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—— Abstract

Given a directed edge-weighted graph G = (V, E) with beer vertices B C V, a beer path between
two vertices u and v is a path between u and v that visits at least one beer vertex in B, and the beer

distance between two vertices is the shortest length of beer paths. We consider indexing problems on
beer paths, that is, a graph is given a priori, and we construct some data structures (called indexes)
for the graph. Then later, we are given two vertices, and we find the beer distance or beer path
between them using the data structure. For such a scheme, efficient algorithms using indexes for
the beer distance and beer path queries have been proposed for outerplanar graphs and interval
graphs. For example, Bacic et al. (2021) present indexes with size O(n) for outerplanar graphs
and an algorithm using them that answers the beer distance between given two vertices in O(a(n))
time, where a(-) is the inverse Ackermann function; the performance is shown to be optimal. This
paper proposes indexing data structures and algorithms for beer path queries on general graphs
based on two types of graph decomposition: the tree decomposition and the triconnected component
decomposition. We propose indexes with size O(m + m‘z) based on the triconnected component
decomposition, where r is the size of the largest triconnected component. For a given query u,v € V,
our algorithm using the indexes can output the beer distance in query time O(a(m)). In particular,
our indexing data structures and algorithms achieve the optimal performance (the space and the
query time) for series-parallel graphs, which is a wider class of outerplanar graphs.
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1 Introduction

Given a directed edge-weighted graph G = (V, E) with beer vertices B C V, a beer path
between two vertices u and v is a path between u and v that visits at least one beer vertex
in B, and the beer distance between two vertices is the shortest length of beer paths. Here,
a graph with B, the set of beer stores, is called a beer graph. The names “beer path” and
“beer distance” come from the following story: A person will visit a friend but does not want
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to show up empty-handed, and they decide to pick up some beer along the way. They would
like to take the fastest way to go from their place to their friend’s place while stopping at a
beer store to buy some drinks.

The notion of the beer path was recently introduced by Bacic et al. [1]. Although the
name is somewhat like a fable, we often encounter similar situations as the above story.
Instead of beer stores, we want to stop at a gas station along the way, for example.

Just computing the beer distance or a beer path with the beer distance is easy. A beer
path with the beer distance always consists of two shortest paths: from the source to one
of the beer stores and from the beer store to the destination. We can therefore compute
them by solving the single source shortest path problem twice from the source and from the
destination, and taking the minimum beer vertex among B.

We consider indexing problems on beer paths, that is, a graph is given a priori, and we
construct some data structures (called indexes) for the graph. Then later, we are given two
vertices, and we find the beer distance or beer path between them using the data structure.
This is more efficient than algorithms without using any indexes if we need to solve queries for
many pairs of vertices. Indeed, car navigation systems might equip such indexing mechanisms;
since a system has map information as a graph in advance, it can make indexed information
by preprocessing, which enables it to quickly output candidates of reasonable routes from
the current position as soon as receiving a goal point. Such a scenario is helpful also for the
beer path setting. Efficient algorithms using indexes for the beer distance and beer path
queries have been proposed for outerplanar graphs [1] and interval graphs [5].

This paper presents indexes with efficient query algorithms using graph decomposition
for more general classes of graphs. Namely, we consider graphs of bounded treewidth [3] and
graphs with bounded triconnected components size [9]. The performance of our indexing
and algorithm generalizes that for outerplanar graphs in [1]; if we apply our indexing and
algorithm for outerplanar graphs, the space for indexes, preprocessing time, and query time
are equivalent to those of [1]. Furthermore, ours can be applied for general graphs, though the
performance worsens for graphs of large treewidth and with a large triconnected component.

1.1 Related Work

For undirected outerplanar beer graphs G of order n, Bacic et al. [1] present indexes with
size O(n), which can be preprocessed in O(n) time. For any two query vertices u and v,
(i) the beer distance between u and v can be reported in O(a(n)) time, where a(n) is the
inverse Ackermann function, and (ii) a beer path with the beer distance between u and v
can be reported in O(L) time, where L is the number of vertices on this path. The query
time is shown to be optimal.

For unweighted interval graphs with beer vertices B, Das et al. [5] provides a representation
using 2nlogn + O(n) + O(|B|logn) bits. This data structure answers beer distance queries
in O(log®n) time for any constant € > 0 and shortest beer path queries in O(log®n + L)
time. They also present a trade-off relation between space and query time. These results are
summarized in Table 1.

Other than the beer path problem, Farzan and Kamali [6] proposed a distance oracle for
graphs with n vertices and treewidth & using asymptotically optimal k(n+o(n) —k/2) 4+ O(n)
bit space which can answer a query in O(k3 log® k) time. For general graphs, indexes
for shortest paths (i.e., distance queries) and max flow queries based on the triconnected
component decomposition have been proposed [10].
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Table 1 Comparison of results.

Graphs Preprocessing Complex?ty Query time
Space (words) ‘ Time
Outerplanar graphs [1]
o =0 o
(undirected, W = Rxo) (m) ( () (a(n))
Interval graphs [5] O(n + |BJ) O(n+ |BJ|)* O(log® n)
(undirected, unweighted) O(n + |B|loglogn) | O(n+ |B|loglogn)* O(loglogn)
tri. decomp. O(m) O(m + nr®) O(r* + a(m))
(undirected, W = Z>¢) O(m + nr?) O(m +nr*) O(a(m))
Ours tri. decomp. O(m) O((m+nlogry)r?) | O(r?logrs + a(m))
(W = Rso) O(m+n®) | O((m+nlogri)rd) O(a(m))
tree decomp. O(t3n) O(t%n) O(t" + a(tn))
(W =Rs>o) O(t°n) O(t*n) O(t® + a(tn))

n: the number of vertices

m: the number of edges

r: the size of maximum triconnected components, r; = max{1,r}
t: the treewidth

a(+): the inverse Ackermann function

*: not explicitly mentioned

1.2 Our Contribution

We present indexing data structures and query algorithms for beer distance and beer path
queries for general graphs based on graph decomposition. As graph decomposition, we use
the tree decomposition [3] and the triconnected component decomposition [9]. The obtained
results are summarized in Table 1.

We first present faster query algorithms using properties of the triconnected component
decomposition. In this approach, we use r, the size of the largest triconnected component
in a graph, as the parameter to evaluate the efficiency of algorithms. Note that r is not
the number of edges in the largest triconnected component; it is the number of edges in
a component after contracting every biconnected component into an edge and therefore it
is not so large in practice. The formal definition will be given in Section 2.2. Our data
structure uses O(m + r - min{m, rn}) space, and the algorithm for undirected graphs with
nonnegative integer edge weights requires O(m + r* - min{m,rn}) time for preprocessing,
and it answers for each query in O(«a(m)) time. For directed graphs with nonnegative edge
weights, the preprocessing time and query time are, respectively O(m +r3(m +nlogry)) and
O(a(m)). Since the size of indexes and query time have a trade-off relation, a little slower
query time can achieve an indexing data structure with less memory. In such a scenario,
another data structure uses O(m) space, and the algorithm for undirected graphs with
nonnegative integer edge weights requires O(m +72-min{m, rn}) time for preprocessing, and
it answers for each query in O(r? + a(m)) time. For directed graphs with nonnegative edge
weights, the preprocessing time and query time are, respectively O(m + 72(m + nlogr,))
and O(r?logry + a(m)).

