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—— Abstract

Let G = (V, E) be a weighted undirected graph with n vertices and m edges, and let d¢(u,v) be the
length of the shortest path between v and v in G. In this paper we present a unified approach for
obtaining algorithms for all pairs approximate shortest paths in weighted undirected graphs. For
every integer k > 2 we show that there is an O(n2 + kn273/km2/k) expected running time algorithm
that computes a matrix M such that for every u,v € V:

k—2

de(u,v) < Mu,v] < (2+ T)dc(uw)

Previous algorithms obtained only specific approximation factors. Baswana and Kavitha [FOCS
2006, SICOMP 2010] presented a 2-approximation algorithm with expected running time of O~(n2 +
m+/n) and a 7/3-approximation algorithm with expected running time of O(n? + m?/3n). Their
results improved upon the results of Cohen and Zwick [SODA 1997, JoA 2001] for graphs with
m = o(n?). Kavitha [FSTTCS 2007, Algorithmica 2012] presented a 5/2-approximation algorithm
with expected running time of O(n%/%).

For k = 2 and k£ = 3 our result gives the algorithms of Baswana and Kavitha. For k = 4, we
get a 5/2-approximation algorithm with O(n%m%) expected running time. This improves upon the
running time of O(n®/*) due to Kavitha, when m = o(n?).

Our unified approach reveals that all previous algorithms are a part of a family of algorithms
that exhibit a smooth tradeoff between approximation of 2 and 3, and are not sporadic unrelated
results. Moreover, our new algorithm uses, among other ideas, the celebrated approximate distance
oracles of Thorup and Zwick [STOC 2001, JACM 2005] in a non standard way, which we believe is
of independent interest, due to their extensive usage in a variety of applications.
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1 Introduction

Computing All Pairs of Shortest Paths (APSP) is one of the most fundamental problems
in Computer Science. The fastest known algorithms for APSP in weighted graphs run in
min{O(mn),n®/ exp(y/logn)} [27, 19, 20].

In unweighted undirected graphs the fastest known APSP algorithms run in O(min{mn,
n®}) time! [21], where w < 2.373 is the exponent of square matrix multiplication [28, 17, 24],
n is the number of vertices and m is the number of edges. For an extension of this result to
undirected graphs with integral weights see [22] and to directed graphs see [30]. Fast Matrix
Multiplication (FMM) algorithms hide large constants and are thus far from being practical.
A fundamental research question is whether one can obtain fast “combinatorial” algorithms,
that can be implemented.

1O notation hides polylogarithmic factors
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A Unified Approach for APASP in Weighted Graphs

Aingworth, Chekuri, Indyk and Motwani [1] initiated the research on efficient APSP
algorithms in unweighted undirected graphs, that settle for an approximated solution and
do not use FMM. An all pairs approximate shortest paths (APASP) algorithm has («, 8)-
approximation if every distance X is estimated by the algorithm to be at least X and at most
aX + (3, where « is the multiplicative approximation and [ is the additive approximation.
Aingworth et al. [1] presented a (1, 2)-approximation that runs in O(n??).

Dor, Halperin and Zwick [10] improved and generalized the results of [1]. For every even
k > 2, they presented a generalized scheme with O(min{n%%ﬁm%ﬁ,nﬁiﬂv%}) running
time and an additive approximation of k. For k = 2, the running time is O(min{n2m?z,n3})
and the additive approximation is 2. They also obtained an algorithm with O(n?) running
time and (3,0)-approximation. Berman and Kasiviswanathan [6] improved this result and
obtained an algorithm with the same running time of O(n?) and (2, 1)-approximation. The
question of obtaining efficient APASP algorithms for unweighted undirected graphs was
considered by many subsequent works [11, 5, 3, 23, 16, 2].

Cohen and Zwick [9] extended the results of Dor et al. [10] to weighted undirected
graphs. They obtained an O(n?) time algorithm with a (3,0)-approximation, an O(nzm?)
time algorithm with a (2, 0)-approximation and also O(n?) time algorithm with (7/3,0)-
approximation. Their analysis of the (3, 0)-approximation algorithm allowed them to obtain a
general scheme with a running time of O(n?~/*m!/¥) that for every pair u,v € V computes
an additive approximation of 2 Zi:ll w;, where w; is the ith heaviest edge on the shortest
path between u and v. (For a similar result see also [12].) This is still a (3, 0)-approximation
in the worst case.

Baswana and Kavitha [4] presented several algorithms that perform better than the
algorithms of Cohen and Zwick when m = o(n?). They presented a (2,0)-approximation
algorithm with expected running time of O(n?+m./n) and a (7/3, 0)-approximation algorithm
with expected running time of O(n2 +m?/ 3n). Notice that both algorithms have the same
running times as those of Cohen and Zwick when m = ©(n?). Kavitha [15] presented a
(5/2,0)-approximation algorithm with expected running time of O(n®*). Baswana and
Kavitha [4] presented also a (2, W)-approximation algorithm, where W is the largest edge
weight, with expected running time of O(min{n?, my/n}). This is still a (3,0)-approximation
in the worst case. A deterministic algorithm with the same bounds was presented by Berman
and Kasiviswanathan [6].

It stems from all the previous results mentioned above that for m = ©(n?) there is a
(2 + (k — 2)/k, 0)-approximation algorithm with an expected running time of O(n?*+/*), for
every k € {2,3,4}. For k € {2,3}, there is a (2+ (k — 2)/k, 0)-approximation algorithm with
expected running time of O(n? + n2=tm# ). Therefore, in light of the existing results and the
lack of progress in improving them for more than 15 years, a natural research question that
arises is, whether there is a general scheme of algorithms with (2+ (k —2)/k, 0)-approximation
and O(n**/%) running time, for every k > 4 or even more generally, is there a general
scheme of algorithms with (2+ (k — 2)/k, 0)-approximation that work better for sparse graphs
and have a running time of O(n2 + n2~#m?), for every k > 3. Obtaining the latter scheme
requires first to improve the (5/2,0)-approximation algorithm with expected running time of
O(n®/*) of Kavitha [15]. In this paper we answer the more general question positively and
prove:

» Theorem 1. For every integer k > 2, there is an APASP algorithm with expected running
time of O(n? + m# nQ*%) and multiplicative approximation of 2 + %

For k = 2,3 we get the results of Baswana and Kavitha [4]. For k = 4, we improve upon
the result of Kavitha [15] and get a (5/2,0)-approximation algorithm with O(n2 + nim?2)
expected running time, which is better than O(n®/*) when m = o(n?).
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The main contribution of Theorem 1 is in unifying all previous algorithms into one general
systematic scheme which reveals for the previous known algorithms with 2, 7/3 and 5/2
approximation, that rather than being accidental ad-hoc results, they are part of a family of
algorithms that exhibits a smooth tradeoff between time and approximation.

Another aspect of Theorem 1 is that the current state of the art in conditional lower
bounds only rules out the existence of a (2 — ¢)-approximation algorithm whose running
time is better than the running time of FMM. No conditional lower bounds are currently
known for approximation factors in the range between 2 and 3. Our result shed a light on
this range from the upper bound perspective.

From the technical perspective our result is obtained by a combination of several obser-
vations with one important key ingredient that might be useful for generalizing also other
algorithms that are based on distance computation. Very roughly speaking, the algorithms
for k = 2,3 of [4] and for k = 4 of [15] are obtained by using a case analysis in which one of
the cases uses the following approach. For every u,v € V' there is some edge (a,b) € E on a
shortest path between u and v that is used to get an estimation to the distance between
and v based on approximate distance queries between u and b and v and a. We develop a
generalization of this idea which is based on the query procedure of the approzimate distance
oracles (ADO) of Thorup and Zwick [26]. However, this key ingredient in its own is not
enough to obtain Theorem 1. A tighter analysis of the algorithm of [4] for the case that
k =2 and a careful combination of it with our generalization technique is required.

