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A New(?) k-Shortest Path Algorithm

Stanislav Paltich!

Abstract. k-shortests path problem is to find k shortest point-to-point paths
in a graph or a digraph. Solution of this problem is useful in many practical
cases when we are looking for a sufficiently short path which complies to some
additional conditions that cannot be simply formulated. Such problems can be
solved by choosing a feasible path among k shortest paths. This paper presents
a new simple algorithm for k-shortest paths problem.
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1 Introduction

Many problems from practical life lead to the problem to find in a network relatively short point to
point path which has to fulfill certain special constraints that cannot be simply formulated by means
of graph theory. Such problems are very often NP-hard and can be approximately solved by successive
enumeration of k shortest paths and consequently by choosing that one from them which complies with
given constraints.

The k — shortest path problem is frequently studied in literature. Plesnik presents in [4] a procedure
based on prohibiting edges of till now best paths, Yen gives in [5], [6] a deviation algorithm with running
time O(kn(m + nlogn)) (where n is number of vertices and m is number of edges of undrelying graph)
— this worst case assesment has been the best known for long time perion. Algorithm by Gotthilfa, and
Lewenstein [1] (issued in March, 2009) runs in time O(kn(m + nloglogn)).

2 Terminology

Since graph terminology is non uniform I present here several essential notions.

A digraph (a directed graph) is an ordered pair G = (V, A), where V is a nonempty finite set and
A is a set of ordered pairs of the type (u,v) such that u € V , v € V and u # v. The elements of V are
called vertices and the elements of A are called arcs of the digraph G.

A (vl,vk) - walk in digraph G = (V, A) is an alternating sequence of vertices and arcs of the form

/’L(vla ’Uk) = (vlv (vla v?)a V2, ..., V-1, (kalvvk)vvk)'

A trivial walk is a walk containing only one vertex. A (vi,vy)-trail in G is a (v, vg)-walk with no
repeated arcs. A (v1,vg)-path in G is a (v1, vg)-walk with no repeated vertices.

An arc weighted digraph G = (V, A,c¢) is an ordered triple where G = (V, A) is a digraph and
¢: A — R is areal function defined on the arc set A, the value ¢(a) for a € A is called the weight of the
arc a (or sometimes the arc-weight, the length or the cost of the arc a).

In this paper we will assume that ¢(a) > 0 . This condition is fulfilled in many practical applications.
The length of the walk p(u,v) in a digraph G = (V, A, ¢) is the total sum of arc-weights of it’s arcs,
whereas the arc weight is added to the total sum so many times how many times it appears in the walk

p(u,v) .
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Suppose that p(vy,vg) = (vi, (v1,02), .., (Vk—1, V%), vk and v(ug, wy) = (ug, (w1, u2), .., (W—1,u7), u;)
are two walks and let vy, = u; . The concatenation p(vi,vg) ® v(ug,w;) of walks p(vi,v) and v(ug,uy)
is the walk

p(vlvul) = (Ulv (Ul,’l)g),’l)g, RN (kalavk)avk = uq, (’U,l,’ll,g), R (ulflaul)aul)

Denote VT (v) = {w|(v,w) € A} , AT (v) = {(v,w)|(v,w) € A}.

3 Properties of set of shortest k-paths

Let G = (V, A, ¢) be an arc weighted digraph. The existence of two different (u,v)-paths with the same
length could result in difficulties when considering the k-shortest paths problem. If there are two different
(u, v)-paths having the same length, we need another priority rule how to determine which one of them
is k-th and which (k 4 1)-th shortest path. This decision can be made in such a way that in the case of
two (u,v)-paths with equal length, we can compare them in lexicographicaly order.

Another way how to awoid just mentioned problem is to enumerate the arcs of the set A — a1, a2, ..., am
and introduce new arc cost
(1)

o(a;) = c(a;) + 23

For simplicity we will assume whithout loss of generality that there are no two different (u,v)-paths
with the same length.

Proposition 1. Let
p(u,v) = (u = v1, (v1,02),v2, .. ., U1, (Vp—1, 0p), U = V) (2)

be the k-th shortest (u,v)-path. Let ¢ < v and let p(u,vq) = (v = v1, (v1,v2), V2, ..., Vg—1, (Vg—1,Vq), Vq)-
Then p(u,vq) is the l-th shortest (u,vq)-path for some l < k.

Proof.
Let py(u,v) be the k-the shortest (u,v)-path, let ¢ < r. Then pg(u,v) can be written as concatenation
pi(u, v) = (U =v1,02,...,09) ® (Vg, Vg1, - - - Vr = 0) = pi(u, vg) ® p(vg,v) (3)
iu'l(uvvq) ﬂ(quv)

Ifl >k, i e ifl—12> k then pi(u,vq), po(u,vq), ..., i—1(u,vq) are I — 1 shortest (v,vq) paths.
Therefore we have at least [ — 1 > k paths — namely

11(0,0) ® a(0g, 0), 1200, 04) B v, 0), - i1 (0,04) © (v, 0)

shorter than py(u,v) what is in contradiction with the fact that pg(u,v) is the k-th shortest (u,wv)-
path. O

Colorary. Let p(s,w) be the k-th shortest (s, w) path having the length equal to d. Then ug(s,w) is
concatenation of the following type

pe(s,w) = pu(s,v) @ (v, (v, W), w), (4)
where p;(s,v) is the I-th shortest (s,v)-path, I <k, (v,w) € A and d(ux(s,w)) = d((s,v)) + c(v, w).

