, the
number of paths terminating at ¢ is k+ 1, the price p; is set to the value given
by (24), and an arc (n, ¢) is found such that z,; = 1 and p} = p, —an + ¢
and its flow z,, is set to 0. [This eliminates a nontrivial path terminating
at the destination, and since P was extended by arc (4, t), the number of
nontrivial paths terminating at the destination is maintained at k.]

Note that in an extension operation it is possible that the extension node j; is
already part of P; then by setting z;;, = 1, a cycle C' is obtained that consists of
the portion of P between j; and i and the arc (i, ;). In this case, if j; is the
starting node of P, the active path P is replaced by the cycle C, and the number
of active paths is reduced by one. Otherwise, the portion of P up to but not
including j; may become an active path.

By examining the nature of the contraction and extension operation, it is
straightforward to verify the following:

(a) At the start of each iteration, the triplet (z, p*, p™) satisfies -CS.

(b) A contraction or extension that does not change the flow of any of the
outgoing arcs from the origin is equivalent to an iteration of the network
auction algorithm applied to the associated minimum cost flow problem
described earlier.

(c) A contraction or extension that changes the flow of an outgoing arc from the
origin [cf. case (b) of a contraction or case (b) of an extension] is equivalent
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to two iterations of the network auction algorithm: an iteration starting at
node ¢ followed by an iteration starting at the origin.

k node-disjoint shortest path algorithm

Our algorithm starts each iteration with a triplet (z, p*, p7), and corresponding
simple paths and cycles Py, ..., P, C4, ..., C, satisfying e-CS.

Bpical iteration of the k node-disjoint shortest path algorithm

Select an active path P. If no such path exists, terminate the algorithm; else if a
contraction is possible for P [that is, if the corresponding condition (28) or (30)
holds] perform the contraction, and otherwise perform an extension of P.

Figure 3 illustrates the algorithm for a simple example. From our earlier
discussion, it is seen that the algorithm is a special case of the network auction
algorithm. By using Proposition 2, it follows that for a feasible problem, the
algorithm terminates, and by Proposition 4, the feasible solution obtained at
termination is optimal if ¢ < 1/N.

It is interesting to note that a k x k assignment problem can be converted to a k
node-disjoint shortest path problem by adding an origin node s, which is connected
with each person node with a zero cost arc, and by also adding a destination
node ¢, which is connected to each object node with a zero cost arc. It can be
verified that when the algorithm of this section is specialized to this problem, it
becomes equivalent to the auction algorithm for the assignment problem.

For another interesting connection, consider the case kK = 1. Then the problem
becomes a single origin/single destination shortest path problem. It can be verified
that when the algorithm of this section is specialized to this problem but with
the important difference that € = 0, it becomes equivalent to a recently proposed
auction algorithm for shortest paths [5, 6].

5. Complexity analysis

In this section, we derive a bound on the order of time required by a simple
implementation of the network auction algorithm. Our analysis parallels a
corresponding analysis of the e-relaxation method given in [12, 13, 15], which in
turn uses the sweep implementation ideas of [2] and some of the scaling analysis
ideas of [18]. However, there are some novel and nontrivial features, such as
the adaptation of the sweep implementation to the network auction algorithm,
and, particularly, the distinction of nonsaturating §-pushes into two types, regular
and irregular. We concentrate on an unscaled version of the algorithm. Once
the main complexity result for the unscaled algorithm (Proposition 5) is proved,
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Problem data and

inttial conditions. Arc
lengths are shown next
Origin Destination  to the arcs. Node prices
are shown next to the
nodes. Thick lines
indicate arcs with flow
equalto 1.