The ADO of Thorup and Zwick [26] plays a pivotal role in many results related to
approximating distances. Formally, Thorup and Zwick showed that for any integer k > 1 it
is possible to preprocess a weighted undirected graph in O(kmnl/ k) expected time and to
create ADO of size O(kn'+1/F). For every u,v € V a query returns in O(k) time a (2k — 1,0)-
approximation. Many of the subsequent works on ADO were focused on improving the
preprocessing time. (For more details see for example [4, 29, 23].) Baswana and Kavitha [4]
showed that for k > 2 it is possible to compute ADO in O(min{n?, kmn'/*}) expected
running time. Other aspects of ADO were considered as well. For more details see for
example [18, 29, 7, 8, 13, 14].

The rest of this paper is organized as follows. In the next section we present notations and
review previous works. In Section 3 we present the main ingredients needed for obtaining the
generalization. In Section 4 we present a couple of additional ingredients whose combination
with the generalization presented in Section 3 yields the proof of Theorem 1.

2 Preliminaries

Let G = (V, E) be a weighted undirected graph with n = |V| vertices and m = |E| edges.
Let w: F — R* be a weight function on the edges of G. For a vertex u € V, let N (u) be the
set of neighbours of w including wu itself. Let E,, be the set of incident edges of u. Let E,(7)
be the i lightest edges® that are incident to u and let N(u,i) = {v | (u,v) € E,(i)}. Let
E(i) = Uyev Ey(i). Let u,v € V and let dg(u, v) be the distance between u and v in G, that is,
the length of the shortest path between u and v. Let S C V. Let pg(u) = arg minyes dea (u, w)
and let dg(u,S) = dg(u,ps(w)). If S = 0 then dg(u,S) = co. Notice that ps(s) = s for
every s € S. Let Eg(u) = {(u,v) € E, | w(u,v) < dg(u,S)} and let Fg = Uyev Eg(u).
Notice that in the degenerate case that S = () we have Es = F, since dg(u,S) = oco.

2 Ties are broken arbitrarily. If 4 is not integral we take the [7] lightest edges.
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A Unified Approach for APASP in Weighted Graphs

Several variants of the next two Lemmas were used in many of the previous papers [10, 9,
26]. For our needs we use the formulation of Baswana and Kavitha [4]:

» Lemma 2 ([4]). Given a weighted undirected graph G = (V,E) and a set S C V the

following holds:

1. If dg(u,v) < dg(u,S) then all the edges on a shortest path between u and v are in
G(V,Es) and dgv,ge)(u,v) = dg(u,v).

2. de(v,EsUE, 4 () (U, Ps (1)) = da(u, ps(u)).

» Lemma 3 ([4]). Ifv €V is added to S with probability p then E[|Es|] is O(n/p).

For every u € V, the ball of u with respect to S is Bg(u) = {w | dg(u,w) < dg(u,S)}.
An example to a ball is presented in The next definition of overlapping balls is used implicitly
in many of the previous research on ADO and APASP. This definition was stated explicitly
by Kavitha [15].

» Definition 4 ([15]). Balls Bg(u) and Bs(v) overlap if da(u, S) + da(v, S) > da(u,v).
The next Corollary from [15] is crucial for our new algorithms.

» Corollary 5 ([15]). If P(u,v) is a shortest path and Bs(u) and Bs(v) overlap then P(u,v)
can be divided into a portion P(u,a) in Bg(u), a portion P(v,b) in Bs(v), and an edge
(a,b)3.

Let Sy CV, S;+1 € S;, where i € [0,k] and k > 1. The set S;41 is constructed by picking
every vertex of .S; independently at random with probability p - clogn, for some constant
c. We denote these k + 1 vertex sets with S} and call them a regular hierarchy if Sy =V
and S, = 0. Later we also define augmented and mized hierarchies. We will usually refer to
vertices in S;, for ¢ > 0, as pivots. For every u € V' let p;(u) = pg, (u).

Thorup and Zwick [26] introduced approximate distance oracles (ADO). Given k > 1,
an ADO of size O(n't/*) can be constructed in O(mn'/*) time. A query between any
u,v € V returns in O(k) time a (2k — 1)-multiplicative approximation of the distance.
At the core of the ADO is the definition of a bunch B;(u) for every vertex u € V and
i € [0,k —1]. For a given i € [0,k — 1] and v € V a bunch B;(u) is defined as follows:
Bi(u) = {w € S; \ Si+1 | de(u,w) < dg(u,pi+1(u))}. Notice that if we translate the
definition of bunches to the terminology of balls then for every w € V and i € [0,k — 1],
Bi(u) = S; N Bg, ., (u). In particular, for i = 0 we have that the bunch By(u) is simply the
ball Bg, (u). Thorup and Zwick [26] proved the following Lemma on the size of the bunches.

» Lemma 6 ([26]). Let p = qclogn, where ¢ is a large constant and q € (0,1/(clogn)). For
every i € [0,k — 2] the size of B;(u) is O(q~1logn) with high probability. The size of Bx_1(u)
is O(n(qlogn)*=1), whp.

The different bound on | By_1 ()] is not really relevant for the ADO of Thorup and Zwick,
as they set ¢ = n~ /% and both bounds coincide at the same value. In our case, however, it
raises a non trivial obstacle on the way to obtain efficient algorithms for sparse graphs. We
will elaborate more on this issue later on.
~1/kclogn, and Sy, = ). For every
w €V and i € [0,k], p;(u) and B;(u) are computed and saved in the data structure. Thorup
and Zwick defined also clusters C;(w) = {u | w € B;(u)}, for every w € S; \ S;4+1. The query

algorithm is presented in Algorithm 1.

The ADO is composed of an hierarchy S}, where p =n

3 Notice that in the degenerate case of a path of two edges either v =a or b= v
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Algorithm 1 DIST(u,v). Algorithm 2 DIST(u, v, 7).

i+ 0 147

while p;(u) ¢ B;(v) do while p;(u) ¢ B;(v) do
i1+ 1; 141+ 1;
swap u and v; swap u and v;

end end

return d(u, p;(u)) + d(v, p;(u)); return d(u, p;(u)) + d(v, p;(u));

For the purpose of our new algorithms we generalize the query of Thorup and Zwick’s
ADO (see Algorithm 2) by adding an additional input value r. The search is for the first
1 > r, for which p;(u) € B;(v), alternating between u and v after each iteration. Let f(u,v,r)
be the value of ¢ when DIST(u, v, 7) ends.

» Lemma 7. Letu,v € V,r € [0,k—1] and f = f(u,v,r). If f—r is even then da(u, ps(u)) <
da(u, pr(uw)+(f—r)da(u,v). If f—r is odd then dg (v, ps(v)) < da(u, pr(uw)+(f—r)da(u,v).

Proof. Consider every i € [r, f — 1]. If i — r is even then p;(u) ¢ B;(v) and from bunch
definition together with the triangle inequality we get dg(v,pi+1(v)) < dg(v,pi(uw)) <
de(u,v) + dg(u, p;(w)). Similarly, if ¢ — r is odd then p;(v) ¢ B;(u) and dg(u,piy1(u)) <
de(u, p;(v)) < dg(u,v)+dg(v, p;(v)). This implies that for even i—r we have dg (v, pi+1(v)) <
(i+1—7)-dg(u,v) + dg(u,pr(u)) and for odd i — r we have dg(u, pi+1(u)) < (i +1—71)-
4, ) + des (o, pr ().

Thus, if f —r is even we have dg(u,ps(u)) < (f —7) - da(u,v) +de(u, pr(u)) and if f—r
is odd we have dg(v,pr(v)) < (f — ) - da(u,v) + da(u, pr(u)).