Because triconnected component decomposition can be regarded as a tree decomposition,
we extend our query algorithms for graphs represented by using the tree decomposition.
Though computing the exact treewidth is NP-hard, whereas triconnected component decom-
position is done in linear time [8], and query time complexities using tree decomposition is
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larger than using triconnected component decomposition, the treewidth is always at most
r and therefore algorithms based on the tree decomposition are faster in some cases. In
view of these, we remake the indexing data structures and algorithms for tree decomposition.
The indexing data structure requires O(t°n) space and O(¢1%n) time to construct, and the
algorithm can answer a query in O(t° + a(tn)) time.

Note that for series-parallel graphs r = 0, ¢ = 2, and m = O(n) hold. This implies that
for series-parallel graphs, our indexing data structures use O(n) space, and the algorithms
can answer each query in O(a(n)) time. Since the class of series-parallel graphs is a super
class of outerplanar graphs, our results fairly extend the optimal result for outerplanar graphs

by [1].

The rest of the paper is organized as follows. Section 2 is for preliminaries. Sections 3
and 4 present the main parts that describe the indexing and algorithms under triconnected
decomposition. Section B shows how we remake that to those under tree decomposition.

2 Preliminaries

Let Z>( be the set of nonnegative integers and R>( be the set of nonnegative real numbers.
For nonnegative integers i,j € Z>o (¢ < j), let [i,j] = {i,e+1,...,5— 1,75}

For a graph G, let V(G) and E(G) denote its vertex and edge sets, respectively.
For two graphs G and G', let G\ G’ = (V(G)\V(G"),E(G)\ E(G')) and GU G’ =
(V(G)uV(G"),E(G)U E(G")). Also, for a graph G and a set of vertex pairs F C
V(G) xV(GQ),let G\ F = (V(GQ),E(G)\ F) and GU F = (V(G), E(G) U F). Furthermore,
for a graph G and its vertex subset S C V(G), let G[S] be the subgraph of G induced by S.

2.1 Shortest Path Problem and Beer Path Problem / Query

Suppose we are given a graph G, an edge weight w: E(G) — W, and a vertex subset
B C V(G). Note that in this paper, we assume W = Z>q or W = Rxo.

For vertices u,v € V(G), a path from u to v in G is called a u-v path in G. Usually, a
u-v path is not unique. The length of a path is defined by the sum of the edge weights on
the path. The shortest length of all u-v paths is called the u-v distance in G, denoted by
d((G,w),u,v). Also, for vertices u,v € V(G), a walk from u to v passing through a vertex
belonging to B at least once is called a u-v beer path in G. The length of a u-v beer path
is similarly defined as the length of a w-v path, u-v beer distance in G is defined by the
shortest length of all u-v beer paths and is denoted by dB((G,w, B),u,v). Note that if w
and B are clear from the context, we omit them and denote d((G,w), u,v) as d(G,u,v) and
dB((G,w, B),u,v) as dB(G, u,v). Then, a vector whose elements are the distance and the
beer distance is denoted by

d(G,u.v) = (ddB((GG’,u;,U 3)) '

For a given G, w, B and vertices u,v € V(G), the problem of finding d(G, u,v) (or one u-v
path that realizes it) is called SHORTEST PATH and the problem of finding d®(G,u,v) (or
one u-v beer path that realizes it) is called BEER PATH. For given u and v, the query asked
to return d®(G, u,v) or one u-v beer path with length dB(G, u,v) is called Beer Path Query
on G,w, B.

Here, we review algorithms for the shortest path problem and their computational
complexity. When W = Z>¢ and G is an undirected graph, the shortest path problem can
be solved in O(m) time by using Thorup’s algorithm [11]. When W = R, the shortest
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path problem can be solved in O(m + nlogn) time by Dijkstra’s algorithm using Fibonacci
heap [7]. Hereafter, let ALG (G) denote the computational time to solve SHORTEST PATH
PROBLEM by one of the above algorithms according to the setting; for example, if G is
undirected and W = Z>¢, ALG (G) = O(m), and if W = R>¢, ALG (G) = O(m + nlogm).

2.2 SPQR tree

Let G be a biconnected (multi) undirected graph and {u,v} be its vertex pair. If G[V(G) \

{u,v}] is disconnected or uw and v are adjacent in G, {u, v} is called a split pair of G. We

denote the set of split pairs of G by Spls. For {u,v} € Spls, a maximal subgraph H of

G satistying {u,v} ¢ Sply, and the graph ({u, v}, {e}) consisting of the edge e connecting

u and v, are called a split component of the split pair {u,v} of G. We denote the set of

split components of the split pair {u,v} of G by SplCom(u,v). For {u,v} € Spl, and

{s,t} € E(G), we say that {u,v} is maximal with respect to {s,t} if vertices u,v,s,t are in

the same split component for any split pair {u’,v'}.

For example, for the graph G shown in Figure 6, Splo = E(G) U
{{1,6},{1,7},{2,6},{4,6}} and SplCom(1,6) = {G1,G2,G3s}, SplComq(2,6) =
{H,Hy,Hs}. Also, {1,6} € Sply is maximal with respect to the edge {1,2}. Further-
more, {1,6} € Spl. is not maximal with respect to the edge {2,5} because no component in
SplCom (2, 6) containing all vertices 1, 6, 2, and 5.

For an edge e = {u,v} € E(G), we define an SPQR tree T(G,e) of G. Here, e is called a
reference edge of T(G,e) of G. Each node p of T(G, e) is associated with a graph Sk,,. The
root node of 7(G, e) is denoted by .. The T (G, e) is defined recursively as follows.

Trivial Case If SplCom(u,v) = {({u,v},{e}), {u,v},{e'})} (¢/ € E(GQ)), that is, G is a
two vertices multi graph consisting of two edges e,e’, T(G,e) = ({p.},0), Sk,, = G.
Also, . is said to be a Q node.

Series Case Let SplCome(u,v) = {({u,v},{e}), H}, where H is formed by a series connec-
tion of k(> 2) connected components Hy, ... Hy. Then, for vertices u = ¢, ¢1, ¢, . .., Cp—1,
¢y =v (c1,...,cx—1 are cut vertices of G), let ¢;_1, ¢; be the only vertices belonging to
H; (1 <i<k). In this case, if e; = {¢;—1,¢} (1 <i<k), then

T(G,e) = ({re}, 0) Ul <ich (T(Hi U{ei} €0) U{{pe, pe, }})

Sk,, = ({co, ... e}t {e.er,. . ex}).