e 1st fteration
26~ 0 Contraction at node 2

After the

1st iteration After the

2nd iteration

€

2nd iteration 3rd iteration

Contraction ] &, Extension

at node 5 +2& 2:+2 2+2 atnode?2
1+4¢ 1+4¢ 1+4s 1+4e

After the Final paths

3rd iteration and prices

4th iteration
Extension

at node 3 2+2 2+ 2¢e 2+ 2 2+2¢

Figure 3. Tllustration of the k node-disjoint shortest path algorithm for k = 2, starting with pf =0
for all ¢ # s and using the standard initialization. The problem data is given in the first graph. The
numbers on the left and the right sides of a node ¢ are the prices p}' and p], respectively. Thick
(thin) line arcs are the ones with flow equal to 1 (0, respectively). Initially the active paths are (1, 2)
and (1, 5). At the start of the second and third iterations there is only one active path, (1,5) and
(1, 2), respectively.
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the derivation of the corresponding results for scaled versions is straightforward,
following established lines of analysis.
We first make some assumptions:

Assumption 1. Problem (LNF) is feasible.

Assumption 2. All arc cost coefficients are integer multiples of e

Assumption 3. All starting prices are integer multiples of ¢, all starting flows
are integer, and together they satisfy e-CS.

We assume that the push lists of the nodes are maintained in a data structure
that makes possible the addition and deletion of a single arc in O(1) time; this is
true, for example if each push list P; is maintained in a doubly linked list. Then
it is seen that selecting an arc in Step 1 takes O(1) time, updating the push list
of node i following a 6-push in Step 2 takes O(1) time per é-push, and updating
the push list of a node ¢ following a price rise involving node 7 in Step 3 takes
O(d;) time per price rise and node, where d; is the number of incident arcs of
node i.

The admissible graph

A notion that is central in our analysis is the so-called admissible graph, introduced
in [2], which consists of the push list arcs, except that the directions of those
arcs that are incoming to the corresponding nodes are reversed to make them
consistent with the direction in which flow is pushed in the network auction
algorithm. Formally, the admissible graph is defined as G* = (W, A*), where A*
contains arc (i, ) if either (¢, j) is an e*-unblocked arc, or (7, 7) is e~-unblocked
arc. Note that the admissible graph depends on the current pair (z, p) that
satisfies e-CS and changes as the pair (z, p) changes during the course of the
algorithm. In particular, when there is a saturating push on an arc, the arc
is removed from .A*. However, §-pushes cannot create any new arcs of the
admissible graph. Furthermore, when there is a substantive price rise of a node
set I in Step 3, all the arcs (i, j) and (4, 1) with < € I and j ¢ I that belonged
to A* prior to the price rise are removed from A*, and an arc (i, 5) is added to
A* if either an arc (¢, 7) (or (j, 1)) with s € I and j € I became e*-unblocked
(or e"-unblocked, respectively), as a result of the price rise. Thus following the
price rise, there are no arcs (7, ¢) of the admissible graph that have a start node
J €I and an end node i € I, leading to the conclusion that price rises cannot
create any new cycles of the admissible graph (this will be shown more precisely
in the proof of the subsequent Prop. 5). Our next assumption is that:

Assumption 4. Initially, the admissible graph has no arcs.

Assumption 4 can be satisfied by setting initially z;; = ¢;; (or z;; = b;;) for
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all arcs (7, j) with p; = p; + a;; + € (p; = p; + a;; — €, respectively). Under
this assumption, the admissible graph is initially acyclic and since, based on the
preceding arguments, neither §-pushes nor price rises can create a cycle, we
conclude that the admissible graph is acyclic throughout the algorithm. (Again this
will be shown formally as part of the proof of Proposition 5.)

The sweep implementation

In order to obtain the subsequent complexity bounds, we need a certain rule for
choosing the starting node in each iteration. This rule is the basis for the sweep
implementation referred to earlier, and uses an ordered list T of all the nodes,
which is restructured repeatedly in the course of the algorithm. The initial choice
of the list can be arbitrary. We say that node i ranks higher (or lower) than node
j at some time, if the position of i in the list T is higher (or lower, respectively)
than the one of j at that time. The order of nodes in the list will be shown to
be related to the admissible graph (see the proof of the subsequent Proposition
5). In particular, it will be seen that a node i ranks higher than all nodes j such
that there is a directed path from 7 to j in the admissible graph.