As before we consider two subcases. The first is that 7 is even and the second is that r is
odd.

In case that r is even then we let f = f(a,u,r). <

3 A generalized scheme for APASP algorithms

3.1 Improving the pivots data

Baswana and Kavitha [4] presented a simple algorithm that given an hierarchy S} computes
the distance between every pair of vertices (s,v) € S; x V in the graph (V| Eg,, , UE), where
i € [0,k — 1], in expected running time of O(n?*1/%).

In our new PIVOT-DIST algorithm we compute the bunches of every u € V' with respect to

i+1

hierarchy S;. We also change the way distances are computed for the pairs (s,v) € S; x V
in the graph (V, Eg
necessarily in F.

We define a new graph G,;11(s) = (V, Hi+1(s)), for every i € [0,k — 1] and s € S; and
run Dijkstra’s algorithm for s in G41(s). The graph G,41(s) is constructed as follows. The
edge set H;y1(s) is initialized with Fg, ,. The first change is that we add to H;y1(s) the set
of edges E(1/(p't1)).

The second change is that for every s € S; the set H(s) contains an edge between s and
every u € V. The weight of every (s,v) € H(s)\ Fs is initially set to co. Every (s,v) € H(s)N
E, already has a weight. Next, we ensure in a loop that the weight of (s,v) € H(s) is at most
min{w(s,v), min,ec, (s)nn ) 1da (s, w)+w(u, v) }, Ming,e N () Ap; (u)=s 1da (5, u)+W(u,v)} } and
add H(s) to H;y1(s).

.. U E,) by using more edges and in particular edges which are not

i+1°
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4:6 A Unified Approach for APASP in Weighted Graphs

As mentioned above we perform these computations using algorithm PIVOT-DIST. The
additional data computed by PIVOT-DIST for the pairs (s,v) € S; x V enables us later on to
perform more queries when computing the approximate distance between pairs u,v € V.

Algorithm 3 PIvOT-DIST(SY).

MTi, §] + oo, for every (4,7) € [n] x [n];
for i<~ 0tok—1do
// Phase 1: Adding shortcut edges
foreach s € S; \ S;41 do
H(s) < {(s,v) [ve V]
foreach e € H(s) \ E; do w(e) + oo;
end
// Phase 2: Computing dg(u, S;), pi(u), B;(u) and updating edge weights.
foreach v € V do
compute dg(u,S;), pi;(u) and B;(u);
M{pi(u), u] < da(u,S:), M(u,pi(u)] + da(u, S;);
w(pi(u), u) = de (u, ;)
) foreach (u,v) € E,, do
w(pi(),v) — min{w(ps(u), v), da(pi (u), w) + wu, 0)};
foreach s € B;(u) do M[s,u] < dg(u,s), M[u,s] < dg(u, s);
@ foreach (u,v) € E, do
‘ foreach s € B;(u) do w(s,v) < min{w(s,v),dc(s,u) + w(u,v)};
end

end
// Phase 3: Computing shortest paths for the vertices of S;
foreach s € S; do
GiJrl(s) = (V’ ESi+1 U E(l/(pl+1)) U H(S))a
run Dijkstra’s algorithm from s in G;41(s);
foreach u € V do
M[s,u] < min{M]s, u], dGHl(S)(s, u)},

Mu, 8] + min{M[u, s], dGHl(s)(S’ u)}

end

end
end
return M;

A pseudocode of PIVOT-DIST(S} ) for computing distance information for (s,v) € S; x V/,
for every i € [0,k — 1], s € S; and v € V, is presented in Algorithm 3. A matrix M of size
n X n is initialized with co in every entry. We iterate on ¢ from 0 to kK — 1. For every i we
have three phases. In the first phase we iterate on the set S;. For every s € S; \ S;y1 the
set H(s) is initialized with edges between s and every v € V. For every (s,v) € H(s) \ E;
we set w(s,v) to co. In the second phase for every u € V we compute p;(u), da(u, S;)
and B;(u). We then set M[p;(u),u] = dg(u,S;) and w(p;(u),u) = dg(u,S;). Notice
that here we update the weight of edges in H(s), some might be in the original graph
and some might not. In line (1) we scan the edges of v and for each (u,v) € E, we set
w(pi(u),v) = min{w(p;(u),v),dg(p;(u),u) + w(u,v)}. We set M[s,u] = dg(u, s), for every
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s € B;(u). Notice that by this we ensure that we have for every u € V' the distance between
u and every vertex in its bunches, according to the bunch definition of Thorup and Zwick’s
ADO. In line (2) we scan the edges of u and the vertices of B;(u) and for every (u,v) € E,
and s € B;(u) we set w(s,v) = min{w(s,v),dg(s,u) + w(u,v)}.

In the third phase we iterate on the vertices of S;. We compute the distance from every
s € S; to every vertex in V' in the graph G;41(s) by running Dijkstra’s algorithm from s
and update M accordingly. The matrix M is returned as the output. Next, we analyze the
running time of Algorithm 3.

» Lemma 8. PvoT-DIST(SE) runs in O(n? + (k — 1)n?p~' + mnp*~1) expected time.

Proof. Initializing M takes O(n?) time. In the first phase of the loop on i we scan S; \ S;41
and for every s € S; \ S; 11 we add an edge between s and every vertex of V' to the set H(s).
We then update the weight. This costs O(|S; \ S;+1|n). The total cost of the first phase for
every i € [0,k — 1] is O(n?).

In the second phase we compute p;(u), dg(u, S;) and B;(u) for every u € V. It is easy to
compute p;(u) and dg(u, S;), for every u € V., in O(m) time by connecting a dummy vertex
only to the vertices of S; and running Dijkstra’s algorithm from the dummy vertex.

Thorup and Zwick [26] showed that computing B;(u) for every u € V takes
O(ZuEV |B;(uw)| - |N(w)|) time (Section 4.3 in [26]). For i € [0,k — 2] this results in a
running time of O(m - p~ 1), since from Lemma 6 we have B;(u) = O(1/p). The cost

k=1) since from Lemma 6 we have

of computing Bj_1(u), for every u € V, is O(m - np
Bi_1(u) = O(np*—1).

For every i, the cost of line (1) is O(3,cy |N(u)|) = O(m) and the cost of line (2) is
O(Xuev |Bi(w)|-|N(w)]). Thus, the total cost of the second phase is O(km-p~! +m-np*~1).

In the third phase we run Dijkstra’s algorithm from every s € S; in G;11(s). The set
of edges of Gi11(s) is Es,,, UE(1/(p"*)) U H(s). The set H(s) is of size O(n). The set
E(1/(p**1)) is of size O(n/(p'™1)).

Consider now the set Eg,_ ,, for i <k — 1. The probability of a vertex to be in S;1; is
O(p'™'). Applying Lemma 3 we get that the expected size of the set Es,,, is O(n/(p'!)).

We get that the cost of the third phase for every inetger i € [0,k — 2] is O(|S;| - n/p'*t1).
Since the expected size of S; is O(np') we get a bound of O(Zi:g (n-p'-n/ptH=0(n?+
(k- n2p).

When ¢ = k — 1 we cannot apply Lemma 3 to bound the size of Eg, since S, = 0,
thus, we bound the cost of running Dijkstra’s algorithm from every s € Sx_; in Gg(s) with
O(|Sk—1|m) = O(n-p*~'m). We get a running time of O(n?+ (k —1)n?p~t +mnp*~1). =

In the next Lemma we summarize several properties of the matrix M returned by
PIVOT-DIST. These properties are ensured by phase 2.

