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Abstract

In this thesis, we present new techniques to deal with fundamental algorithmic graph
problems where graphs are directed and partially dynamic, i.e. undergo either a sequence
of edge insertions or deletions:

 Single-Source Reachability (SSR): given a distinct source vertex r in a graph, the
objective is to maintain the set of vertices that r can reach throughout the entire
update sequence.

o Strongly-Connected Components (SCC): the goal is to maintain a partition of the
vertex set X1, Xa,..., X, such that every two vertices in the same partition set
X, are on a common cycle, while no two vertices across different partition sets do.

« Single-Source Shortest Paths (SSSP): given a dedicated source vertex s, the objec-
tive is to maintain the distance from s to every other vertex in the graph.

These problems have recently received an extraordinary amount of attention due to
their role as subproblems in various more complex and notoriously hard graph problems,
especially to compute flows, bipartite matchings and cuts.

Our techniques lead to the first near-optimal data structures for these problems in various
different settings. Letting n denote the number of vertices in the graph and by m the
maximum number of edges in any version of the graph, we obtain

e the first randomized data structure to maintain SSR and SCCs in near-optimal
total update time O(m) in a graph undergoing edge deletions.

o the first randomized data structure to maintain SSSP in partially dynamic graphs
in total update time O(n?) which is near-optimal in dense graphs.

e the first deterministic data structures for SSR and SCC for graphs undergoing edge
deletions, and for SSSP in partially dynamic graphs that improve upon the O(mn)
total update time by Even and Shiloach from 1981 that is often considered to be
a fundamental barrier.
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Abstrakt

I denne afhandling praesenterer vi nye teknikker til at héndtere grundlseggende algo-
ritmiske grafteoretiske problemer, hvor grafer er orienterede og delvist dynamiske, dvs.
enten gennemgar en sekvens af kantindssettelser eller sletninger:

 Single-Source Reachability (SSR): Givet en saerskilt kilde r i en graf, er malet at
opretholde et meengde af de knuder, » kan na gennem hele opdateringssekvensen.

o Strongly-Connected Components (SCC): Malet er at opretholde en partition af
knudemaengder X1, Xo,..., X, sdledes at hvert par af knuder i samme partition-
sset X; er pa en falles kreds, mens intet par af knuder i forskellige partitions-
maengder har denne egenskab.

 Single-Source Shortest Paths (SSSP): Givet en dedikeret kilde s, er malet at
opretholde afstanden fra s til hvert enhver anden knude.

Disse problemer har for nylig faet ekstraordinger opmaerksomhed pa grund af deres rolle
som delproblemer i forskellige mere komplekse og notorisk harde grafproblemer, iszer til
beregning af flows, bipartite matchings og cuts.

Vores teknikker fgrer til de fgrste neesten-optimale datastrukturer til disse problemer
i forskellige scenarier. For m, den antal af knuder i grafen og m, den maximale antal
kanter i enhver version af grafen, vi praesenterer

¢ den fgrste randomiserede datastruktur, der opretholder SSR og SCC’er i nasten
optimal total opdateringstid O(m) i en graf, der gennemgar kantsletninger.

e den fgrste randomiserede datastruktur, der opretholder SSSP i delvist dynamiske
grafer i den samlede opdateringstid O(n?), hvilket er neesten optimalt i teette
grafer.

o de forste deterministiske datastrukturer for SSR og SCC for grafer, der gennemgéar
kantsletninger, og for SSSP i delvist dynamiske grafer, der forbedrer den samlede
opdateringstid O(mn) af Even og Shiloach fra 1981.
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Chapter 1

Introduction

1.1 Problem Statement

In this thesis, we are concerned with three algorithmic graph problems where a weighted
directed graph G = (V, E,w) is inputted and a property of the graph is computed and
returned by an algorithm.

Single-Source Reachability: In the Single-Source Reachability (SSR) problem, ad-
ditionally to the weighted digraph G = (V, E,w), a dedicated source vertex r € V is
inputted, and the goal is to compute the set of reachable vertices R such that for every
vertex v € R, r can reach vertex v, i.e. there exists a path from r to v in G, and for
every vertex v € R, r cannot reach v.

Strongly-Connected Components: In the Strongly-Connected Components (SCC)
problem, the goal is to output a partition of the vertex set V into sets Xy, Xo,..., Xi
for some £ such that for every pair of vertices u € X; and v € Xj, if ¢ = j, then u can
reach v and vice versa, in which case we say that v and v are strongly-connected, and if
i # j, u,v are not strongly-connected.

Single-Source Shortest Paths: In the Single-Source Shortest Paths (SSSP) problem,
an additional vertex r € V, is inputted and the goal is to return the distance distg(r, v)
from r to v , for each v € V.

These problems are among the most fundamental problems in Computer Science due
to their various applications in navigation and networks and their role as subroutines
in more complex graph algorithmic problems like Maximum Flow and Bipartite Match-
ing [Tar83, Cor™09]. Therefore, they are typically covered in undergraduate courses
[Cor™09] and are subject to intensive research in theory and practice. Letting n = |V
and m = |E|, the SSSP problem was solved already in 1959 by Dijkstra’s algorithm
[Dij"59] which only requires running time O(mlogn). For SSR and SCC even faster
algorithms are known due to Tarjan [Tar72] since 1972 that achieve running time O(m).