The order of nodes in T' is changed only when there is a substantive price rise
in Step 3. In particular, if the price rise involves a set I, the nodes of I are
placed at the top of T in the order in which they appear in T prior to the price
rise. The position of the nodes not in I is not changed. Figure 4 illustrates
the rule for restructuring the list T following a price rise. We note that the
restructuring of T can be done in O(XN) time per substantive price rise. In the
case where the alternative form of Step 3 of the network auction algorithm or
Step 3 of the e-relaxation algorithm is used, the restructuring of T' can be done
more simply, in time O(1) per single node price increase, by placing sequentially
the nodes of L at the top of T as their price is increased. In practice one may
want to maintain T in an appropriate data structure, such as a linked list, to
minimize the restructuring overhead, but this is not necessary for the subsequent
complexity bounds.

If a given iteration is started at node ¢, the list T is used to select the starting
node i’ for the next iteration as follows: Let N; be the set of nodes that were
ranking lower than i in T at the start of the given iteration and whose price did
not change during the iteration. If N; contains nodes that have positive surplus
at the end of the iteration, then ¢’ is chosen to be the highest ranking of these
nodes; otherwise 4’ is chosen to be the highest ranking node in T among all the
nodes that have positive surplus at the end of the iteration. (Thus, the algorithm
goes down the list T selecting nodes with positive surplus and when it reaches
the bottom of the list, it returns to the top of the list.)

A sequence of iterations between two successive times that the algorithm starts
an iteration with the highest ranking node with positive surplus is called a cycle.
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Figure 4. Tllustration of the rule for restructuring the order of nodes in the list T' following a price
rise at the set I.

Note that the computation time for selecting the starting node of an iteration
by going down the list 7 and checking for a positive surplus node, is O(N) per
cycle. Our final assumption is:

Assumption 5. The starting node of iterations of the network auction algorithm
are chosen as described above.

Main result

We now introduce some terminology and state a lemma that is similar to one
given for the e-relaxation method in [12, 13, 15]. For any path H, we denote by
s(H) and t(H) the start and end nodes of H, respectively, and by H* and H~
the sets of forward and backward arcs of H, respectively, as the path is traversed
in the direction from s(H) to ¢(H). We say that the path is simple if it has no
repeated nodes. For any price vector p and simple H, we define

dg(p) =max {0, > (m—-pi—ay)— Y (pi—pi—ai)

G g)eH G, j)eH~
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= max {0, Ps(H) — PyH) — Z ai; + Z “z’j} . (32)

(i.5)eH* (,5)eH-
It is seen that the following upper bound on dg(p) holds:
dH(P) S p+ - P_ + La (33)

where p* = max;p;, p~ = min; p;, and L is the maximum simple path length,
where the length of each arc (7, j) is taken to be |a;;]. Since any simple path
can have at most N — 1 arcs, it is seen that when p* —p~ = O(1), we have
dr(p) = O(NO).

For any capacity-feasible flow vector z, we say that a simple path H is unblocked
with respect to z if we have z;; < c;; for all arcs (i, j) € H* and we have z;; > b;;
for all arcs (¢, j) € H. For any price vector p and feasible flow vector z, denote

D(p, f) = max{dg(p)|H is a simple unblocked path with respect to z}.

In the exceptional case where there is no simple unblocked path with respect to
z, we define D(p, f) = 0. In this case, we must have b;; = ¢;; for all (3, j) since
any arc (7, ) with b;; < ¢;; gives rise to a one-arc unblocked path with respect
to x.