> Lemma 9. Leti € [0,k —1], let s€S; and let ue V.
1. If s € {pi(u)} U B;(u) then M[s,u] = dg(s,u)
2. If se {p;(u)} UB;(u) and (u,v) € E then M[s,v] < dg(s,u) + w(u,v)

Proof. The proof easily follows from the execution of phase 2. |

We finish this section with a Lemma that summarizes several additional properties that
follow from the structure of the graph G;i1(s), where s € S; and ¢ € [0,k — 1]. These
properties are ensured by phase 3 of PIVOT-DIST.
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A Unified Approach for APASP in Weighted Graphs

» Lemma 10. Let u,v € V and let P(u,v) be a shortest path between u and v with at least

two edges. Let s € S; and let p;(u) = s, where i € [0,k — 1].

1. If P(u,v) is in Giy1(s) then M[s,v] < dg(s,u) + dg(u,v).

2. If P(u,v) is not in Gi41(s) then i < k — 2.

3. If P(u,v) is not in Gi41(s) and Bs, ., (u) and Bg,_, (v) overlap, where (a,b) € P(u,v) is
the edge that connects them, then (a,b) ¢ E,(1/p"t1) U Ey(1/p*t1) U Eg

i+1°

Proof.

1. The claim follows since P(u,v) is in G;11(p;(w)), (pi(u),u) € H(p;(u)) and w(p;(u),u) =
da(pi(u), ).

2. Assume towards a contradiction that ¢ = k — 1. The graph Gy (px—1(u)) contains the
edges Eg, and since Sy, = () we have Eg, = E. Thus, G (pr—1(u)) contains E and in
particular, P(u,v) is Gg(px—1(u)), a contradiction.

3. Since dg(u,a) < dg(u, pir+1(u)) and dg(v,b) < dg(v, piv1(v)) it follows from Lemma 2
that P(u,a) and P(v,b) are in Eg,,, and thus in G;y1(pi(u)). Since P(u,v) is not in
Gi+1(pi(u)) it must be that (a,b) ¢ E,(1/p"1) U E,(1/p*tY) U Es,, % <

i+1

3.2 A general scheme

We turn now to describe our new and general scheme for APASP algorithm. We denote this
algorithm with APAsp. Our new algorithm is obtained by using PIVOT-DIST(S?) to obtain
better estimations in several important cases. These better estimations are then combined
with a procedure similar to the query of Thorup and Zwick distance oracles. The main
challenge is in the analysis of the approximation factor.

The algorithm gets as an input a weighted undirected graph G and an hierarchy Sf. The
algorithm returns a matrix M of approximate distances.

The algorithm works as follows. We start by initializing the matrix M. For every
(i,7) € E we set M, j] to w(i, j) and for every (i,5) ¢ E we set M[i, j] to co. Next, we run
PIVOT-DIST(S;) and update matrix M with the result. Finally, we scan for every u,v € V
the vertices p;(u), for every i € [0,k — 1] and the vertices in B;(u), for every i € [0,k — 2].
We update M [u,v] if we find a vertex w such that M[u,w] + Mv, w] < M[u,v]. Notice that
we are not scanning the vertices of Bjy_1(u) deliberately. This caveat is because the size
of By_1(u) is O(np*~1), for every u € V, thus scanning these bunches is prohibited if we
like to obtain an algorithm with an efficient running time in sparse graphs. A careful case
analysis of odd and even values of k allows us to avoid scanning Bj,_1(u) without affecting
the approximation factor. A pseudocode of APASP is presented in Algorithm 4.

We now analyze the approximation of the algorithm.

» Lemma 11. The output M of APASP(G,SY) satisfies de(u,v) < Mu,v] < 2dg(u,v) +
k—2
~da(u,v).
% )

Proof. Let u,v € V. Let P(u,v) be a shortest path between w and v. If P(u,v) has a
single edge then M|u,v] = w(u,v) since we set M[u,v] to w(u,v) in APASP. Thus, we can
assume that P(u,v) has at least 2 edges. Let i € [0,k — 1] be the largest index such that
da(u, S;) +da(v, S;) < dg(u,v). Such an index must exist since Sp = V' which implies that
da(u, So) + dg(v,S) = 0 < dg(u,v).

4 If P(u,v) has two edges then the claim hold since either v = b or u = a.
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Algorithm 4 ApasP(G,Sy).

foreach (i,7) € [n] x [n] do Mi, j] < oc;
foreach (i,7) € E do M[i, j| + w(i,7);
M < min{M, PIvOT-DIST(S}) };
foreach u € V do
for i< 0tok—1do
foreach v € V do
€D Mu,v] < min{ M [u, v], M[p;(u),u] + M[p;(u),v], M[v, u]};
if i <k —2 then
foreach w € B;(u) do

@ ‘ Mu,v] < min{M [u, v], M[w,u] + M[w,v], M[v,u]}
end
end
end
end
end
return M;

Assume, wlog, that dg(u,S;) < dg(v,S;). If P(u,v) is in Giy1(pi(u)) it follows from
Lemma 9(i) and from Lemma 10(i) that after updating M with the result of PIVOT-DIST
Mp;(u),u] = dg(pi(u),w) and M[p;(u),v] < dg(pi(u),u) +de(u,v). In line (1) of APASP we
update M[u,v] if needed, therefore, it is guaranteed that M [u, v] < 2dg(p;(u), u)+da(u,v) <
2dg(u,v).

Consider now the case that P(u,v) is not in G41(p;(u)). From Lemma 10(ii) it follows
that ¢ < k—1. Since i is the largest index for which we have dg(u, S;)+dg (v, S;) < dg(u,v) it
follows that dg(u, Si+1) + da(v, Sit1) > dg(u,v), which implies that Bg, , (u) and Bg,, (v)
overlap. Let (a,b) € P(u,v) be the edge that connects Bg, ,(u) and Bg,,,(v). From
Lemma 10(iii) it follows that (a,b) ¢ E,(1/p*1) and (a,b) ¢ E,(1/p**1). Therefore, for the
rest of the proof we can assume that P(u,v) has at least 2 edges, i < k — 1, P(u,a) is in
G(Vv E5i+1)’ P(U7b) is in G(V7 E5i+1) and (a7 b) ¢ Ea(l/pi+1) U Eb(l/pi+1) UEsg

Next, we will prove two different bounds on M [u, v].

i+1°

> Claim 12.  M[u,v] < min{3dg(u, v) — 2dg(b,v), 3da(u,v) — 2dg(a,u)}.

Proof. Let j >4 + 1 be the smallest index for which (a,b) € E(1/p’). If j > k we set j to k.
Assume that (a,b) € E,(1/p’) and (a,b) € Ey(1/p?), where j' > j. If j = k we set j to k.

By definition, the sets N(a,1/p’~1) and N(b,1/p’~1!) are of size 1/p’ 1. Since vertices of V
are in S;_1 with probability at least p’~clogn, it follows that, whp, S;_; contains at least
one vertex from N(a,1/p’~!) and N (b, 1/p771).

Let € N(a,1/p?~1)N S;_1 and let y € N(b,1/p?~*) N S;_1. Since (a,z) € E,(1/p"71)
and (a,b) ¢ E,(1/p"~!) we have w(a,r) < w(a,b). Similarly, since (b,y) € E(1/p’~1)
and (a,b) ¢ Ep(1/p’~') we have w(b,y) < w(a,b). Thus, we get that dg(u,p;—1(u)) <
da(u,a) + wia,b) < dg(u,b) and da(v,pj—1(v)) < dg(v,b) + w(a,b) < dg(v,a).

Now since (a,b) € FE,(1/p’) it follows that the path P(u,v) is in G;(p;—1(u)) and
G;(pj—1(v)), when j < k. When j = k we have Eg, = FE and P(u,v) is in Gi(pr—1(u)). It
follows from Lemma 10(i) that M [p;_1(u), v] < da(pj—1(w), w)+da(u,v) and Mp;j_1(v),u] <
da(pj—1(v),v) +da(u,v).