Also, . is said to be an S node.

Parallel Case If SplCom (u,v) = {({u,v},{e}), H1,...,Hx} (k > 2), that is, G is formed
by the parallel connection of 3 or more split components of {u,v}. In this case, if we let
e; denote the edge corresponding to H;, then Sk, = ({u,v},{e,e1,...,ex}) and T(G,¢)
is defined as same as series case. Also, p. is said to be a P node.

Rigid Case If the above does not apply, that is, SplCom(u,v) = {({u,v},{e}), H} and H
has no cut vertices, let all maximal split pairs for {u,v} in Spls \ {{u,v}} be {u;,v;}
(1 <i<kk>1). Also, for each i, let H; be the union of the split components for
{ui,vi} that does not contain e. That is, H; = U pespicom,, (us,0:):e¢ p(rr) H- 10 this case,
if we let e; denote the edge corresponding to H; (1 <14 < k), then

Sk, = <{u, v} UUicicp{uw, vit, {e} U Uléiﬁk{eiD

and T (G, e) is defined as same as series case. Also, p. is said to be an R node.
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The tree ({p,0}) UT(G,e) U {{p,pe}} obtained by connecting the tree 7(G,e) obtained by
the above definition and Q node p with the graph Sk, = ({u,v},{e}) as a root is called
the SPQR tree of G with respect to edge e. Hereafter, we simply call it an SPQR tree and
denote it by T. Also, we denote the only child node pe of the root node p by p'.

For each node pn € V(T) \ {p} of T, each edge of Sk, is a skeleton of a certain graph,
so Sk, is called the skeleton graph of p. Let n, = |V (Sk,)| be the number of vertices and
m,, = |E(Sk,)| be the number of edges of the skeleton Sk,,. Also, let the reference edge of u
be Ref, = {z,,y,} and let Ch,, and Des, be the sets of child and descendant nodes of y in
T, respectively. We denote the set consisting of S, P, Q, and R nodes by S, Pr, Qr1, R,
respectively. For each pn € V/(T)\{p}, let G, be the subgraph of G corresponding to the graph
of Sk, without the reference edge. This can be expressed as G, = ({z, v}, {{zp, yu}}) if
€ Q7, otherwise G, = UAGCh“ G». An example of a SPQR tree is shown in Figure 1.

The following is known for the SPQR tree 7 of G.

» Lemma 1. Let G be a biconnected undirected graph with n vertices and m edges, and T
be its SPQR tree. For each node p € V(T)\ {p}, {zu,yu} € Splg. If p € Ry, Sk, is a
triconnected graph. Also, |Q7|=m, |STUPrURy|=0(n), 3, cs,uprur, Mu = O(m),
and -, cy 7y nu = O(n) hold. Furthermore, T van be computed in O(n +m) time.

Let r = max,cr,{m,} be the maximum number of edges in the skeleton of the R node
(triconnected graph). Note that if R = 0), r = 0. Also, ry = max{1,7}.

An SPQR tree for a directed graph is defined as a graph whose skeleton is replaced by a
directed graph after computing the SPQR tree by considering the graph as an undirected
graph. In this case, for each u € V(T)\ {p}, we consider two reference edges (., yu), (Yu, Tpu)

and let Refu = {(33;“ yu>, <yuvxu>}'

2.3 Query Problems

We present all query problems that will be used in later.

Range Minimum Query For a given array (a) = a[l],a[2],...,a[n] of length n, the query
defined by the following pair of inputs and outputs is called Range Minimum Query for
the array (a).

Input Positive integers i,7 (1 <14 < j <n),
Output Minimum value in the subarray ali], ali + 1],...,a[j — 1], a[j] of the array (a).

This query can be answered in O(1) time by preprocessing in O(n) space and O(n) time [2].

Lowest Common Ancestor Query Given a rooted tree T' with n vertices. The query defined
by the following pair of input and output is called the lowest common ancestor query for
the rooted tree T'.

Input Vertices u, v’ € V(T),
Output The deepest (furthest from the root) common ancestor of u, v in T

This query can be answered in O(1) time by preprocessing in O(n) space and O(n) time

using range minimum queries.

Tree Product Query Given a set S, a semigroup o: S? — S, a tree T' with n vertices, and
a mapping f: V(T') — S. The query defined by the following pair of input and output is
called a Tree Product Query for S,o, T, f.

Input Vertices u, v’ € V(T),
Output Let u = vy, v2,...,v5_1,v; = t' be the only path on T that connects u,u’, then

f(o)o fvz)o...o flug).
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This query can be answered in O(«a(n)) time by preprocessing in O(n) space and O(n)
time [4]. Here, « is the inverse Ackermann function.
For a nonnegative integer i, ¢, we define A,(7) as follows.

e i1 0=0,i>0
1) = .
¢ AV 48) £>1,i>0.

Note that Aﬁifll) denotes a function that A,_; iterated i + 1 times. Using this, the inverse
Ackermann function « is defined as a(n) = min{f € Z>q | A¢(1) > n}.

3  Triconnected component decomposition-based indexing

This section describes indices based on triconnected component decomposition
for biconnected graphs. First, for each u,A € 7T, we define K, =
({zu vy U{za, un} {20,y U{za,92})?) to be a complete graph with self loops, and
let K7 denote the graph K, x with the weight

0 V(K = W2 () = ( 40))).

w”(u, v

Also, let K = {Kﬁ’:)\ | u, A€ V(T),w: V(K,\)? — WQ} U {L} be the union of the set of
those weighted graphs and {L}.

Next, for convenience, we define the maps F;: dom(F;) — K that provide data of distance
and beer distance (i = 1,2, 3,4, specific domains are described later). The algorithms for
beer path queries precompute some of these as data structures.

For each X € dom(F;), let F;(X) € K be a complete graph with at most 4 vertices
and f;(X) be its weight. Also, we will denote the weight f;(X)(u,v) of each vertex pair
(u,v) € V(F,(X))? by

R = (5

omitting some brackets. These maps are defined so that f;(X, u,v) represents the normal
distance and fiB(X ,u,v) represents the beer distance.

3.1 Definition of the mapping F; and its computation

» Definition 2. We define the mapping F1: V(T) \ {p} — K as follows: For each node

we V(T)\{p}, let F1(p) = K,’jf,g“) (a complete graph consists of 2 vertices x,,y,). The
weight of each vertex pair (u,v) € {x,,y,}? is f1(u,u,v) = d(G,u,v).

The Fi(u) intuitively represents the distance data when using the part of the 7 shown in
Figure 2.We can compute F; from the leaves of T to the root as described below.