In this thesis, we are interested in the generalization of these graph algorithmic problems
to consider a graph G = (V, E, w) that is subject to edge insertions/ deletions and thus
there are different versions of G where two consecutive versions only differ in a single
edge. Such a graph G is called a dynamic graph in contrast to a static graph G that
does not undergo changes. The corresponding dynamic problem versions transform the
static algorithmic problems into data structure problems. We define the data structure
problems as follows.

Dynamic SSR, SCC and SSSP. In the dynamic SSR problem, the goal is to main-
tain a data structure &, that supports the operations:

o PREPROCESS(G,r): The data structure is initialized by inputting an initial weighted
digraph G, and a source vertex r € V.

o INSERT(u,v): The data structure processes that the edge (u,v) is inserted into G.
o DELETE(u,v): The data structure processes that the edge (u,v) is deleted from G.

o QUERY(v): The data structure returns whether r can reach v in the current version

of G.

In the dynamic SCC problem, a similar data structure is maintained with the difference
that an initial source vertex r does not have to be inputted and the query operation
takes two vertices u,v € V as input and returns whether u, v are strongly-connected or
not.

In the dynamic SSSP problem, a similar data structure is maintained with the key
difference that on query, it returns the distance from r to v instead of outputting whether
r reaches v.

We point out that two trivial implementations for each kind of dynamic problem exist:
we can rerun the static algorithm on the current version of graph G after every update,
which leads to high update times but constant query times if implemented carefully.
The other extreme is to use a lazy approach where updates are not processed at all but
only stored and upon a query operation, the static algorithm is invoked on the current
version of G. This leads to constant update times but high query times. The goal of
the area of dynamic graph algorithms is to improve this trivial trade-off by reusing the
information computed for a graph G to compute fundamental graph properties in G
after the insertion/ deletion in small time.

In this thesis, we restrict our attention to the setting where the dynamic graph G only
undergoes insertions, in which case we say that G is incremental, or exclusively undergoes
edge deletions, in which case we say that G is decremental. If G is either incremental
or decremental, we also say that G is partially dynamic which is in contrast to the fully
dynamic setting where a mix of insertions and deletions is allowed. We also use these
graph descriptors to further specify the data structure problem that we are concerned



with, for example, the incremental SSSP problem, refers to the data structure problem
of dynamic SSSP where the operation DELETE(u,v) does not have to be implemented
since G is guaranteed to be incremental. We also point out that we often say that there
is an algorithm for the incremental SSSP problem, which refers to the algorithm that
maintains the underlying data structure.

Adversary Model. We distinguish between two adversary models: we say that the
adversary is non-adaptive if the sequence of updates to a graph G is already determined
by the adversary before the data structure is initialized (however, this update sequence
is still only revealed one-by-one). In contrast, we say the adversary is adaptive if it
creates the update sequence on-the-go, i.e. determines the (i + l)th update to G only
after the data structure has processed update ¢. We point out that a data structure that
is deterministic, i.e. does not make any use of randomization, works in the model of an
adaptive adversary. Informally, we say that a data structure is non-adaptive/adaptive
if it works in the non-adaptive/adaptive adversary model, and we also sometimes say it
works against a non-adaptive/adaptive adversary.

1.2 Motivation

Partially dynamic SSR and SCC are of great interest for their direct applications espe-
cially for detecting cycles or unreachable vertices in dynamic dependency graphs. The
incremental SCC problem is further a generalization of the famous incremental Cycle
Detection problem which has practical applications in pointer analysis and circuit evalua-
tion (see [Haet12] for a discussion of these applications). The decremental SCC problem
has further applications to compute Streett Objectives in Graphs and Markov Decision
Processes [Cha™19], and computing Weak Bisimilarity on Markov Chains [Jan™20].

The partially dynamic SSSP has wide-ranging applications:

o Partially dynamic SSSP data structures are often used as internal data structures
to solve fully dynamic SSSP and fully dynamic All-Pairs Shortest Paths (APSP),
see for example [Kin99b, RZ04, HKN16], which in turn can be used to maintain
properties of real-world graphs undergoing changes.

o Partially dynamic SSSP is often employed as internal data structure for more com-
plex dynamic algorithmic problems such as maintaining the diameter in partially
dynamic graphs [Anc™19, CG18] or matchings in incremental bipartite graphs
[BHR18].

o Many static algorithms use partially dynamic SSSP algorithms as a subroutine.
In particular, a recent line of research shows that many flow problems can be
efficiently reduced to decremental SSSP, and recent progress has already led to
faster algorithms for multi-commodity flow [Mad10a], vertex-capacitated flow, and
sparsest vertex-cut [CK19, Chu™20b] and min-cost flow problems [CS20]. These
reductions are based on algorithms by Garg and Kénemann [GKO07] and [Fle00]



who refined the multiplicative update framework to flow problems and use their
duals, shortest path problems, to make progress.

Further, we also point out that the theory for Dynamic SSR, SCC and SSSP problems has
led to a plethora of new theoretical concepts and general methods. For example, the quest
for deterministic Decremental SSR, SCC and SSSP data structures has recently driven
theory to develop a useful notion of directed expanders [BPS20] and for generalizing many
of the tools from the undirected setting where expander decompositions (see [SW19]) has
recently fuelled many exciting new algorithms for a broad variety of problems [Chu™20a,
Sar20, Fort20].