4:9
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Thus, after line (1) of APASP is executed for the pair u,v and for the pair v, u we have
Mu,v] = M(v,u] < min{2dg(u,pj_1(w)) + da(u,v), 2de(v, pj—1(v)) + da(u,v)}. We get:

Mv,u] = Mu,v] < min{2dq(u, pj—1(w)) + da(w,v), 2dg(v,pj—1(v)) + da(u,v) }
< min{dg(u,v) + 2dg(u, b), dg(u,v) + 2dg(v,a)}
= min{3dg(u,v) — 2dg(b,v), 3dc(u,v) — 2dg(a,u)},

since de(u, pj—1(u)) < dg (u b) and d¢ (v, pj—1(v)) < de(v, a) and since dg(u, b) = dg(u,v)—
dg(b,v) and dg (v, a) = dg(u,v) — dg(a,u). <

We now turn to prove a second bound on M|u,v].

> Claim 13.  MJu,v] is bounded either by (i) 2 - (k — 1)dg(u,a) + dg(u,v) or by (ii)
2+ (k= 1)dg(v,b) + da(u, v)

Proof. We consider the pair of vertices u and a and the pair of vertices v and b.

Let r be the largest index such that a ¢ Bg (u) and u ¢ Bg,(a). Let ' be the largest
index such that b ¢ Bg ,(v) and v ¢ Bg , (b). Since Sy = V' it follows that Bg,(x) = {z}, for
every x € V. Thus, we have a ¢ Bg,(u) and u ¢ Bg,(a) and also b ¢ Bg,(v) and v ¢ Bg, (b).

We assume that » > ' and show that M[u,v] <2 (k — 1)dg(u,a) + dg(u,v). If v’ >r
then a symmetric proof shows that M[u,v] < 2-(k—1)dg(v,b) + dg(u,v). In the degenerate
case that P(u,v) has only two edges and b = v we set 7’ = r. The proof below works for this
case as well and hence M[u,v] <2 (k—1)dg(u,a) + dg(u,v). If a = u a symmetric proof
shows that M[u,v] <2 (k—1)dg(v,b) + dg(u,v).

Recall that we are in the case that dg(u, a) < dg(u, pi+1(w)) and dg(v,b) < da(v, pit1(v)),
thus we have a € Bg,,, (u) and b € Bg,, (v). This implies that 7 < i < k—landr’ <1i < k—1,
since ¢ < k — 1.

From the definition of r it follows that either a € Bg,,,(u) or v € Bg, ,(a). If a €
Bs, ., (u) then dg(u,a) < dg(u,Sr11) and it follows from Lemma 2 that P(u,a) € Eg
Similarly, if v € Bg, ., (a) then dg(u,a) < dg(a, Sy41) and it follows from Lemma 2 that
P(u a) € Es, ,,. From symmetrical arguments we get that P(v,b) € Es, . Since Egs; C

S;41, for every j € [0,k — 1], we have and P(u,a)U P(v,b) C Es,,,, for every q > r.

Next, we distinguish between odd and even values of k. Assume first that k& is odd. This
implies that £ — 1 is even. We now consider two subcases. The first is that r is even and the
second is that r is odd. In case that r is even then we let f = f(u,a,r).

From Lemma 7 it follows that if f —r is even then we have dg(u,py(u)) < da(u, pr(u)) +
(f —=r)dg(u,a) and if f —r is odd then dg(a,ps(a)) < da(u,pr(w)) + (f — r)da(u, a).

We proceed by considering these two scenarios.

r+1°

1. Even f—r. In this case dg(u,ps(u)) < da(u, pr(uw))+(f —7r)da(u,a) and pr(u) € Bf(a).
It follows from Lemma 9(ii) that after Phase 2 of PIVOT-DIST M [ps(u),b] < da(pf(u),a)+
w(a,b). When executing in Phase 3 of PIvOT-DIST Dijkstra’s algorithm from ps(u) in
Gri1(ps(u)) with edge set Eg,., U E(1/(p"*")) U H(ps(u)) the weight of the edge
(pf(u),b) € H(ps(u)) is Mps(u),b] < dg(ps(u),a)+w(a,b) and P(v,b) C Eg, . Thus,
we get that Mps(u),v] < dg(ps(u),a)+da(a,v) < da(pr(u),u)+dg(u,v). In line (1) of
APASP we update M [u, v] so that it is at most M [ps(u), u]+M[p;(u),v]. From Lemma 9(i)
it follows that M[py(u),u] = da(ps(u), v) and since Mps(u),v] < dg(pf(u),u) +da(u,v)
we get that Mu,v] < 2-dg(ps(u),uw) + de(u,v). (See
Combining this with the fact that dg(u,pr(u)) < da(u,pr(v)) + (f — r)da(u, a) we get
that for even f —r we have Mu,v] < 2 (dg(u,pr(u)) + (f — r)da(u,a)) + da(u,v).
Recall also that f < k — 1. In the degenerate case of r = 0 we have po(u) = v and
Mlu,v] <2+ (k—1)dg(u,a) + dg(u,v).
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For the case that r > 1 since a ¢ Bg, (u) we have dg(u,p-(u)) < dg(u,a). Using this we
get Mu,v] <2-((f —r+ 1)dg(u,a)) +dg(u,v) <2-(k—1)dg(u,a) + dg(u,v).

. Odd f —r. In this case dg(a,pr(a)) < de(u,pr-(w)) + (f —7)da(u,a) and pr(a) € By(u).

It follows from Lemma 9(ii) that after Phase 2 of PIVOT-DIST M [ps(a),b] < da(ps(a),a)+
w(a,b). When executing in Phase 3 of PIvOT-DIST Dijkstra’s algorithm from p;(a)
in Gyy1(pys(a)) with edge set Es,., U E(1/(p’™)) U H(ps(a)) the weight of the edge
(pf(a)7 b) € H(pf(a’)) is M[pf(a)v b < dG(pf(a)7 a) + w(a,b) and P(v,b) C ESf+1' Thus,
we get that M[pr(a),v] < de(ps(a),a) + da(a,v).

Consider the execution of line (2) in APASP for vertices v, u and a and the index f. Notice
that this line is only executed for indices ¢ < k—2. In our case we have ps(a) € By(u) and
since r is even and f —r is odd, f must be odd. Since k—1 is even we have f < k—2. Thus
line (2) is executed and we update M[u, v] so that it is at most M[ps(a),u] + Mp¢(a),v].
Since pf(a) € By(u) it follows from Lemma 9(i) that Mps(a),u] = da(ps(a),u) <
dg(u,a) + da(ps(a),a) and since M[ps(a),v] < da(ps(a),a) + da(a,v) we get that
Mlu,v] <2-dg(ps(a),a) + da(u,v).

Combining this with the fact that dg(a,pf(a)) < da(u, pr(uw)) + (f — r)da(u,a) we get
that for odd f —r we have Mu,v] < 2-(dg(u,pr(u))+ (f —7)dc(u, a)) + da(u, v). Recall
also that f <k —1.

In the degenerate case of r = 0 we have pg(u) = u and M[u,v] < 2- (k- 1)dg(u,a) +
de(u,v).

For the case that r > 1 since a ¢ Bg, (u) we have dg(u,p-(u)) < dg(u,a). Using this we
get Mu,v] <2-((f —r+ 1)dg(u,a)) +dg(u,v) <2 (k- 1)dg(u,a) + dg(u,v).

Consider now the second case in which r is odd and let f = f(a,u,r).

1.

0Odd f —r. In this case dg(u,pr(u)) < dg(a,pr(a)) + (f —r)dg(u,a) and ps(u) € By(a).
The proof is identical to the proof for even r, f = f(u,a,r) and even f —r.