Definition 1. Let ug (s, w), pr(s,w) be two paths fulfilling (4). We will say that u(s,w) is extension
of ui(s,v) and (s, v) is parent path of ux(s,w).

Definition 2. Let pu(s,w) be the k-th shortest (s, w)-path in digraph G = (V, H,¢). The number k is
called the rank of the path u(s,w). The rank of u(s,w) will be denoted as rank(u(s, w)).

Denote by P the set of paths in G = (V, 4, ¢) containing for every w € V all shortest (s, w)-paths with
rank less or equal to K. Every pg(s,w) is uniquely defined by it’s last vertex w, last but one vertex v
and the [-th shortest (s,v)-path u;(s,v).
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Let D C P, let dmax(D) be the length of longest path in D, i. e. dmax(D) = max{d(path)|path € D},
let D contain all paths from P having the length less or equal to dmax(D). Denote by £ the set of all
extensions of paths from D with length greater than dmax (D).

If D does not contain all required shortest paths we can add to it next paths by repeating the following
procedure. Choose the shortest path from £ denoted by u(s,w) and remove it from £ . If no (s, w) path
is in D, u(s,w) = pi(s,w) is the shortest (s, v)-path. If D contains k-shortest (s, w)-paths where k < K,
(s, w) = pig41(s,w) is the (k+1)-th (s, w) path. In both mentioned cases insert the path u(s,w) into the
set D and insert all extensions of the path u(s,w) into the set £. If D contains K shortest (s, w)-paths,
throw away the path u(s,w).

The question arises whether p(s, w) is realy the (k+1)-th shortest (s, w)-path. u(s,w) is an extension
of a path y(s,v) € D:
M(va) = ,LLl(S,’U)@ (’U, (v,w),w) (5>
Let v(s,w) be a (s, w)-path, v(s,w) ¢ D and let d(v(s,w)) < d(u(s,w)). Since v(s,w) ¢ D, dmax(D) <
d(v(s,w)). The path v(s,w) can be written as

Z/(S,’U_)) = (S = Wi, (w17w2)5w25 R (wtflth)awta (wt;wt+1)a s ,’U_)) = V(Sawt) @V(wtvs) (6)

v(s,wye) v(we,s)

where ¢ is largest index such that path v(s,w;) € D.
Therefore the extension v(s,w;) & (we, (e, wet1), wer1) € €. But the path p(s, w) was chosen as the
path with the least length in & and hence d(u(s,w)) < d[v(s,w;) @ (wy, (Wi, wit1), wir1)] < d(v(s,w)).

Remember that after just described changes the sets D and & still keep their properties — namely D
contains all paths from P with length less or equal than dmax(D) and £ contains all extensions of paths
from D longer than dmax(D).

This procedure starts with D = {ui(s,s) = (s)} — D contains only trivial (s,s)-path and
E={(s,(s,w),w)|(s,w) € HT(s)}.

4 Algorithm
Assume that V ={1,2,...,n} . Denote

e n — the number of nodes of the digraph G = (V, A, ¢)

e m — the number of arcs of the digraph G = (V, 4, ¢)

s, f — starting and finishing vertex

e K — the number of searched shortest (s, f) paths

e c(u,v) — the length of the arc (u,v) € A

For every vertex w € V and for £k = 1,2,..., K we will compute step by step at most K definitive

tripple labels
lengthlw][k], [-b-one[w][k] and rankpp[w]lk]. (7)

having the following meaning;:
e length[w][k] — the length of the k-th shortest (s, w)-path ug(s,w)
o [_b_one[w][k] — the last but one vertex of the k-th shortest (s, w)-path ug(s, w)
e rankpp[w][k] — the rank of the parent path of u(s,w)

e n_deflablw] — the number of determined definitive labels of the vertex w € V.
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The fact that the labels length|w][k], [-b_one[w][k] = 0 and rankpp|w][k] are defined for some w € V
and k, 1 < k < K implies that k-th shortest (s, w)-path was discovered.

The sequence of computing of labels (7) will start with setting n_deflab[s] = 1, lengthls][1] = 0,
I_b_one[s][1] = 0 and rankpp[s][1] = 0 for the starting vertex s. This means that one shortest (s, s)-path
w1(s, s) was discovered with the length 0 and with no parent path. Subsequently, the next the shortest
(s, w)-path u(s,w) with property

p(s,w) ¢ D and rank(p(s,w) <K

will be inserted into the set D.