Another example is the development of fast and robust dynamic sparsifiers [Ber™20]
which were developed to remedy problems in the theory of Decremental SSSP algo-
rithms for undirected graphs and have since been used in the recent breakthrough result
[Bra®20] for static bipartite matchings, negative-weight shortest paths and the trans-
shipment problem.

We note that in order to be used in applications in a black-box fashion, a data structure
has to work in the adaptive adversary model. While a data structure that only works in
the non-adaptive adversary model might still be of use to applications, all of the above
applications use adaptive data structures even though non-adaptive data structures often
have significantly faster update times.

1.3 Previous Work

In our review of previous work, we focus on the dynamic versions of the problems in gen-
eral directed graphs. For readers interested in the static settings, we refer the reader to
the excellent article by Tarjan [Tar72] and two recent surveys on SSSP [Som14, Mad™17].
We further point out that in adherence to convention in the field, we state results for
partially dynamic algorithms as the cumulative running time over the total update se-
quence (excluding queries) and point out that all data structures of interest ensure
constant query time. We let n denotes the number of vertices, m denote the maximum
number of edges in any version of the graph (and we will assume that m > n), and W be
the weight ratio of the graph, that is, the ratio of largest edge weight by smallest edge
weight and which for simplicity we assume to be bound by n¢ for some large constant
¢ > 0 for the rest of this section. We also use O-notation and €(-) to hide logarithmic
factors. Similarly, we use O(-) and €(-) to hide n°® factors.

Fully Dynamic SSR, SCC and SSSP. While the fully dynamic setting, that allows
for a mix of edge insertions and deletions is clearly a much more general setting than
the restricted partially dynamic setting, a series of extremely strong conditional lower
bounds for this model renders polynomial improvements over the trivial update/ query

trade-off achieved by recomputing from scratch after every update or during every query
as unlikely [RZ04, AW14, Hen™ 15].



The ES-tree for partially dynamic SSR and SSSP. The first improvement over
the trivial total update time of O(mz) for partially dynamic SSR and SSSP was given
by Even and Shiloach [ES81] in 1981 which has total update time O(mnW) and thereby
improves over the trivial approach for dense graphs of small weight ratio. The key idea
behind the data structure is a simple trick that allows to maintain, from a fixed root
vertex r, a BFS tree of depth ¢ with total update time O(md) where the above running
time follows since § < nWW. Therefore the data structure is often referred to as the ES-
tree. We point out that originally, the data structure by Even and Shiloach was devised
to work only for undirected, unweighted graphs, however, Henzinger and King [HI95,
Kin99a] later realized that small modifications suffice to extend the data structure to
maintain a directed BFS out-tree from a fixed source r in a directed graphs and thereby
made clear that it can be used to certify reachability and to maintain shortest paths.
Ever since, the ES-tree has been one of the most widely used and adapted data structures
in dynamic graph algorithms and we therefore give a full introduction to the algorithm
in Section 2.2.

Incremental SSR and SCC. For incremental SSR, it is rather straight-forward to
improve the total update time to O(m) total update time by using a dynamic tree data
structure (see for example [Tar83, Alst05]).

For the incremental SCC problem, two classic results exists, the first by Haeupler et
al. [Haet08, Haet12] gives total update time O(min{mn?/3, m3/?}) while the second
approach by Bender et al. [BFG09, Ben'16] achieves total update time O(n?). While
this still marks the state-of-the-art, we point out that various new approaches [Coh™13,
BC18, BK20] exist for the incremental cycle detection problem where rather than main-
taining the SCCs in the incremental graph G, the data structure only has to report
when the first non-trivial SCC forms. However, even for this simpler problem, the cur-
rent state-of-the-art data structures cannot match the near optimal running time bound
for incremental SSR.

Decremental SSR and SCC. The first non-trivial data structure for Decremental
SSR was the ES-tree with total update time O(mn). Roditty and Zwick further observed
in [RZ08] that placing a Decremental SSR data structure at a root r and run it on G
and the reverse graph G("®?), the data allowed to maintain the set of all vertices that
are strongly-connected to r. Further, by using a clever random root trick, they derived
a reduction from Decremental SCC to Decremental SSR at the additional cost in total
update time of only O(logn), thus, obtaining total update time O(mn) for the SCC
problem. In [Lacl3], Lacki gave a different approach that decomposed the problem of
Decremental SCC into up to n subproblems of Decremental SSR on directed acyclic
graphs (DAGs) which can be solved in total time O(m) [Ita88]. This constituted the
first deterministic algorithm for Decremental SCC with total update time O(mn). This
data structure was later further extended by Georgiadis et al. [Geo™17] to handle more
advanced query operations.



The total running time of O(mn), often seen as a fundamental barrier for partially
dynamic SSR, SCC and SSSP problems, was finally broken by Henzinger et al. [HKN14b,
HKN15] to mn®9+°(1), The authors developed a new algorithm for the Decremental SSR
based on clever hitting set techniques. Briefly after, Chechik et al. [Chet16b] showed
that a clever combination of the algorithms in [RZ08] and [F.ac13] can be used to improve
the total update time to O(m+/n).