We have the following lemma:

LEMMA 2. For every node, the total number of substantive price rises of a subset
containing the node, up to termination of the network auction algorithm, is O(N +
B(p%)/€), where p° is the initial price vector and

B = min{D(p°, f)|z is feasible}. (34)

The lemma has been proved for the e-relaxation method in [12, 13, 15], and
is based on showing that the relation

pi —p! < (N - e+ B(°) (35)

holds throughout the algorithm for all nodes i with g; > 0. The proof for the
network auction algorithm is essentially identical and will not be given; see also
the proof of Proposition 3.

Our main complexity result is the following:

PROPOSITION 5. Let Assumption 1-5 hold and let p° be the initial price vector.
Then the network auction algorithm terminates in O(N> + N2B(p°)/e) time.

Proof. To economize on notation, we write 3 in place of B(p). We will also need
to distinguish between nonsaturating é-pushes in Step 2 for which § < r; — g; or
§ = r; — g; in (21); these are called regular and irregular nonsaturating é-pushes,
respectively. Note that for each irregular é-push, the node j of (21) enters the
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set L and participates in a substantive price rise in the subsequent Step 3. The
dominant computational requirements of the network auction algorithm are:

(1) For price rises and for updating the push list of nodes involved in the price
rises.

(2) For restructuring the list 7' following price rises.

(3) For saturating §-pushes.

(4) For irregular nonsaturating §-pushes.

(5) For regular nonsaturating é-pushes.

(6) For selecting a node ¢ with g; > 0 in Step 0.

There is also additional computation for updating the reject capacities of various
nodes, but this work can be lumped into the work for é-pushes and price rises,
with no effect on the subsequently derived complexity bound.

We will show that the times required for the operations in (1)-(6) above can
be estimated as follows:

For (1), O(A(N + g/e)).

For (2), O(N?*(N + f3/€)); if the alternative form of Step 3 is used, the time
required is O(A(N + §/e)).

For (3), O(A(N + §/¢)).

For (4), O(A(N + B/e)).

For (5), O(N?(N + S/e)).

For (6), O(N%(N + B/¢)).

Thus, we will obtain the desired O(N?(N + (/¢)) time bound.

Indeed, since by Lemma 2, there are O(N + B/e) price increases for each
node and a total of O(N(N + (/¢)) price rises, the time required for (1)
is O(A(N + B/e)) and the time required for (2) is O(N*(N + 8/e)). If the
alternative form of Step 3 is used, then the restructuring of the list 7' can be
done by placing sequentially the nodes of L at the top of T as their price is
increased, so that the time required for (2) is O(A(N + 8/¢)).

Whenever an arc flow is set to either the upper or the lower bound due to a
saturating push at one of the end nodes, it takes a price increase of at least 2¢ by
the opposite end node before the arc flow can change again. Therefore, there
are O(N + (/e) saturating pushes per arc. The computation time for each of
these, including the time to remove the arc from the corresponding push list, is
O(1), so the time required for (3) is O(A(N + B/€)). Similarly, for each irregular
nonsaturating é-push there is a price rise of the corresponding node j that enters
that set L. Thus there are O(IV + 3/e) irregular nonsaturating pushes per arc,
and the time required for (4) is O(A(N + B/¢)).

There remains to estimate the computational requirements for (5) and (6). At
this point, we will use the assumption that the algorithm is operated in cycles
with the node order in each cycle determined by the list 7. We will demonstrate
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that the number of cycles up to termination is O(N(N + G/¢)). Given this, we
argue that for each cycle, there can be only one regular nonsaturating push per
node in Step 2, for a total of O(N*(N + 3/¢)) regular nonsaturating pushes.
Since the time required for each of these pushes is O(1), the time required for
(5) is O(N?*(N + B/e€)). Furthermore, the time to select a positive surplus node
in Step 0 is O(N) per cycle, so the time required for (6) is also O(N%(N + 8/e)).
Thus the proof of the time estimates for the computations (1)—(6) stated above
will be completed.