If p € Q7 \ {p}, G, is a graph that consists of only edges (z,,yu), (Y, Z.), S0 we can
calculate the weights as in

o0 Bn{zu,y.} =0

J— B —
filp,u,v) = wu,v), fi (1, u,v) = {minpeBﬂ{zwyﬂ}{w(U,p) +w(p,v)}  BN{zu,yu} # 0.

From now on, we assume that p is an inner node and that Fy(\) is computed for each of
its child nodes A € Chy,. Also, let H, be the weighted graph with each edge (xx,yx), (yr, Zx)
(A € Chy,) of Sk, \ Ref,, given a weight fi(x, ., yu), f1 (1, yu, x,) respectively. Then, from
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the definition of H,,, if we consider the path from u to v in G, through the subgraph G
((u,v) € {xx,yx}?). The distance fi(p,u,v) can be obtained by referring to the weight of the
edge (u,v) € E(H,) (the beer distance fP(u,u,v) is obtained by referring to f2(\, u,v) =
dB(Gy,u,v) directly). Therefore, F(p1) can be calculated by using H,, instead of G,,.

If pe Sy, let Chy = {p1,...,pntandlet x) =z, yp, =2p, 1<i<Ek=1),yu, =yu
in Sk, (see Figure 7 of Appendix). Here, we define the following six symbols for each p € St

o i, j] = {Zi<p<j fi(bps @y Yp,) 150 < j.S k,

0 otherwise,
which is the distance from z,, to y,; in U;<,<; Gp,-
o3¥i, ] = {Zi<p<j N (“p»yupvxup) l<i< j.ﬁ k,
0 otherwise,

Bl = 3 1,6 — 1)+ FP (s, ) + 0 [Li— 1] (L < <

which is the distance of the shortest walk that reaches from z, = x,, to y,,_, = x,, in

Ui<j<i_1 Gu;, back to z, via a beer vertex in G, and again to .

5ﬁym = f{a(ﬂivmmay#i) - fl(:u'hx,umy#i) (1 <i< k)v

which is the difference between the beer distance and the (mere) distance in moving from

Ty, 1o Yy, in Gy,

ﬁ;}ixM = fP(Mj?yl—Lj7xH]‘) —fi (uj’y#ij#j) (I<i<k),

BV = ol LK PPty y) + o3l 4 LK (1< < B).
Note that we only preprocess o3Y[1,i], o7 [i, k], 03[1, 4], o3¥[i, k] (1 < i < k) among o7 [4, j],
o}X[i,j]. The other o3¥[i, j] and o3¥[i, j] are obtained and used in O(1) time each time.
We also preprocess 33*['], 837 [-], B%[-], B7[-] for Range Minimum Query. All of the above
preprocessing can be computed in O(k) space and O(k) time. By using these, we can calculate
the weights as in

» - 0 » B o1, K]
fl(U'a -f;tyl',u) = (min1<i<k {5EXM}> 5 fl(,u'a -Tluyu) - (O—zy[lvk] +rﬁin1§igk {Bzy[l]}> .

If u € Pr, we define the following for each (u,v) € {x,,y,}? to simplify:
i B _ . B
gu,v - )\IGHCII{IIH {fl(Aa u, U)} ’ gu,v - )\IGHCII{IIH {fl ()‘7 u, U)} .

By using these, we can calculate the weights as in

0
fl My Tpuy T ) = ( . ) B
( o min {EB gm,yp + &i,yu + Zyu,xw ng#,y# + eyu,x,u fa:u,yu +€yB“,zu}

—

Ty, Ty
-

fl (:Uﬂ Ty, y,u) = . B ezltg&u 5 , .
min {Ezu,zﬂ F oy Loy, Ty, yu € 90 ny }

TusYu TpsYu YT
If p € Ry, each weight fl(u, u,v) can be calculated on H,, as follows.
( d(H, u,v) )
min)\EChu{minp,qe{zk,yk}{d(H/u U7p) + fP(Aapv Q) + d(H/,u q, ’U)}} .

Note that each d(H,,,a,b) in the above equation is calculated by a shortest path algorithm
for H,,. An example of calculating I is shown in Figure 1.

—

fl(.uvuvv) =

3.2 Definition of the mapping F> and its computation

» Definition 3. We define the mapping Fo: V(T)\ {p} = K as follows: For each node

w e V(T)\ {p}, let Fo(p) = K/sz(u) (a complete graph consists of 2 vertices x,,y,). The
weight of each vertex pair (u,v) € {x,, yu}? is fo(p,u,v) = d(G\ E(G,),u,v).
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Notation of each node u(+ p)
U W

fz(llr"‘ rJ’u)

n 5
Ref, fzﬂ(u,xwxu) £ (M,X,;,.y”) Vid

:i}/ :}YE Fi(w) )

H B
f1B(M'XwXu) fi (#:Xw}’u) fls(%)’w)’y)

(@ Y yu)

8

:2

S®) it
o® IS
il
oloi &
N

© ©

o~

7 @9@
:1470| 0.9 18 s=1
20| o o9 =8
\_ H

i12 0

Figure 1 An weighted beer graph (G, w, B) (lower left) and its SPQR tree with Fi, Fb.

The Fy(u) intuitively represents the distance data when using the part of the 7 shown in
Figure 3. We can compute F3 from the root of T to the leaves. To describe how to compute
F5(u), let A be the parent node of p in 7.

If X = p (root node), the edges of G\ E(G,,) are only (xx,yx), (Ux, Zx), so each weight
fg(u, u,v) can be calculated by replacing u to A in the formula for fi(u, u,v).

From here, we assume that A # p. Then, F5(u) can be calculated by using H» \Ref, URef \
instead of G\ E(G|). We set the weights of the edges (xx,yx) and (yx, ) of this graph to
fa(A za,yn) and fo(A, ya, ), respectively.

For A € S7,let Chy = {A1,...,. i}, p =i, ax = a0, =20y, 1< <Ek=1),y5, =
yx in Sky. Each weights can be calculated in the same way as fl for S nodes, for example,

fz(l’L?x/\i’y)\i) = Uix[lvi - 1] + fz()\7l‘)\,y)\) + Uix[i +1, k}v

. yX[ -

fQB(/’l’7x>\i7y>\7',) = fQ(H, mAiayAi) +min{ 1S]n§1}cr’1j¢i {B/\ [J]} } .

Pz, un) = f2(N 20, 90)

The weights F5 for the P and R nodes can be calculated as well as F.
An example of calculating Fs is shown in Figure 1.

3.3 Definition of the mapping F3 and its computation

» Definition 4. We define the mapping Fz: E(T)\ {{p,p'}} — K as follows: For each

edge € ={p, A} € E(T)\ {{p.p'}} (A€ Ch, ), F5(&) = K{:?;g) (a complete graph consists
of at most 4 vertices). The weight of each vertex pair (u,v) € ({xu,yu.} U {zr,yr})? is
f3(E,u,v) =d(G, \ E(Gy),u,v).