Partially Dynamic SSSP. While improvements on the upper bounds given by the
ES-tree was made for all the partially dynamic SSR and SCC problems, Roditty and
Zwick showed in [RZ04] that on undirected, weighted graphs, Q(mn) total running
time is required, or otherwise substantial progress on the static APSP problem was
possible. This lower bound was latter strengthened by Abboud and Vassilevska Williams
in [AW14] and extended to hold even using algebraic techniques although with a weaker
lower bound as proven by Henzinger et al. [Hen'15].

Since handling graphs with large weights is highly desirable for applications, research
focused subsequently on the relaxed problem of only reporting distance to an (1 + €)-
approximation. A simple rounding trick (probably first stated in [NMad10b, Ber09]) can
be used to transform the ES-tree into a data structure that achieves total running time
O(mn) for (1+ ¢)-approximate SSSP. While Henzinger et al. [HIKN14h, ITKN15] showed
that their approach could be extended to give (1 + ¢)-approximate SSSP in partially
dynamic graphs' in total update time mn®9t°() this result remained state-of-the-art

until this thesis.

1.4 Related Work

We also give a brief overview of related work. While we state only the best update
bounds, we give citations of the current state-of-the art articles in various settings (for
example, we sometimes cite the best result for the deterministic setting but only mention
the bound achieved in the randomized setting for brevity).

Planar Directed Graphs. For planar graphs, decremental algorithms are known to
solve Single-Source Reachability deterministically in near-linear update time [Ita®™17]
and SSSP in directed graphs in total update time O(n*?) as shown by [Kar18]. The in-
cremental versions of these problems have not received attention yet. The fully-dynamic
SSSP problem was recently considered by Charalampopoulos and Karczmarz [CK20]
who achieve worst-case update time O(n*/%).

Directed Dynamic All-Pairs Shortest Paths. Decremental APSP was first con-
sidered by Baswana et al. [BHS07] where a data structure with O(n3) total update
time is presented. The authors further present an algorithm for (1 + €)-approximate

While the data structure is only shown to work for decremental graphs, we believe that it can be
adapted to the incremental setting.



APSP which was subsequently improved to near-optimal total update time O(mn) by
Bernstein [Ber16]. The techniques by Bernstein were further recently adapted to the in-
cremental setting in [KL19], however, only achieving total update time O(mn*/3). In the
fully dynamic setting, the state-of-the art data structure achieves amortized update time
O(n?) [DI04, DIO6, Tho04] and the best worst-case update bound is currently O(n?*2/3)
[Tho05, ACK17]. Again, allowing for a (1 + €)-approximation in the distance estimates,
a recent data structure [BN19] achieves worst-case update time O(n?%%) (O(n?) for
undirected graphs). We also note that a substantial amount of research was dedicated
to obtaining good dynamic APSP algorithms for planar digraphs where Fakcharoenphol
and Rao [FR06] obtained an algorithm with update and query time O(n?/3). Subse-
quently, Abboud and Dahlgaard [AD16] obtained a conditional lower bound of Q(y/n),
however, this gap remains unresolved even after considerable effort [Kap 12, Kle05,
ACG12, GK18]. Finally, there also exists a wide literature on the topic of sensitivity
oracles [Dem™08, BK09, BCR15, Che™17, Chol6, BCR19, BS19, CC20] where a data
structure is computed (often with large preprocessing time) to allow for few updates
that can be processed very efficiently and then allows to answer all-pairs shortest paths
queries.

Undirected Graphs. In undirected graphs, the problem of connectivity, i.e. whether
there exists an undirected path between two query vertices u and v, is the pendant to the
SSR and SCC problems. Fully dynamic connectivity is a well-studied problem where the
fastest data structures take polylogarithmic (worst-case) update time [HolT01, Tho00,
Wull3b, KKM13, NS17, Wull7, NSW17]. For partially dynamic (1 + €)-approximate
SSSP, a breakthrough result by Henzinger et al. [HIK(N14a] achieves total update time
m o) and a recent goal in this setting has become to obtain deterministic or at least
adaptive algorithms [BC16, BC17, Ber17, CK19]. There further exist a plethora of work
on the dynamic decremental APSP problem with varying approximation guarantees
[BR11, HKN14a, HKN16, Chel8, KE20, CS20] and in the fully dynamic setting [HIK95,
Kin99a, DI06, DI04, RZ04, Tho05, RZ12, AC13, RZ16, HKN16, ACK17, BN19] and we
also point out that algebraic techniques were developed for both fully dynamic SSSP
and APSP [San05, BN19].

1.5 Contribution

In this thesis we present significant progress on the partially dynamic SSR, SCC and
SSSP problems. In fact, we present the first data structures for all three problems that
are near-optimal (although the data structures for SSSP are only near-optimal in very
dense graphs).

A Near-Linear Update Time Randomized Algorithm for Decremental SSR
and SCCs. Our first contribution is an efficient randomized near-linear update time
data structure for decremental SSR and SCC. This update time should be compared to
the currently best total update time of O(m/n) [Chet16b).



Theorem 1.5.1. [see [BPW19]] Given a decremental, directed graph G = (V, E) and
a dedicated source vertex r € V, then we can maintain explicitly

o the strongly-connected components of G, and
o the set R of vertices that are reachable from r.

The data structure runs in total expected update time O(m) and works against an adaptive
adversary, however, if path-queries are allowed it only works against a non-adaptive
adversary.