. Even f —r. In this case dg(a, ps(a)) < dg(a,pr(a))+ (f —r)da(u,a) and pr(a) € By(u).

The proof is identical to the proof for even r, f = f(u,a,r) and odd f —r.

Assume now that k is even. This implies that k£ — 1 is odd.

. Odd f —r. In this case dg(u, pr(u)) < dg(a,pa(w))+ (f —7)dc(u,a) and pr(u) € By(a).

The proof is identical to the proof for even r, f = f(u,a,r) and even f —r.

. Even f —r. In this case dg(a, ps(a)) < dg(a,pr(a))+ (f —r)da(u,a) and pr(a) € By(u).

The proof is identical to the proof for even r, f = f(u,a,r) and odd f — r.

Consider now the second case in which r is odd and let f = f(u,a,r).

. Even f—r. In this case dg(u,pr(u)) < dg(u,pr(w))+ (f —r)da(u, a) and pr(u) € By(a).

The proof is identical to the proof for even r, f = f(u,a,r) even f —r.

. Odd f —r. In this case dg(a,pr(a)) < dg(u,pr(w)) + (f —7)da(u,a) and pr(a) € By(u).

The proof is identical to the proof for even r, f = f(u,a,r) and odd f —r. <

We now combine the two bounds to complete the proof. From Claim 13 it follows that

either M[u,v] < 2 (k — 1)dg(u,a) + dg(u,v) or Mlu,v] < 2+ (k—1)dg(v,b) + dg(u,v).
Assume that Mu,v] < 2 (k — 1)dg(u,a) + dg(u,v). From Claim 12 it follows that
Mu,v] < min{3dg(u,v) — 2dg(b,v), 3dg(u,v) — 2dg(a,uw)}. Thus, M[u,v] < min{2- (k —
de(u,a) + dg(u,v),3de(u,v) — 2dg(a,u)}. Let X =2 (k — 1)dg(u,a) + dg(u,v) and let
Y = 3dg(u,v) — 2dg(a,u). When dg(u,a) = dg(u,v)/k, we have X =Y = 2dg(u,v) +

522 dg(u,v). When dg(u,a) < dg(u,v)/k we have X < 2dg(u,v) + 2 - dg(u,v). When

de(u,a) > dg(u,v)/k we have Y < 2dg(u,v) + £2 - dg(u,v). Since M[u,v] < min{X, Y}
we get that M[u,v] < 2dg(u,v) + 52 - dg(u,v).
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Consider the degenerate case in which P(u,v) has only two edges, and assume that b = v.
From Claim 13 it follows that M[u,v] < 2 (k — 1)dg(u,a) + dg(u,v). From Claim 12 it
follows that Mu,v] < 3dg(u,v) — 2dg(a,u). Thus, from the same arguments as above,
Mu,v] < 2dg(u,v) + 52 - de(u,v). <

We now turn to analyze the running time of the algorithm.
» Lemma 14. The expected running time of APASP(G,SE) is O(n? + (k — 1)n®p~! +mnp*~1)

Proof. Initializing M takes O(nz) time. From Lemma 8 it follows that the call to PIVOT-DIST
takes O(n? + (k — 1)n?p~' + mnp*~') time. Finally, for every u € V,i € [0,k—2] and v € V
we do |B;(u)| + 1 read operations to matrix M. This takes O(n? 4+ k(n*p~')) time, since
|Bi(u)| = O(p~1), for i € [0,k — 2]. <

We can now prove:

The approach presented so far powerful enough on its own to obtain the following non
trivial generalization, which already improves the general scheme presented by Cohen and
Zwick [9].

» Theorem 15. For every integer k > 2, there is an APASP algorithm with expected running
time of O(kn?>~Y/*m'*) and multiplicative approzimation of 2 4+ £-2

Proof. We run APASP with the hierarchy S. From Lemma 14 it follows that the running

~ Yk
time is O(n? + (k—1)n%p~ ! +mnp*~1). Setting n’p~! = mnpF—! we get p = (m—i) . Thus,
the running time is O(kn?>~'/*m!/¥). From Lemma 11 it follows that the multiplicative

approximation is 2 + k—f <

4 A faster scheme

In this section we first present augmented hierarchies. This is basically the first part of the
2-approximation algorithm of Baswana and Kavitha [4]. We provide a tighter analysis that
relaxes the requirements for getting a 2-approximation. We then present the idea of mixed
hierarchies, a combination of a regular hierarchy with the last set of the augmented hierarchy.
This allows us to connect our algorithm from Section 3, that worked with a base set V', to the
first part of the 2-approximation algorithm, by forcing the second set of a mixed hierarchy
to be the last set of the augmented hierarchy. We end by proving Theorem 1.

4.1 Augmented hierarchy with S; # 0

Thorup and Zwick [25] showed that if a set S C V is constructed by a careful recursive
sampling procedure then the maximum size of every cluster is bounded as well. They proved:

» Lemma 16 ([25]). Given a parameter p, we can compute a set S of size O(np) in O(mp~")
expected time such that, |Cs(w)| = O(1/p) for every vertex w € V\ S, and |Bs(v)| = (1/p)
for everyv € V.

Following Baswana and Kavitha [4] we will extend the vertex hierarchy to an augmented
hierarchy, denoted with SP. Let S? be a regular hierarchy with Sy = V and Sy = 0. Let
S be a set computed using Lemma, 16 with parameter p*. In 5’,’3 we have S; = S; U S, for
every i € [0, k]. In particular, we have S, = S. We also set §k+1 = (). We refer to S as the
augmenting set of the hierarchy.
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The pivots data that we compute for an augmented hierarchy 5’,’; is computed using
algorithm AUG-PIVOT-DIST. Algorithm AUG-PIVOT-DIST differs from PIVOT-DIST by an
additional special phase that is added between the first phase and the second phase and by
avoiding the explicit computation of bunches in phase 2. The special phase is devoted for the
set Sy. For every u € V, we compute Bg, (u) and Cg, (u). For every a € Bg (u) UCyg (u)
and i € [0, k] we scan the edges of a and update the weight of the edge between p;(u) and
every b € N(a) so that it will be at most dg(p;(u),u) + dg(u, a) + w(a,b).

Next, we analyze the running time of AUG-PIVOT-DIST.

» Lemma 17. If S is computed using Lemma 16 with parameter p* then the expected runmning
time of Algorithm AUG-PIVOT-DIST(SY ) is O(n? + (k — 1)n®p~! + kmp~F)

Proof. Phase 1 remains unchanged, therefore, its cost remains O(n?) as in Lemma 8 .

In the special phase we compute for every u € V the ball Bg(u) in O(Zue\/ deg(u)|Bs(u)])
time as was shown by Baswana and Kavitha [4]. Since |Bg(u)| = O(p~*) this part takes
O(mp_k) time. Since clusters are simply the inverse of balls we can compute them at the
same cost. For every a € By, (u) UCyg (u) and for every i € [0,k — 1] we scan the edges of a
and update for every b € N(a) the value of w(p;(u),b), if needed. The total cost of this is
Ok ey |Cg, (a)UBg (a)|deg(a)) = O(kmp~F). In phase 2 we do not compute bunches as
before and thus the cost is only O(m) for the computation of p;(u) and dg(u,S;). In phase
3 we no longer have to split the analysis of the case that i = k — 1 from the analysis of the
general case. This is due to the fact that Sy # 0. Since a vertex is in Sy with probability

less than p* we can apply Lemma 3 and get that the expected size of Eg, is O(n/(p")).

Therefore, phase 3 takes O(n? + (k — 1)n?p~!) time. <

We use AUG-PIVOT-DIST for computing APASP in an algorithm denoted with AUG-APASP.