To show that the number of cycles up to termination is O(N(N + f/e)), we
use the admissible graph G* = (N, A*) and we argue as follows: a node i is
called a predecessor of a node j if a directed path starting at i, ending at j, and
having arcs oriented from ¢ to j, exists in G*. First we claim that immediately
following a price rise of a node set I, there are no arcs (j, 7) in A* with j ¢ I
and 7 € I. To see this, note that if (4, i) € A with j ¢ I and i € I is ¢*-unblocked
after the price rise, we must have p; > p; + aj;; + ¢ before the price rise, and,
hence, z;; = cj;, implying that (i, j) is not in .A*. The e -unblocked case is
similar, establishing the claim. We next claim that G* is always acyclic. This is
true initially because, by Assumption 4, A* is empty. §-pushes can only remove
arcs from A*, so G* can acquire a cycle only immediately after a price rise of a
node set I, and the cycle must include nodes of I as well as some nodes not in
I. But since there are no arcs (j, i) with j € I and ¢ € I in the admissible graph
following the price rise, no such cycle is possible. This establishes the second
claim. Finally, we claim that the node list T maintained by the algorithm will
always be compatible with the partial order induced by G*, in the sense that
every node will always appear in the list after all its predecessors. Again this is
initially true because A* starts out empty. Furthermore a 6-push does not create
new predecessor relationships, while after a price rise of a node set I, there can
be no predecessor of a node in I which does not belong to I, while the set I is
moved to the top of the list before any possible descendants. This establishes
the claim.

Let N* be the set of nodes with positive surplus that have no predecessor with
positive surplus, and let N° be the sct of nodes with nonpositive surplus that
have no predecessor with positive surplus. Then, as long as no price rise takes
place, all nodes in N? remain in N, and execution of an iteration starting at a
node i € N* moves i from N* to N If there is no price rise during a cycle,
then all nodes of N* will be added to N° by the end of the cycle, which implies
that the algorithm terminates. Therefore, there will be a price rise during every
cycle except possibly for the last one. Since the number of price increases per
node is O(N + 83/¢), there can be only O(N(N + 8/¢)) cycles.

The proof of the time estimates for (1)-(6) stated above is now complete and
the desired overall time bound for the algorithm follows. m]

Note that the classical max-flow problem can be formulated so that all arc
costs a;; are zero except for one arc cost which is unity ([15] p. 334), and with
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an initial price vector p® such that p* — p~ = O(1), we have B(p°) = O(1) (cf.
(33)). By taking € = 1/(N + 1) in Proposition 5, it follows that the network
auction algorithm solves the max-flow problem in O(N?) time.

Problems with unit arc capacities

When the feasible flow range of each arc is [0, 1], such as for example the
assignment problem and the k& node-disjoint shortest path problem, there are
no regular nonsaturating pushes. For this reason, to obtain a good complexity
bound, it is not necessary to maintain and restructure the list T as described
carlier. Instead, a much simpler FIFO queue that includes the nodes with
positive surplus can be used. With this algorithmic modification, the preceding
analysis can be adapted to show that the complexity bound of Proposition 5 is
reduced to O(A(N + B(p")/¢)).

Complexity of the generic algorithm

Much of the preceding complexity analysis can also be applied to the generic
algorithm under some broadly applicable assumptions. In particular, let us call
a 6-push by node i exhaustive on arc (3, j) [or arc (4, ¢)] if 6 = min{g;, ¢;j — z;;}
[or 6 = min{g;, z;; — b;;}, respectively]. Let also n; be the number of times that
the price of node ¢ is changed due to a price rise. Consider in addition to
Assumptions 1-3, the following assumptions:

(a) The computation required for price rises is bounded by a constant times
Y ienr @ini, Where a; is the number of incident arcs of node 1.

(b) Each é-push requires O(1) computation and the number of §-pushes which
are not exhaustive is bounded by a constant time ., n;.

(c) Between two successive price rises there can be at most N? exhaustive é-
pushes. (This assumption is satisfied in the network auction algorithm if the
node selection policy is arbitrary but the algorithm is operated so that the
admissible graph is acyclic.)