Near-Optimal Partially Dynamic SSSP in Dense Digraphs. Further, we present
the first near-optimal data structure for partially dynamic SSSP in weighted directed
graphs. This bound should be compared to the data structure by Henzinger et al.
[HKN14b, HKN15].

Theorem 1.5.2 (see [GW20a, BGW20, GWW20]). Given a partially dynamic input
graph G = (V,E,w), a dedicated source r € V and € > 0, there is a randomized
algorithm that maintains a distance estimate dist(r,x), for every x € V, such that

diste(r,z) < dist(r,z) < (1 4 €)distg(r, z)

at any stage w.h.p. The algorithm has total expected update time O(n?log W/poly(e)).
Distance queries are answered in O(1) time, and a corresponding path P can be returned
in O(|P]) time. For the decremental version the data structure is non-adaptive, however,
for the incremental version of the problem, our data structure is even deterministic.

We point out that in [BGW20], a data structure for the decremental SSSP problem is
given with total update time O(mn?/3log W/poly(e)) which constitutes the best result
on sparse digraphs. However, we only present the result on dense graphs in this thesis.

Deterministic Algorithms for Decremental SSR, SCC and SSSP. Finally, we
present the first deterministic data structures for partially dynamic SSR, SCC and SSSP
that improve upon the total update time of Even and Shiloach’s data structure from 1981.
In fact, this even is the first adaptive data structure that improves on the O(mn) total
running time achieved in [ES81] when we want to support path-queries which are often
crucial for applications.

Theorem 1.5.3. [see [BPS20]] Given a decremental, directed graph G = (V, E), we
can deterministically maintain the strongly-connected components of G in total update
time mn2/37°0) - Further the data structure allows for constant time queries which upon
inputting two vertices u,v € V, outputs whether they are strongly-connected or not.

The data structure can also, given a dedicated source verter r € V, maintain within the
same update time the set of vertices reachable from r and offers a constant time query
which upon inputting a vertex v € V, returns whether r reaches v.



Theorem 1.5.4. [see [BPS20]] Given a decremental dynamic input graph G = (V, E, w),
a dedicated source v € V' and € > 0, there is a deterministic algorithm that maintains a
distance estimate dist(r,x), for every x € V', such that

distg(r,z) < (ﬁs/t(r,w) < (1 + e)distg(r, x)

at any stage of the graph. The algorithm has total update time n?+t2/3+0() log W /poly (e).
Distance queries are answered in O(1) time, and a corresponding path P can be returned
in |P|n°M) time.

Both results for decremental SSSP (i.e. the results from [BGW20] and [BPS20]) build
heavily upon the article [GW20a] which was part of the Ph.D. project but is not featured
in this thesis since its results were superseded by the results presented in this thesis.
Further, we point out that Theorem 1.5.3 and Theorem 1.5.4 indeed apply to partially
dynamic graphs (instead of only decremental graphs) when considering the results from
[Haet12] and Theorem 1.5.2.

1.6 Contribution Beyond the Thesis

While the thesis focuses on the problems of partially dynamic SSR, SCC and SSSP in
directed graphs, various results obtained during the Ph.D. project, have contributed to
the current state of the art on dynamic graph algorithms. For completeness, we list here
the contributions that are not covered by this thesis:

o The article [PW20] presents the first fully dynamic APSP algorithm with deter-
ministic worst-case update time beyond the O(n?t3/%) time bound given in 2015
by Thorup [Tho05]. The article further gives a randomized data structure that is
more general than the current state-of-the-art data structure with best randomized
worst-case update time O(n2+2/ 3). Finally, it answers the question for a non-trivial
dynamic APSP data structure with subcubic space as the latter algorithm only re-
quires O(n?) space.

o The article [GW20b] presents an improvement for the decremental SSSP problem
on undirected graphs. The achieved total update time of mn®5t°() should be
compared to the results by Chechik and Bernstein [BC16, BC17] that achieve
running time O(min{mn3/4,n?}). Thus, the new data structure improves over the
state-of-the-art whenever the graph G is sufficiently sparse.

o The article [Ber™20] presents the first non-trivial algorithm to maintain graph
sparsifiers against an adaptive adversary. In particular, on a fully dynamic graph,
the data structure can maintain a O(polylogn)-approximate spanner, cut-sparsifier
or spectral-sparsifier with polylogarithmic update time.

o The article [Prol8] investigates a generalization of the classic Thorup-Zwick Dis-
tance Oracles [TZ05, Chel5] where a static data structure is computed on a graph
where each vertex is given a color (possibly many vertices receive the same color)



and then has to answer queries given a vertex v and a color ¢ for the (approxi-
mately) nearest c-colored vertex from v. The article demonstrates that the latter
problem is strictly harder by establishing hardness in the cell-probe model, and
gives an oracle with query times that are optimal up to a constant factor based on
previous techniques from [Chel2, Wull3a).

o The article [GWW20] of which excerpts are used in this thesis to derive The-
orem 1.5.2, also presents new conditional lower bounds for the exact weighted
partially dynamic SSSP. The strongest among these lower bounds states that even
in undirected graphs, for any sparsity m, there cannot be an exact algorithm, with
preprocessing time m?~% and update and query time m' =9 for any arbitrarily small
constant ¢ > 0, unless the k-Cycle Hypothesis is falsified. This lower bound also
applies to algebraic algorithms which was previously not possible since lower bound
reductions were based on the “combinatorial” static APSP conjecture.

o The article [BPS20] from which we present the proof of Theorem 1.5.3 and Theo-
rem 1.5.4, presents a new framework for directed expanders and a new technique
called congestion balancing. While we touch on these new developments partially
in this thesis, we do not cover them in detail. We also do not cover a simple
algorithm that is derived in Theorem 1.5.3 by using the technique of congestion
balancing in conjunction with a recent result by Wajc [Waj20] and which gives
the first O(m) total update time algorithm for decremental (1 — €)-approximate
bipartite matchings.