ISAAC 2023
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The F5(&) intuitively represents the distance data when using the part of the 7 shown in
Figure 4. In the actual F3(&) calculation, we can consider H, \ Ref) instead of G, \ E(G)).
F4 can be calculated by the same idea as the previous mappings. An example of calculating
a part of F3 is shown in Figure 8.

3.4 Definition of the mapping F; and its computation

Ch,,
2

node p € V(T) \ Q7 and each node pair p = {\,N'} € (Cg“) of u, Fs(¢p) = Kfj‘)(f/)) (a
complete graph consists of at most 4 wvertices). The weight of each vertex pair (u,v) €

{aa, ya} U{za, ya D2 ds faly,u,0) = d(G\ E(G) \ E(Gy),u,v).

» Definition 5. We define the mapping Fy: UALEV(T)\QT ( ) — K as follows: For each

The Fy(1)) intuitively represents the distance data when using the part of the 7 shown in
Figure 5. In the actual Fy(9) calculation, we can consider H, \ Ref \ Refy U Ref, instead
of G\ E(Gy) \ E(Gy). We set the weights of the edges (x,,yu), (yu, z,) of this graph to
folp, zp, yu) 5 fo(e, yu, x,) respectively. Fy can be calculated by the same idea as the previous
mappings.

If p € ST U Py, Fy(y)) can be computed in O(1) time by using Range Minimum Query.
Also, the beer distance is obtained from a graph that is a combination of the images of
Fy, Fy, F3, Fy, but the image of Fy appears in at most one element of the combination (see
subsection 4.2 for details). Therefore, it is enough to compute Fy only for the child node
pairs of the R node in the preprocessing. From this it is convenient to consider a mapping
restricting the domain of Fy and we define Fur: U, cp, (0}21“) — K (Fur(v) = Fu(v),
w € UMGRT (0121,1))_

Because of space limitation, we show analyses on computational complexities in Sec-
tion A.3.

4 Algorithm based on triconnected component decomposition

4.1 Definition of binary operations

We define the binary operation @: K2 — K as follows.

» Definition 6. For each Hi,Hy € K, Hi ® Hy is defined as follows. If Hy =1 or
Hy =1, Hh & Hy =L. If Hy #1 and Hy #1, let H; = K\ (i = 1,2). Also, let
A= {ptU{A}) N {p2} U{Aa}) be the set of nodes in K that give vertices appearing in
Hy, Hy in common. If|A| #1, Hy & Hy =L. If[A| =1, let A= {0}, Hi & Hy = K .
Here, we define 01,05 as follows.

ul(: )\1) 1 =0=X\ Mz(: /\2) Ho =0 = X
0 = H1 u1759:>\17 0y = H2 M2#9:>\2-
)\1 /1,1:9#)\1 )\2 [LQZQ#AQ

Also, let HIUHy be a weighted multi graph with vertex set V(Hy) UV (Hs), given distinct
edges in Hy and edges in Hy, and let Z' be the weights defined by

(6 = ( 550))) = .0) (e = (.d) € B, =1.2),
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Figure 2 The subtree considered in F (p). Figure 3 The subtree considered in Fa ().

Figure 4 The subtree considered in F3(E). Figure 5 The subtree considered in Fy ().

Then, For each {u,v) € ({xa,, o, } U {zo,, Y0, })?, we define w(u,v) as follows.
w(u,v) = d((H1UHy, ), u,v) ,

wB(u,v) = min {d((Hlng,z),u,p)+ZB(6)—l—d((HlOHg,z),q,v)}.
e=(p,q)EE(H,1UHz2)

For a concrete example of this operation, see the computation of H & H’ in Figure 8.
Furthermore, we define a subset K of £ by K = {Ki)\ € K\{L} | A € Des,}U{Ll} and

define the binary operation &: K2 = K as follows.

» Definition 7. For each Hi, Hy € E, if HH =1 or Hy =1, then H,®H, =1, otherwise, let

Hy =K/, X\ €Des,, (i=12) then
~ L A1 # po
H ®Hy =
i {Hl © Hy M = po.

» Lemma 8. & is a semigroup.

The proof is given in Section A.1.
4.2 Representation of distance and beer distance using mapping and
algorithms for Beer Path Query

By using Fi, F3, F3, Fy, Fyr and tree product query data structures, we can compute beer
path between given vertices. Recall that r is the maximum edge number of the skeleton of R
nodes in the SPQR tree of G and W is the range of the edge weight function.

ISAAC 2023
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» Theorem 9. If we precompute Fy, Fy as a data structure, the space required to store the
data structure is O(m). The preprocessing time and query time are

1. O(m+r-min{m,rn}) and O(n+r-min{m,rn}+a(m)) if W = Z>¢ and G is undirected.
2. O(m+r(m+nlogry)) and O(n+r(m+nlogry) + a(m)) if W = Rxg.

» Theorem 10. If we precompute Fy, Fy, F3 as a data structure, the space required to store
the data structure is O(m). The preprocessing time and query time are

1. O(m +r? - min{m,rn}) and O(r®> + a(m)) if W = Z>o and G is undirected.

2. O(m+r*(m+nlogry)) and O(r?logry + a(m)) if W = Rxo.

» Theorem 11. If we precompute Iy, Fo, F3, Fyr as a data structure, the space required to
store the data structure is O(m+r-min{m,rn}). The preprocessing time and query time are
1. O(m +r®-min{m,rn}) and O(a(m)) if W = Z>q and G is undirected.

2. O(m+r3(m+nlogry)) and O(a(m)) if W = Rxo.

Proofs are given in Section A.4
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A  Missing Proofs

A.1 Proof of Lemma 8

Proof. We arbitrarily take Hy, Hy, Hs € I%, and confirm that H(19)3 = (H,®H,)®Hs
and Hyg3) = H,O(H,®H3) are equal. First, if H; =1 or Hy =1 or Hy =L, clearly
H12)3 = Hy(23) =1. In the following, let H; #1 and H; = K;E)w (A\; € Des,,,) for each .
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If A1 # p2 or Az # ps3, then we can easily obtain Hj2y3 = Hye3y =L. If Ay = pa, Ao = us,

let H1o)3 = K:JI(K;S’HM%) = KZ’;};?. Then, we show briefly that @(12y3(u,v) = W (23)(u, v)

for each u,v € {zy,,yu, } U{xx,, yrs }

If let Hy®&Hy = Hyy = Kgf,isv then from Figure 9 the following holds for each v’ €

{Tpy sy b and 0" € {@pg, Yy, }-

wiz(u',v") = d(Hyg,v/,v") = min  {d(Hy,u,p) + d(Ha,p,v")}.