Then, for fixed ¢, by using assumptions (a) and (b) above, we can show similar
to the proof of Proposition 5 that the computation for price rises, saturating é-
pushes, and nonexhaustive §-pushes is O(A(N + 8(p°)/€)). By using assumptions
(a) and (c) above we can also show similar to the proof of Proposition 5 that the
computation for nonsaturating §-pushes is O(N3(N + 5(p°)/¢)). We thus obtain a
O(N3(N + B(p")/€)) bound for the algorithm. By exploiting the problem structure
and by using data structures such as the ones of the sweep implementation, it
may be possible to reduce the time bound for nonsaturating §-pushes, which is
the worst-case complexity bottleneck. Such data structures can be developed in
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the context of particular algorithms, e.g. the network auction algorithm.

Scaled versions

We can consider also a scaled version of the network auction algorithm. Given
Proposition 35, this analysis is virtually identical to the corresponding analysis of
the e-relaxation method given in the sources mentioned earlier. It can be found
in our paper [8], which uses cost scaling. Here, we will just quote the main
results. In particular, by using cost scaling as in [12] or [13], or e-scaling as
in [18] or [19], it can be shown based on Proposition 5 that the scaled version
of the network auction algorithm with the sweep implementation as described
earlier has an O(N?log(NC)) running time, where C' = max(; jc4 |a;;]. Also,
when the problem has unit arc capacities, we can obtain with a similar analysis an
O(NAlog(NC)) bound. Finally, for the scaled version of the generic algorithm,
we can show an O(N*log(NC)) running time.

6. Computational results

In this section we present the results of some of our experimentation with the
k node-disjoint shortest path algorithm of Section 4. The reader is also referred
to several computational studies that have tested extensively auction algorithms
for assignment and transportation problems {8, 9, 10, 11, 16].

We have implemented a code called AUCTION-KSP for k node-disjoint shortest
path problems, which we tested against an implementation of the e-relaxation
method, called E-RELAX (given in [6]), the RELAXT-III code, which is an
improved version of the one described in [14], and the primal-simplex code
NETFLO, which is given in [20]. Figures 5 and 6 give some representative
experimental results. NETFLO was slower by an order of magnitude than
RELAXT-III and E-RELAX for the problems we tried, so its performance is not
shown in these figures. AUCTION-KSP does not use scaling and this probably
slows down its performance, particularly when k is relatively large. Despite this
fact, AUCTION-KSP is uniformly and substantially faster than RELAXT-III and
much faster than E-RELAX. This suggests that our specialized auction algorithm
for the k node-disjoint shortest path problem is not just a heuristic improvement
on the e-relaxation method, but rather embodies some computational ideas that
are genuinely interesting. We note also that the performance of AUCTION-
KSP will probably improve substantially once we use scaling as well as “down
iterations” where the prices of nodes with negative surplus are decreased. Down
iterations have been shown to be very useful in the context of reverse auction for
assignment problems [6, 11], and reverse auction for shortest path problems [35, 6].

We have also conducted much additional experimentation with the purpose to
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Figure 5. Comparison for the auction code AUCTION-KSP for & node-disjoint shortest path problems,
with the transhipment codes E-RELAX, and RELAXT-II. Here the problems have a constant k
while the number of nodes increases. The graphs of these problems were gencrated using NETGEN.

determine for what types of problems auction-like algorithms can form the basis
for codes that outperform current state-of-the-art codes. This experimentation
is not conclusive and cannot be presented here. However, the results seem
to suggest that problems with a structure resembling the one of the assign-
ment problem (bipartite or nearly bipartite structure, small and/or uniform sized
supplies, small arc capacities) are good candidates for effective solution using
specialized versions of the generic auction algorithm. Also a relatively simple
problem structure such as the one of the max-flow, shortest path, and other
related problems seems to favor the use of specialized auction algorithms.
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