1.7 Organisation

The rest of the thesis is concerned with presenting data structures as described in Sec-
tion 1.5. We also give full proofs for all stated theorems, however, we will omit or only
sketch several intermediate results.

Let us now provide an overview of the thesis, chapter by chapter:

Chapter 2. In this chapter, basic notation and preliminaries for the rest of the thesis
are introduced where we try to adhere to conventions from the field of dynamic graph
algorithms. Further, we give a brief introduction to the data structure by Even and
Shiloach [ES81] (the so called ES-tree) in Section 2.2 which we recommend to readers
not overly familiar with the data structure since many of the presented techniques rely
on modifications and new insights to the classic ES-tree.

We further give a short reduction in Section 2.3 which allows us to assume that the weight
ratio of partially dynamic graphs G is bound over all stages by a small polynomial in
n, at the expense of introducing a lognW factor in the running time. While the proof
is neither insightful nor novel, we state it here and use it implicitly in the rest of the
thesis.
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Chapter 3. We then present a randomized data structure for the decremental SCC
problem with expected near-linear update time O(m) This data structure is straight-
forwardly extended to also maintain SSR in decremental graphs. This gives the result
stated in Theorem 1.5.1. The chapter is based on the STOC’2019 publication [BPW19].

Chapter 4. Building upon some of the techniques introduced in Chapter 3, we then
present a randomized data structure for the decremental SSSP problems with expected
update time O(n?). We point out however that the chapter is entirely self-contained and
does not require the reader to have read Chapter 3, however, it does omit some proofs
which are repetitive. This chapter is based on the SODA’2020 publication [GW20a] and
the FOCS’2020 publication [BGW20] which supersedes the results obtained in the former
publication (the chapter introduces both approaches and highlights the improvements
in the framework obtained in [BGW20]).

Chapter 5. We present the first deterministic data structures that supersede the result
by Even and Shiloach for decremental SSR, SCC and SSSP. We point out that these
results require a new range of techniques for directed expanders. Since this thesis is
focused on partially dynamic SSR, SCC and SSSP data structures, we do not cover proofs
for these techniques, but rather give an intuitive approach to expanders and illustrate
how to obtain the data structures described in Theorem 1.5.3 and Theorem 1.5.4 from
directed expander techniques. We then give a thorough proof of Theorem 1.5.4 which
is based on the techniques from Chapter 4 and [GW20a]. The chapter is however self-
contained as we give a brief (re)-introduction to the framework from Chapter 4.

Chapter 6. In this chapter, we present a deterministic incremental SSSP data struc-
ture with total update time O(n?). The data structure is inspired by a data structure for
undirected graphs [BC17] however it requires many additional insights to make the same
approach work in directed graphs. The chapter is based on the STOC’2020 publication
[GWW20].

Chapter 7. Finally, we give a conclusion where we reflect on the contributions of this
thesis and list a range of related open problems motivated by this work.
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Chapter 2

Preliminaries

2.1 Notation and Basic Definitions

We let a graph H refer to a weighted, directed graph with vertex set denoted by V(H)
of size ny, edge set E(H) of size my and weight function wy : E(H) — [1, W] U {oc0}.
We say that H is a decremental graph if it is undergoing a sequence of edge deletions
and edge weight increases (also referred to as updates), and refer to version t of H, or
H at stage t as the graph H obtained after the first ¢ updates have been applied. In
this article, we denote the (decremental) input graph by G = (V, E,w) with n = |V/|
and m = |E| (where m refers to the number of edges of G at stage 0). In all subsequent
definitions, we often use a subscript to indicate which graph we refer to, however, when
we refer to GG, we often omit the subscript.

Neighborhoods and Degree. We let Ni'(v) = {u | (u,v) € E(H)} and N§“(v) =
{u|v € Ni(u)} denote the in-neighborhood and out-neighborhoods of v € V. We let
the neighborhood N (v) of v be defined by Ng(v) = N (v) UNF(v). The weighted
in-degree and out-degree of a vertex u are deg™(u) = w(E(V,u)) and deg®(u) =
w(E(u,V)), respectively. The weighted degree of u is deg(u) = deg™(u) + deg®(u).
The volume of a set S is vol(S) = 3 ,cq deg(u).