The running time analysis of AUG-APASP stems from Lemma 17 and Lemma 14.
» Corollary 18. AUG-APASP(G, S,f) has O(n? + kn?p~' + kmp~*) expected running time.

In order to analyse the approximation produced by AUG-APASP we introduce the following
definition which allows us to relax the condition required for proving a 2 approximation.

» Definition 19. Let u,v € V and let S C V. We say that u and v are covered by balls

Bg(u) and Bg(v) if there is a shortest path P between u and v such that P C Bg(u)U Bg(v).

The next Lemma follows easily from the above definition.
» Lemma 20. If Bg(u) and Bs(v) do not cover u,v € V then dg(u, S)+da(v, S) < dg(u,v)

Proof. As u and v are not covered by Bg(u) and Bg(v) every shortest path P(u,v) has
a vertex w ¢ Bg(u) U Bg(v). Thus, dg(u,S) < dg(u,w) and dg(v,S) < dg(v,w). Since
w € P(u,v) we get dg(u,v) = dg(u,w) + dg(v,w) and dg(u, S) + dg(v, S) < dg(u,v). <=

We are now ready to bound the approximation produced by AUG-APASP.

» Lemma 21. Let Slf be an augmented hierarchy with So =V and S, = S. If Bg, (u) and
ng
de(u,v) < Mu,v] < 2dg(u,v).

Proof. Let u,v € V. Let i € [0, k] be the smallest index such that Bg (u) and Bg (v) cover
u and v. Such an index must exist since u and v are covered by Bg (u) and Bg (v). Since

By, (v) = {v} and Bg (u) = {u} and since we can assume that any shortest path between u

(v) do not cover u,v € V then AUG-APASP(G,S,’;) returns a matriz M that satisfies:
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and v is of at least two edges we have that u and v are not covered by Bg, (v) and Bg, (u).
Thus, i > 0. From Lemma 20 it follows that dg(u, Si_1) + da(v, Si_1) < dg(u,v). Assume,
wlog, that dg(u,S;_1) < da(v,Si_1). Let P(u,v) be a shortest path between u and v such
that P(u,v) C Bg (u) U Bg (v).

We can partition P(u,v) into three portions. A portion P(u, a) between u and a in Bg (u),
a portion P(b, v) between v and b in Bg (v), and an edge (a,b). Since dg(u,a) < dg(u,pi(u))
it follows from Lemma 2 that P(u,a) is in G(V, Eg,) and dy, g 5,)) (v, a) = dg(u, a). Similarly,
P(v,b) is in G(V, Eg,) and d v, 3, (v, b) = da(v,b).

Now By (u) C Bg, (u). This implies that a € Bg, (u) and w(p;—1(u), b) was updated in the
special phase of AUG-PIVOT-DIST such that w(p;_1(u),b) < dg(pi—1(u),u)+dg(u, a)+w(a,b).
After running Dijkstra’s algorithm in phase 3 of AUG-PIVOT-DIST for p;_1(u) in G;(pi—1(u))
we have M [p;_1(u),v] < dg(pi—1(u),u)+dg(u,v). Thus, after updating the M with the result
of AUG-PIVOT-DIST we have M[p;_1(u),v] < dg(pi—1(u),u) + dg(u,v) and M[p;—1(u),u] =
dg(pi—1(u),u). In line (1) of AUG-APASP we update M|u,v] if needed, therefore, it is
guaranteed that Mu,v] < 2dg(pi—1(u), u) + dg(u,v) < 2dg(u,v). <

4.2 A mixed hierarchy

Let S be the augmenting set of an augmented hierarchy. We define a mized hierarchy as
follows: Sy =V, S; = S. For i € [2,k — 1] the set S; is constructed by picking every vertex
of S;_1 independently at random with probability p - clogn, for some constant c. The set S,
is empty. We denote a mixed hierarchy with S,f "1 where q is the parameter used to create S
by Lemma 16.

We update PIVOT-DIST to handle a mixed hierarchy. We add a special phase as in
AUG-PIVOT-DIST for the set Sy. Since |So| = n and |Eg | = O(ng™!) we do not execute
phase 3 for the vertices of Sy =V to avoid an additional cost of O(nzq’l) time. In phase 3
the set E(1/(p"+!)) is changed to E(1/(gp’)), so that it reflects the size of S;. The updated
algorithm is called MIX-PIVOT-DIST.

Next, we anaylze the running time of MIX-PIVOT-DIST.

» Lemma 22. MIX-PIVOT-DIST(S?) has an expected running time of O(n? + (k —2)n?p~! +
mq~t 4+ mngp*~?).

Proof. The analysis of the first phase remains as in Lemma 8, and therefore it is O(n?
The special phase costs O(mg~!) as in Lemma 17. In the second phase we compute p;(u

de(u, S;) and B;(u) for every u € V. It takes O(m) time to compute p;(u) and dg(u, S;
for every u € V. Computing B;(u) for every u € V, where i € [2,k — 2] costs O(m - p~
Computing By (u) for every u € V costs O(m - ¢~!') since g is the parameter used for S;.
Computing By_1(u), for every u € V, costs O(m - ngp*~2)
By—1(u) = O(ngp*~?).

Line (1) costs O(Zuev |N(u)]) = O(m) and line (2) costs O(ZUEV |B;(w)] - |N(u)|) =
O(m-(p~ ' +q7"). )

In the third phase we run Dijkstra’s algorithm from every s € S; in G;41(s), as beofre.
The set of edges of G;4+1(s) is Es,,, U E(1/(gp’)) U H(s). The set H(s) is of size O(n).
The set E(1/(qp')) is of size O(n/(gp*)). Consider now the set Eg, ,,for 0 <i<k-1
The probability of a vertex to be in S;41 is O(qpi). Applying Lemma 3 we get that the
expected size of the set Eg,,, is O(n/(gp')). We get that the cost of the third phase for
every i € [1,k — 2] is O(|S;| - n/qp'). Since the expected size of S; is O(ngp'~') we get a
bound of O(Zf:_lz(n ~qpt - n/qp')=0(n? + (k — 2)n?p~1).

, since from Lemma 6 we have
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When i = k — 1 we cannot apply Lemma 3 to bound the size of Fg_ since Sy =0,
thus, we bound the cost of running Dijkstra’s algorithm from every s € S,_; in Gg(s) with
O(|Sk_1|m) = O(n-qp*~2m). We get a running time of O(n%+ (k—2)n?p~! +mngp*~2). <

MIX-APASP is algorithm APASP in which MIX-PIVOT-DIST is called instead of PIVOT-DIST.

We do not execute Line (2) of APASP when ¢ = 0, from the same reason we have not executed
phase 3 for the vertices of Sy =V in MIX-PIvOT-DIST. The analysis of the running time of
MIX-APASP is relatively straightforward and stems from Lemma 22 and Lemma 14.

» Corollary 23. MIX—APASP(G,S,f’q) runs in O(n? + kn?p~' + mq~! + mngp*~2) expected
time.

We prove a variant of Lemma 11 for MIX-APASP (G, SP'?). The difference with respect to
Lemma 11 is that the Lemma is proved only for vertices u,v € V that are not covered by
Bg, (u) and Bg (v). This change is required since we are not computing shortest paths for
the vertices of Sy in phase 3 of MIX-PIVOT-DIST.

» Lemma 24. MIX-APASP(G,Sp) returns a matriz M that satisfies: dg(u,v) < M[u,v] <
2dg(u,v) + % ~dg(u,v), for every u,v € V that are not covered by Bg (u) and Bz (v).