This procedure ensures that if labels (7) are defined for some w and k, i.e. if ux(s,w) € D, then the
parent path u(s,v) of u(s,w) is an element of D, too. The labels of u(s,v) define parent path of u(s,v)
etc, etc. The reverse sequence of all vertices of the path ux(s,w) can be determined step by step in this
way.

Just mentioned labels fully characterize the set D. The set D contains all paths with length less or
equal than dmax (D) and with rank less or equal to K.

The set & was defined as the set of all extensions of paths from D. Every such extension p(s,w) can be
fully specified by quadruple (w, ¢, z, k) where w is the final vertex of (s, w), t is the length of u(s,w), x is
the final vertex of parent paths of p(s,w) and k is the rank of parent path u(s,v), i.e. u(s,v) = ur(s,v)
and pu(s,w) = pk(s,v) @ (v, (v,w),w). The set £ will initially be

E = {(w,c(s,w),s, 1)|w e V*(s)}.

Step 0. Initialization.
Set n_deflab[s] = 1, length[s][1] = 0, [_b_one[s][1] = 0 and rankpp[s][1] =0
for the starting vertex s.
For all w € V such that w # s set: n_deflablw] = 0 (no definitive label is assigned to w).
For all w € V such that w # s:
consider all labels length[w][j], {-b_one[w][j] and rankpp[w][j] to be undefined

Step 1. Extracting shortest walk from &.
Extract from £ a quadruple (w*, t*, z*, k*)
having the minimum value of the second item ¢* in £.

If n_deflablw*] > K, we need not another shortest (s, w*)-path. GoTo Step4.
Quadruple (w*,t*, 2*, k*) determines a (s, w*)-walk pg-(s,2*) ® («*, (z*, w*), w*) with the length
t* and last but one vertex z*.

Examine whether the path ug«(s,2*) contains the vertex w.
If yes, the walk pp- (s, 2*) @ (z*, (z*, w), w*) contains a cycle and therefore it is not a path.

GoTo Step4.
Step 2. Inserting path (s, w*) into the set D.
Set:
n-deflablw*] = n-deflablw*] +1
k= n.deflablw”]
lengthlw*][k] = t*
I boone[w*]lk] = &z
rankpplw*|[k] = k*

Step 3. Inserting extensions of the path (s, w*) into the set £.
For all vertices u € VT (w*) such that n_deflablu] < K
insert the quadruple (u,t* + c¢(w*, u),w*, k) into the set &.
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Step 4. Test of ending conditions.
If n_deflablw] = K for all w € V, STOP.
If £ =0, STOP.
Otherwise GoTo Step 1.

The k-th shortest (s, f)-path does exist if n_deflab[f] > k after the algorithm ends. The k-th shortest
(s, f)-path uk(s, f) = (s = v, (v1,0v2),v2,...,v—1, (vi—1,v),v; = f can be calculated by making use of
labels (7) as follows:

u = f
kk = k
vi—1 = lb-onelv]k]
ki—1 = rankpplu][ki]
vi—o = lb_onelvi_1][ki—1]
ki—o = rankpplvi—1][ki-1]
vy = l.b_onelvs]lks]
ky = rankpplvs][ks]
v1 = I-boonelva][ka]
ki = rankpp[va][ks]

The same procedure can be used in step 3. a) for checking whether the path (s,wmin) k contains the
wertex w.

5 The complexity of proposed algorithm

Recall that n = |V|, m = | A|, suppose m > n. A quadruple (w, t, z, k) can be inserted into £ at most K.m
times. In the case that is £ organized as a Fibonacci heap all insertions into the set £ require O(K.m)
steps. Before every insertion a cycle occurrence check is necessary. A single cycle occurrence check requires
O(n) steps; all cycle occurrence checks will require at most O(K.m.n) steps. Every quadruple can be
extracted from & at most once, a single extraction requires (in the case of Fibonacci heap) O(log(K.m))
steps, all extractions will need at most O(Km.log(Km)) steps. So the complexity of proposed algorithm
is O(Km(log(Km) + n)). Let us remark that we get the same complexity if £ is organized as a binary
heap.

6  Modification of algorithm for directed acyclic graphs - DAGs

There are many applications where the studied digraph G = (V, A, ¢) is a directed acyclic graph —
DAG. For example — the underlying digraph for CPM and PERT methods is DAG, the digraph used for
optimum bus and/or train connections search is also DAG. Since there are no cycles in DAGs cycle check
in Step 1. is not necessary — it can be skipped — and therefore the complexity of proposed algorithm is
O(Km(log(Km)).

Let us remark that the omitting the Step 1. in propsed algorithm leads in a digraph which is not
acyclic to an algorithm which computes K shortest walks.

7 Conclusion
The proposed algorithm was used for bus and/or train connection search problem with great success.

This algorithm was used also to compute shortest feasible trail with respect to prohibited maneuvers as
presented by Tomds Majer in his article on conference MME 2010 in Ceské Budgjovice in [3].
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