Subgraphs, Cuts and Vertex Subsets. We let H[X] refer to the subgraph of H
induced by X, i.e. H[X] = (X, Eg(X,X),wy). We use H C G to denote that V(H) =
V(G) and E(H) C E(G). For graph H, and any two disjoint subsets X,Y C V(H), we
let Ef(X) be the set of edges in E(H) with an endpoint in X, and EFy(X,Y) denote
the set of edges in E(H) with tail in X and head in Y. We say that for S C V, (S,V'\ S)
is a vertexr cut (sometimes simply cut) and sometimes denote V'\ S by S. For any S, let
5 (8) = w(E(S,V\ S)) and §™(S) = w(E(V \ S,9)) denote the total weight of edges
going out and coming in to S, respectively.
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Balanced Cuts. We say that cut (S, V' \ S) is e-balanced if vol(S) > evol(V'), and it is
¢-sparse if min{§™(9),5°%(S)} < ¢vol(S). We say that (L, S, R) is a vertez-cut of G if
L,S, and R partition the vertex set V', and either F(L, R) = () or E(R, L) = ). Assuming
that |L| < |R|, (L, S, R) is e-vertex-balanced if |L| > €|V|, and it is ¢-vertez-sparse if
1S < BILl.

Contractions. We define the graph H/X to be the graph obtained from H by con-
tracting all vertices in X into a single node (we use the word node instead of vertex
if it was obtained by contractions). Similarly, for a set of pairwise disjoint vertex sets
X1,Xo,..., X, we let H/{X1,Xo,..., X} denote the graph ((((H/X1)/X2)...)/Xk).
If V forms a partition of V', we use the convention to denote by XV the node in G/V that
contains v € V, i.e. v € X". To undo contractions, we define the function FLATTEN(X)
for a family of sets X by FLATTEN(X) = ,cx .

Reachability and Strong-Connectivity. For graph H and any two vertices u,v €
V(H), we let u ~»g v denote that u can reach v in H, and v 2y v that u can reach v
and vice versa (in the latter case, we also say u and v are strongly-connected). For any
sets X, Y C V(H), we say that X ~»p Y if there exists some z € X, y € Y such that
x ~pg y; we define X 25 Y analogously. We say that the partition of V(H) induced
by the equivalence relation = is the set of strongly-connected components (SCCs). We
denote by CONDENSATION(H) the condensation of H, that is the graph obtained by
contracting each SCC in H into a node.

Distances, Diameter and Balls. We let dist(u,v) denote the distance from vertex
u to vertex v in graph H and denote by m,, g the corresponding shortest path (we
assume uniqueness by implicitly referring to the lexicographically shortest path). We
define the weak diameter of X C V(H) in H by diam(X, H) = max, yex disty(z,y).
We define a ball By (r,d) for some source r € V' and positive real § € R-g to be the
set of vertices at distance at most § from r, i.e. Byy(r,0) = {v € V | distg(r,v) < d}.
We similarly define By, (r,d) to be Byy(r,d) in the graph G where edge directions are
reversed.

S-Distances. We define the notion of S-distances for any S C V(H) where for any
pair of vertices u,v € V(H), the S-distance disty (u, v, S) denotes the minimum number
of vertices in S\ {v} encountered on any path from u to v. Alternatively, the S-distance
corresponds to dist g (u, v) where H' is a graph with edges Fo,,:(S) of weight 1 and edges
E\ Eyut(S) of weight 0. It therefore follows that for any u,v € V(H), disty(u,v) =
disty (u,v, V).

Partitions. For two partitions P and P’ of a set U, we say that partition P is a
melding for a partition P’ if for every set X € P’, there exists a set Y € P with X C Y.
We also observe that melding is transitive, thus if P is a melding for P’ and P’ a melding
for P” then P is a melding for P”.
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2.2 The ES-tree

The starting point for all data structures derived in the rest of this thesis is the ES-tree.
We first state the formal result obtained by Even and Shiloach [ES81] (in a slightly
extended version)

Theorem 2.2.1 (ES-tree, Extended Version of [ES81].). Given a directed, unweighted,
partially dynamic graph G = (V, E), a fized source vertexr v € V and a depth § > 0,
there exists a data structure &, called the ES-tree that explicitly maintains for every
v € Boy(r, 9), the distance from r to v in any version of G. The algorithm runs in total
update time O(md) and has query time O(1). A corresponding shortest r-to-v path P
can be returned in time O(|P|).

We point out that By, (r,d) in the above theorem refers to the ball at  in the current
version of the graph G, i.e. the set By, (r, d) is decremental itself and for any vertex v
at distance at most J at some stage ¢ of G, we can query at stage i, the exact distance
from r to v. We also point out that for vertices not in By (r,0), the data structure
can be implemented to return co (or any other sentinel). We present the data structure
for a decremental graph, however, it is straight-forward to obtain the same result in
incremental graphs.

The Algorithm. We maintain distances from a fixed source r € V' to each vertex v
in V up to distance 6 > 0 by storing a distance estimate dist(r,v) that is initialized
to the distance between r and v in G along with a shortest-path tree T’ rooted at 7.
On update (u,v), we delete the edge from G and possibly from 7. Then, if possible,
we extract Wp, € V' \ {r}, the vertex with smallest distance estimate among vertices
without incoming edge in 7. (For the first extraction, we always have w,,;, = v.) For
this vertex wy,in, we then try to find a vertex x € N (Wynin) such that adding (z, wyin)
to T implies distr (7, W) < dist(r, Wmn). We therefore search in N (wypiy,) for an x
that satisfies - -

dist(r, z) + w(z, Wmin) < dist(r, Wmin). (2.1)

If no such z exists, then dist(r, wyin) has to be incremented, and we set T to T\
N (wpmin). If dist(r, wmin) > J, we set it to oo and remove wy,;, from the tree. We
iterate the process until 7" is spanning for vertices with distance estimate < oo.