PE{T 0 Yus }

By using this, the following holds for each u € {z,,,y,, } and v € {zx,,yxr, }.

w(12)3(u,v) = d(H12)3,u,v) = qe{mirz {d(H12,u,q) +d(Hs,q,v)}
Tuz Yug
= i i (A0 + A0} + A0}
qE{Iu3,yu3} pe{wuzxyuz

min {d(H1’u7p)+d(H2ap7Q)+d(H3aQ7v)}
pe{zuz 1yu2}7q€{zu3 ayu3}

By the same idea, exactly the same result is obtained for wyas)(u,v). We can show
w2)3(u,v) = wy(23)(u,v) and w?u)?,(u, v) = w}13(23) (u,v) for the other weights in the same
way. <

A.2 Preprocessing algorithms

A.2.1 Algorithm for preprocessing Fi, F»

We consider an algorithm that preprocesses Fi, F». For this algorithm, the preprocessing
space is C1P* 4+ C53P*® = O(m) and the preprocessing time is

O(m+r-min{m,rn}) W =Zx

time time __
GG = {O(m+r(m+nlogr+)) W = R>o.

Beer Path Query can be solved by computing O(n) images of F3 and one image of Fy on II
and combine them using Tree Product Query. Thus, query time is

O (Sesror 1+ Zyeny MuALG (Hy) + mrALG (Hy) + a(m))
B { O(n+r-min{m,rn} + a(m)) W =Zxg
O +r(m+nlogry) +a(m)) W =Rs.
A.2.2 Algorithm for preprocessing F}, F», F3
We consider an algorithm that preprocesses Fi, F5, F5. For this algorithm, the preprocessing

space is C1P* + C3P*° + C3P*° = O(m) and the preprocessing time is

O(m +r? -min{m,rn}) W =Zxg

time time time __
PG G = {O(m+r2(m+nlogr+)) W = R>o.

Beer Path Query can be solved by computing one image of F; and combine images of F3 on

II and F} using Tree Product Query. Thus, query time is

O(r® + a(m)) W =17z

O(m-ALG (Hy) + a(m)) = {om logry +a(m) W =Rsp.

ISAAC 2023
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A.2.3 Algorithm for preprocessing F, F», F3, Fyr

We consider an algorithm that preprocesses Fi, Fy, F3, Fyg. For this algorithm, the pre-
processing space is C;P*° 4+ C5P2° 4 OR3P 1 C5P*° = O(m + r - min{m,rn}) and the
g 1 2 3 4R

preprocessing time is

O(m + 73 -min{m,rn}) W =Zx

time time time time __
O G G A iR = {O(m +7r3(m+nlogry)) W =Rs,.

Beer Path Query can be solved by combining images of F3 and Fj on II using Tree Product
Query. Thus, query time is O(a(m)).

A.3 Computational complexity for each mapping

In this subsection, we analyze the computational complexity for each mapping. Let Cfime
and C;P*““ be the time required to compute each F; and the space to store, respectively.

A.3.1 Computational complexity for F;

First, we consider C{?*“. For each u € V(T) \ {p}, Fi(u) is a graph of constant size. Also,
each p € ST U Py uses O(m,,) space in the preprocessing for Range Minimum Query and so
on. Thus, C{P*° = O (ZMEQTURT 1+3 s upr mﬂ> = O(m). Next, we consider C}me,
If w € Q7 \ {p}, Fi(u) can be computed in O(1) time. If 4 € S5 U Py, preprocessing and
Fy(u) calculation can be done in O(my,) time. Also, if u € Ry, Fi(u) can be obtained by
running the shortest path algorithm for H, for O(m,) times, so it can be computed in
O (m,ALG (H,)) time. Thus, noting the definition of r, C{™* is as follows:

C{ime =0 (ZuGQT 1+ ZMESTUPT my + Z#GRT mMALG (H,U«))

] _ O+ rmin{m,m)) W =Zsg
=0 (m +m+rY,ep, ALG (Hﬂ)) = {O(m +r(m+nlogry)) W=Rsg'

A.3.2 Computational complexity for F;

First, C;"* can be similarly considered to C7**, C3™* = 37 /(7 () O(1) = O(m).
Next, we consider C§™¢. Let A be the parent node of p in 7. If A € {p} U S+ U Pr, Fa(u)
can be computed in O(1) time by using Range Minimum Query. Also, if A € Ry, F(u) can
be obtained by running the shortest path algorithm for H) \ Ref,, URefy for O(my,) times,
so it can be computed in O (myALG (H))) time. Thus, C5§™¢ can be evaluated as follows:

M =0 (Z)\G{P}USTUPT 142 \er, MAALG (HA)) =0 (n 47 Enery ALG (H2))

_ [ OMm+r-min{m,rn}) W =Zso,
O +r(m+nlogry)) W =Rs.

A.3.3 Computational complexity for F3

First, we consider C37*“. In F3, a graph of a constant size is prepared for each edge
of E(T)\ {{p,p'}}, so C3¥*° = O(JE(T)|) = O(m). Next, we consider C§™°. For each
E={umA} € E(T)\ {{p,p'}} (A € Chy,), if p € ST U Pr then F3(&) can be computed
in O(1) time by using Range Minimum Query. If u € Ry then F3(€) can be obtained by
running the shortest path algorithm for H, \ Refy for O(my) times, so it can be computed
in O (m\ALG (H))) time. Thus, C{™° can be evaluated as follows.
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C;,ime =0 (ZMESTUPT ZAEChH 1+ ZHERT Z/\GChu myu ALG (H”))

B 9 _[O(m+ r? -min{m,rn}) W = Z>o,
= O (m—i—?“ Z#GRT ALG (H,U«)) - {O(m—|—7’2(m+nlog7‘+)) W = RZO-

A.3.4 Computational complexity for F;

If F}, is realized as a data structure, it is not efficient because it requires computation and
space even for images that can be computed in O(1) time, as described in Subsection 3.4.
Therefore, we consider the computational complexity of realizing Fyr as a data structure
instead of Fj itself.

First, the space for Fyr is Cip™™ = > cp O (mp) = O(r - min{m,rn}). Next, we
consider the preprocessing time of Fyr, Cii““. For each p € Ry and each node pair
v={\\N}¢€ (C;‘“), Fyr(v) = Fy() can be obtained by running the shortest path algorithm
for H, \ Refy \ Refy URef,, for O(m,,) times, so it can be computed in O (m,ALG (H,))
time. Thus, C{¢ is as follows:

ctime — 0 (Z#GRT 5 pe(©) MuALG (HM)) —0 (Z#GRT m3 ALG (HH)>

O(r® -min{m,rn}) W =Z>
— 3 _ ) >0,
=0 (7‘ ZHERT ALG (Hu)) - {0(7"3(771 + nlogr+)) W = R20~

A.4 Proofs for the algorithms

In the following, we describe an outline of the algorithm corresponding to each of the above
theorems.