Proof. Let u,v € V. Let P(u,v) be a shortest path between u and v. Let i € [0,k — 1] be
the largest index such that dg(u, S;) + da(v, S;) < dg(u,v). Such an index must exist since
Sy = V, which implies that dg(u, Sp) + da (v, So) = 0 < dg(u,v). Since u and v are not
covered by By, (u) and Bg, (v), it follows from Lemma 20 that d¢(u, S1)+da (v, S1) < da(u,v),
as well and ¢ > 1. This implies that the analysis of the case that P(u,v) is in G;11(p;(u))
remains the same and is not affected by the fact that in MIX-PIVOT-DIST no data is computed
in phase 3 for the set S.

The analysis of the case that the path P(u,v) is not in G;41(pi(u)) is not using the
third phase data of Sy and remains the same. Thus, for the rest of the proof we can
assume t_hat 0<1 <'k —1, P(u,a) is in G(V, Eng), P(v,b) is in G(V, E§i+1) and (a,b) ¢
E.(1/qp") U Ey(1/qp*) U Eg, . -

The proof of Claim 12 remains the same since we only use data for pivots from S’j,l,
where j > i+ 1 and i > 0. Thus, not computing data for Sy in phase 3 of MIX-PIVOT-DIST
has no affect.

The proof of Claim 13 remains also the same from the following reason. Recall that we
focus on the pair of vertices u and a and the pair of vertices v and b. In the proof we use r
which is defined to be the largest index such that a ¢ Bg (u) and u ¢ Bg (a) and r’ which
is defined to be the largest index such that b ¢ Bg ,(v) and v ¢ Bg ,(b). Recall also that
since Sy = V we have Bg, (v) = {x}, for every x € V and thus a ¢ Bg (u) and u ¢ Bg (a)
and similarly b ¢ Bg (v) and v ¢ Bg, (b).

From the definition of r it follows that either a € Bg  (u) or u € Bg , (a). If a €
Bg ., (u) then dg(u,a) < dg(u, S,11) and it follows from Lemma 2 that P(u,a) € Eg ..
Similarly, if u € Bg _, (a) then dg(u,a) < dg(a, S,+1) and it follows from Lemma 2 that
P(u,a) € Eg_ .

From symmetrical arguments we get that P(v,b) € Eg, . Since Eg C Eg , for every
j €10,k —1], we have and P(u,a) C Eg, ., and P(v,b) C qu/+1 for every ¢ > r and ¢’ > 1/,
respectively.

Because we do not compute in the third phase data for the set Sy we deal separately with
the special case that 7 = r’ = 0. In such a case we have a € Bg, (u) or u € Bg, (a) and also
b € Bg, (v) or v € Bg, (b)°. Now since u and v are not covered by Bg, (u) and Bg, (v) it must

5 If there are only two edges of the path the same proof holds with b = v
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Algorithm 5 MAIN-APASP(G, k).

create a set S with prob. n~? using Lemma 16;

create an augmented hierarchy S’f(‘);i/ “*" with S as the augmenting set;

. ) R TA G I I
create a mixed hierarchy H,, ™ with Hy = S
A —B/logn
M « AUG-APASP(G, SiL, );

- /_ -
=1/ =2) =8

My < MIX-APASP(G, H}, );
M «+ min{Ml, _]\42}7
return M;

be that either a ¢ Bg (u) or b ¢ Bg, (v). Assume, wlog, that a ¢ Bg, (u). From the definition
of r it must be that u € Bg, (a), as otherwise r > 0. Because u € Bg (a) we update w(p1(u),b)
in the special phase of MIX-PIVOT-DIST so that it is at most dg(p1(u), u) + dg(u, a) +w(a, b).

Since 7" = 0 we have that P(v,b) € Eg,. Thus, at the third phase of MIX-PIVOT-DIST
we update M|[p;(u),v], due to the bound of w(p;(u),b), so that it is at most dg(p1(u), u) +
de(u,v). Now in line (1) of MIX-APSP M|u,v] is updated so that it is at most 2d¢g(p1 (u), u) +
dg(u,v). Since a ¢ Bg, (u) we have dg(p1(u),u) < dg(u,a) and we get that M[u,v] <
2d¢(u,a) + dg(u,v). This is exactly bound (i) in Claim 13 for ¥ = 2 and thus holds for
every k > 2. Thus, we can assume that r > 0 and not computing data for Sy in phase 3 of
MIX-PIVOT-DIST has no affect on the proof of Claim 13 since f > r . <

4.3 Combining augmented hierarchies and mixed hierarchies

We now describe our main APASP algorithm MAIN-APASP. The input is a weighted undirected
graph G and an integer k’. We use two hierarchies. An augmented hierarchy S,f , k=logn
levels, set Sy is V and the probability p is O(n=?/1987). The hierarchy is augmented with
a set S computed by Lemma 16 with parameter n=?. Notice that [Siogn| = O(n'~?), and
for every v € V we have \Bsbgn (v)] = |Cs  (v)] = O(n?). The second hierarchy is a

_ _ N Slog n _ N
mix hierarchy H};? with & levels, H; = Siogs and Hy = (0. Since Siogy is formed using
Lemma 16 with parameter n~? we have ¢ = n~?. The probability p is O(n_W/(’“/—”).

ap—B/logn — /(K =2) =B
Next, we run AUG-APASP(G, St , *"). Then we run MIX-APASP(G, H}, o).

MAIN-APASP is presented in Algorithm 5. We now turn to analyse the running time.
» Lemma 25. MAIN-APASP(G,E') runs in of O(n? + m%n%%) expected time.

Proof. Tt follows from Lemma 16 that S can be computed in O(mn?) expected running time.
It follows from Corollary 18 that the expected running time of AUG-APASP(G, S”fﬂ/logn) is

- - logn
O(n? +n? - nP/1emlogn + mnP logn) = O(n? + mn?). Tt follows from Corollary 23 that
the expected running time of MIX—APASP(G,’}:[Z:WUC 72)’"78) is O(n2 + (K — 2)n2n/ (' =2) 4

mn!~B~7). We first express n” as a function of n” using the equation n2n/ (K =2) = mpl-B->

which balances the two main terms in the running time of MIX-APASP.

1—y
2 y/(K=2) _  1-B—vy p__mv - 8 Mm
n°n mn —n ) n nl+y(1+1/(k —2))

Next, we substitute n? as a function of n” in the running time of AUG-APASP.

m2

Y 8 50 9

B— m
= AT a1/ —2)




M. Akav and L. Roditty

. . /7 2 .
We now compute the value of n” using the equation n*™/(' =2 — —— - which

balances the two main terms in the running times of MIX-APASP and AUG-APASP.

2 2 %7
r_ m m
nY(1+2/(K'=2)) _ - —nl = ( 3)
n n

To obtain the running time of APASP we substitute n” in n2+v/(k'=2),

‘w

2 K/
n2+7/ (K =2) s (T) T 2
k/—2 n3

2 7
y—(m k
n=(%5)

Thus, we get that the running time of ApAsp is O(n? + me n2_%) . <
We now bound the approximation of MAIN-APASP.

» Lemma 26. Algorithm MAIN-APASP(G, k') returns a matriz M that satisfies: dg(u,v) <

Mlu,v] < 2dg(u,v) + %72 ~dg(u,v), where k' > 2.

Proof. Let u,v € V. Recall that Hy = Sjog,,. If u and v are covered by Bg, (u) and B, (v)
then it follows from Lemma 21 that Algorithm AUG-APASP returns a matrix M; that satisfies:
da(u,v) < Mi[u,v] < 2dg(u,v). If u and v are not covered by By (u) and By, (v) then it
follows from Lemma 24 that Algorithm MIX-APASP returns a matrix M that satisfies:

K —2
de(u,v) < Msfu,v] < 2dg(u,v) + 7 ~dg(u,v).
Since M = min{M;, M2} the claim follows. <
Proof of Theorem 1
Proof. The proof follows from Lemma 25 and Lemma 26 . <
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