First, we describe the representation of distances and beer distances using each mapping
F; and binary operations. We also show several algorithms for Beer Path Query based on
them. We consider computing the distance or beer distance from s to ¢ in a biconnected
connected graph G. First, let § € Q7 \ {p} be a Q node whose skeleton contains vertex s,
and let {xg,yp} = {s,s'}. Similarly, take a node 8’ € Q7 \ {p} whose skeleton contains a
vertex t and let {zg,yo } = {t,t'}.

If § = @', then we combine Fi () which contains data on the distance and the beer distance
in Gy, and F»() which contains data in G \ E(Gg). The combined result is represented by
F1(6) ® F»(0), and the distance and beer distance are obtained by referring to the weights of
the vertex pair (s,t) in Fy(0) & F»(0).

If 6 # 0/, let ™ be the lowest common ancestor of 6 and 6’ in T and denote the 6-6’

path in 7 by the vertex sequence I1: 0 = g, flg—1,- .., fh2, b1, T, A1, A2y ooy Ao1, Ap = 0.

F1(6) = Fy(ug) contains the data of the distance and the beer distance of each pair of {s, s’} =
{Tu Ypr } In Gy, Also, F3({pr—1, ux}) contains the data of each pair of {x,, ,,yu, ,} U
{Tu Ypr } In Gy, \ E(Gp,,). Therefore, by combining Fy(uy) and Fs({ftk—1, px}), we can
obtain the data of each pair of {z,, ,,yu, ,}U{s,s'} in G, ,. And the combined result
can be expressed as I () ® Fs({tk—1, ti})-

By applying this idea repeatedly, we can obtain the data of each pair of {x,,,y,, }U{s, s’}
in G, by computing

Fy(pe) ® (Fs({p1, p2}) @ -+ @ Fs({pn—1, e })) = Fr(pe) © (D55 Fs({pir prigr})) -

37:15
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Similarly, by computing
(F3({M1, A2}) @ - @ Fs({Xe—1, Ae})) @ Fi(Ae) = (@521 F3({1, A1 })) @ Fi(Mo),

we can obtain the data of each pair of {zy,,yx, } U {t,t'} in G,,.

Furthermore, Fy({u1,A1}) contains the data of each pair of {x,,,y,, } U{zx,,yx } in
G\E(G.,)\E(G),). Therefore, by combining this and the results of the above two operations,
we can obtain the data of each pair of {s,s'} U{¢,#'} in G. And the combined result can be
expressed as

Kyt = Fi(u) @ (95 Fs({i, w1 1) ® Fa({pn, M}) @ (@521 B ({0, A ) @ Fr(ho).

Then, we obtain the distance and the beer distance by d(G, s,t) = ws(s,t),dB(G,s,t) =
B
ws’t(s7 t).

Here, the computation of K g g/ can be written

Kyt = Fim) @ (815 Ba{uo min)) @ P M) @ (S5 B A D)) @ A

by using the semigroup &. Therefore, if we preprocess T for Tree Product Query regarding
@, we can compute K;f;;t for the @, ® operation in O(a(|V(T)|)) = O(a(m)) time.

B Algorithm based on tree decomposition

In this section, we describe algorithms based on tree decomposition. For a graph G with
n vertices and m edges, denote its treewidth by t := tw(G). Also, let T be a rooted tree
decomposition of G with width ¢ and O(¢n) nodes. Then, the following theorem holds.

» Theorem 12.

1. When we construct a data structure in O(t3n) space with preprocessing using O(t%n) time,
we can answer a query in O(t*n + a(tn)) time.

2. When we construct a data structure in O(t3n) space with preprocessing using O(t®n) time,
we can answer a query in O(t” + a(tn)) time.

3. When we construct a data structure in O(t°n) space with preprocessing using O(t1%n)
time, we can answer a query in O(t5 + a(tn)) time.

In the following, we describe an outline of the proof of the above theorems. For each
node p in 7, let X, be the vertex subset of G' that u has, and let S, = X, U UAGDCS“ X
Furthermore, let A, be a vertex in X, if u is a root node, and if u is not the root node,
A, = X, N X, where 1 € Chy (A, corresponds to the endpoint set of Ref,, in the SPQR
tree). Then, we define the following symbols as well as the mapping to the SPQR tree:

d(G[Su],u,v) (1€ V(T),u,v € Ap),
d(G\ E(G[S,)),u,v) (n € V(T),u,v € Ay),
d(G[S,u)\ E(G[SA)),u,v) (1, A) € E(T), A € Chy,u,v € A, U Ay),

Filpus
Falp v
Fa{u, Ay w0
fa{N VY uyv

-

d(G\ E(G[SA]) \ E(G[Sx]), u,v)
AN € (O5), ue V(T), u,v € Ay U AYL).

) :
):
):
) :

—~

{
We can calculate ﬁ as follows: If p is a leaf of T, then fi(u,u,v) = d(G[X,], v, v) and

) = {minprmX“{d(G[Xﬁ],u,p) +d(G[X,],p,v)} BNX,#0

B
fl (,U/,U,U 00 BQXH:(Z)
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If 1 is not leaves, then

. d(G[X,],u,v)
filps o) =i g minsecn, {d(GIX,)wp) + fi(Ap.0) + d(GX] g 0} |
P,q€ AN
B, 0) = {min {Ku’v,minpeBmXu{d(CZEiuLu,p) +d(G[X,]p,v)}} gg));:ié(g)’

where guﬂi = min)\GChu»an‘U {d(G[Xu],u,p)—l—fP()\,p, >+d(G[ ] )} f27f37f4 can be
calculated using the same idea.

For each p € V(T), | X, = O(@),|E(G[X,])| = O(?), so ALG (G[X,]) = O(t?) is
obtained regardless of how we take the range W of the weights. Noting this, the space C;7*“

and computation time CH™¢ required for each ﬁ can be evaluated as follows:

CPee, O = 3" O (|Aul) = 0 |V(T)]) = O(*n),
HEV(T)
O = Y O(t%) = O(£|E(T)|) = O(*n),
EEE(T)

e = 3" > 0@%) =0 V(T))) = O(™n),

REV(T) we(Chu)

cim o= 3 N Y Y 0(ALG(GIX) = O V(T)]) = O(*n),

HEV(T) u,v€A, NeChy, p,qEAy

cte= Y > Y Y o) =0T IE(T)]) = 0t n),

(1, \)EE(T) u,veA, UAN 6€Chy, \{A} p,g€Ag

cim= % 3 > Y. D o) =0 V(T)) = 0 n).

HEV(T) {x, 3} (Chi) uwEANUAL 0ECh, /\ (A} p.a€ Ay

Then, we consider the computational complexity of queries when these are precomputed.
First, if f1, fa are precomputed, the query can be solved in O(7|V (T)| + a(|V(T)|) + t6) =
O(t*n + a(tn)) time. Next, if fi,ﬁ,fé are precomputed, the query can be solved in
Ot +a(|V(T)]) +t5) = O(t” + a(tn)) time. Finally, if fi, fé, f;:,, ﬂl are precomputed, the
query can be solved in O(a(tn) + t°) time.

Here, the 5 term appearing in each computational time is the time required to perform
O(1) times operation (@) to integrate the data structure without using Tree Product Query
(for @). Of course, the t5 term could be replaced by a(tn) if a better semigroup could be
defined.

These computation complexity shows that the degree of ¢ in each result is larger than that
of r in the case of triconnected component decomposition (SPQR tree). The dominant factor
of this is that u,v in each ﬁ(, u,v) can be taken in O(t?) ways in the tree decomposition,
whereas O(1) ways in triconnected component decomposition.

C Algorithm for connected graphs

In this section, we consider the algorithm for solving Beer Path Query for connected graphs.
For a given connected graph G = (V, E) with n vertices and m edges, let C C V be the set
of cut vertices, R be the size of the largest the size of the largest triconnected component
among all biconnected connected components, and Ry = max{1l, R}. The following theorem
holds.
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» Theorem 13. When we construct a data structure in O(m + nR2% + |C|?) space with
preprocessing using O((m + nlog Ry)R% + (n+ |C|?)|Cla(m)) time, we can answer a query
in O(a(|C])) time.

In the following, we describe an outline of the proof of the above theorems. First, we
compute the set C' and the set of biconnected components H by using biconnected component
decomposition in O(n + m) time. Then, we arbitrarily take p € H, define 7 by V(T) = H
and {H,H'} € E(T) < V(H)NV(H') # (), and make a tree T with p as the root. Let
Gy be the subgraph of G induced by the vertices that appear in the subtree of T with H as
a root. Also, let ¢, be a specific vertex in V(p), and for each H € H, let ¢y be the only cut
vertex that H and its parent in 7 have in common.
Next, we define the following symbols as well as the mapping to the SPQR tree:

fi(H) :=d®(Gy,cu,ca) (H€H),
f2(H,c,d) = dB(G,¢,¢) (HeH,c,d e CNV(H)),
f3(H,v) :=d®(Gg,v,cq) (H € H,ve V(H)),
fa(H,v) = dB(Gy,cy,v) (HeH,veV(H)).

We can calculate f; from the leaves to the root by the following formula:

dB(H,cp,cn) }

fl(H) = min {min;echH{d(H, CH,CI) + fl(I) + d(H’ CI’CH)}

Note that when H is a leaf, we do not consider the second line on the right side of this
equation. Similarly, for equations appearing below, we do not consider any undefined part of
the equation if it occurs. Also, let J be the parent of H if it exists, we can calculate fy from
the root to the leaves by the following formula:

dB(H,e,c)
f2(H,¢,c’) = min § minzecn, {d(H, ¢, cr) + f1(I) +d(H,cr,¢)}
d(H,c,cq) + fo(J, e, cq) + d(H, cq, )

Furthermore, we can calculate f3 by the following formula:

dB(H,v,cp) }

f3(H,v) = min {minIGChH{d(HavaCI) + f2(H,cr )}

f1 can be computed as well as f3.

Using the above symbols, we represent the distance between two given vertices s,t and
the beer distance. First, we choose a biconnected component that contains the vertices s
and t, respectively, and denote it by H; and H;.

If H;, = H, = H, the distance and the beer distance can be computed as follow:

dB(H, s, t)
d(G,s,t) = d(H,s,t), d®(G,s,t) =min{ minjecn, {d(H,s,cr) + f1(I) +d(H,cr,t)}
d(Ha57cH) +f2(HycHacH) +d(H7CH7t)

If H, # Hy, let H, be the lowest common ancestor of Hy; and H; in 7 and denote the
Hs—Ht path in T by the sequence HS = 11,127. .. ,Ik._l,Ik,Ha,Jl,Jg,. . .,J@_l,J[ = Ht.
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Then, the distance and the beer distance can be computed as follow:

d(G7 S7t) = d(Il7 57611) + ZQSpgk d(Ip? Clp—17CIp)
+ d(Hm Clkchl) + Zlgqggfl d(Jq, Cquch+1) + d(JbCJwt) 5
f3(H,s) —d(Iy,s,cr,)
min2§PSk {f2(IP7CIp—17CIp) - d(Ip’ CIp—l’CIp)}
dB(G,s,t) = d(G, u,v) + min fo(Haycr_ysCy) — d(Ha,C[kil,C‘]2)
minlf‘lfe_l {fQ(Jq’ CJq’CJq+1) - d(J‘I’ch’CJq+1)}
f4(H7t) 7d(J£70Jgat)

From here, we analyze the computation complexity. Note that we assume that each biconnec-
ted graph H € H has been preprocessed in O(m+nR?) space and O((m+nlog Ry)RY) time
so that any distance and any beer distance can be computed in O(a(|E(H)|)) = O(a(m))
time. Also, let deg,(H) be the degree of H in T, the space C;"*“ to store f; and the time
Ctme required to compute f; can be evaluated as follows:

Cipace _ O(‘CD, C;paoe = Z O(degT(H)2) = O(|C‘2)7
HeH

e o= "0 Y 1+ Y 1| =0(n—|C)+2C)) = 0n),

HeH veV(H)\C veV(H)NC
Ci™e =Y~ O(a(m)|Chal) = O <a<m) > degT(H)> = O(a(m)[C)),
HeH HeH

™ =>" Y O(a(m)[Chyl) =0 <a(m) > degT(H)3> = O(a(m)|CP"),

HEH c,c’ €CNV (H) HeH

e = > > Ola(m)[Chuh =30 <a<m> 2 lChH) = OamiCin).

HeH veV(H) vev HeH

Therefore, we can perform all preprocessing in O((m + nlog Ry)R3 + (n + |C|?)|C|a(m))
time and store it in O(m + nR3 + |C|?) space. Furthermore, By using Tree Product Query
and Lange Minimum Query, the query can be solved in O(a(|V (7)) = O(a(|C])) time.

D Figures

c SplComg (1,6) SplComq(2,6) —
) G, G 3 @
1IN Hy— —H,
e ® W & @ ( W g 0 W
@‘@ ) ® ®—® ®—® ® ® /

Figure 6 An graph G and its two sets of split components.
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Sk# Ref,

Vi g = Xu;
=X, j-1 ]
Xy, Yui = Xpive Yy

Fy (i) Fl(llj)

Xu = Xpy

A

‘ a0, [i.j] >

VX -
Yy = Xu, o 1] Yure = Yu

Figure 7 Notation for skeleton of S node.

Notation of each node u(¢ Q)

H sk,
F,(W) °
()

F(2) (A€ Chy)

>€B—’ H(12)3

Figure 9 Calculation of H(z)s in the case of A1 = p2 and A2 = ps.
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