Total Update Time. We claim that for each distance estimate value dist(r, v), N (v)
has to be scanned only once. This follows since if Equation 2.1 is satisfied for a neighbor
then the edge is taken into the tree 1" until deleted, but if it does not satisfy the equa-
tion, it never has to be considered at the current distance estimate value of v since the
left-hand-side of the equation is monotonically increasing over time and thus the equa-
tion cannot be satisfied before the right-hand-side is increased. Since estimates increase
monotonically, the total update time can be bound by O(3,cy [N (v)[d) = O(mS).
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Correctness of the Algorithm. It remains to show that after the algorithm to
reconstruct the tree 7' terminates, we have for all z € By (r,d), that dist(r,xz) =
dist(r, x).

While a formal argument would require nested induction, we simply observe that a
vertex x at distance d < d, always has the vertex y that precedes it on the shortest path
from r-to-x in its in-neighborhood. An inductive argument over the distances from r
thus shows that we can always add an in-edge for x to the tree 1" that ensures that the
distance estimate is at most the real distance. On the other hand, since T is a subset of
G after each stage, each path in the tree is at most of weight equal to the shortest path
distances.

2.3 Reducing the Weight Dependency in Partially Dynamic
SSSP

Here, we also give a small reduction that extends (1 + €)-approximate partially dynamic
SSSP for weight ratio n?, to any weight ratio W at the expense of an additional log W
factor. Throughout this thesis, we are therefore only concerned with obtaining a poly-
logarithmic dependency on W since by the theorem below, we can then reduce the
dependency on W to lognW. We will not state explicitly in the sections that we use
the below theorem, however, claim the update times in Section 1.5 by making use of it.

Theorem 2.3.1. Forany1/2 > e > 1/n, given a data structure &, that maintains (1+€)-
approzimate partially dynamic SSSP on a graph H in time Tgssp(mm, nmg, €, Wr) (where
we assume that distance estimates are maintained explicitly). Then, there exists a data
structure, that maintains (1 4 6€)-approximate partially dynamic SSSP on a graph G in
time

((m +n)logn/e + Tsssp(m,n,e, n4)) -O(log(nW)).

Proof. Given the graph G with weight ratio W. Assume that the smallest weight is 1
and the largest weight W (this is without loss of generality). Throughout the update
sequence, for i = 0,1,..., [lgWn]+ 1, maintain a graph G; derived from G by removing
all edges of weight larger 2° and by rounding all remaining edges up to the nearest
multiple of 2¢/n?. Finally, run a data structure £ on each such graph G; and maintain

for each for each v € V', a min-priority heap over the distance estimates &fgtl(r, v) in all
data structures £

We first observe that the resulting graphs G; clearly have weight ratio n? by defini-
tion. For the running time, we first observe that we have O(lognW) data structures &:.
Further, each of the m updates to G results in at most O(lognW) updates to graphs
G;. The data structures £ update the distance estimates at most O(Tsssp(m,n, €,n?))
times. Updating the heap data structure only when distance estimates change by (14 ¢€)
which occurs at most O(log(nW)/e) times for each vertex, and using that each update to

15



the heap is at cost O(loglog Wn) = O(logn), we derive our final bound on the running
time.

For correctness, observe that during stage ¢, for a vertex v at distance 2¢~! < dist(r,v) <
2! for some 4, in the graph Gj, the shortest path from r to v is at most (1+2/n)dist(r, v)
since each edge on the shortest r-to-v path in G has weight at most 2° and is thus in
G; and further each edge incurs additive error at most 2¢/n? by the rounding of edges
combined with the fact that the distance is at least 2/~! and that there are at most n
edges on any simple path. Further, the distance in each G; between any pair of vertices
is at least as large as in G. The final approximation guarantee stems from the fact that
(I4€)-(1+42/n) < (1+4€)-(14+2¢) < (1+6¢) sincefor 0 <z <1, 1+z <e®* <1+2z. O
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Chapter 3

A Randomized Algorithm for
Decremental SSR and SCCs

In this section, we prove the following result.

Theorem 1.5.1. [see [BPW19]] Given a decremental, directed graph G = (V, E) and
a dedicated source verter r € V, then we can maintain explicitly

e the strongly-connected components of G, and
o the set R of vertices that are reachable from r.

The data structure runs in total expected update time O(m) and works against an adaptive
adversary, however, if path-queries are allowed it only works against a non-adaptive
adversary.

We point out that it suffices to maintain the strongly-connected components of G since
we can then run the decremental SCC data structure on the graph GU (V x {r}, that is
the graph G with an additional edge from every vertex v € V to r. Observe that a vertex
v is reachable from r in G if and only if  and v are strongly-connected in GU (V' x {r}).

We next give an overview on how to obtain the Decremental SCC data structure pre-
sented in Theorem 1.5.1. We then present our one of our key insights, a generalization
of the ES-tree, and in the final sections show how to use this insight to obtain a fast
data structure.

3.1 Overview

We start by introducing the graph hierarchy maintained by our algorithm, followed by
a high-level overview of our algorithm.

High-level overview of the Hierarchy. Our hierarchy has levels 0 to |lgn|+ 1 and
we associate with each level i a subset E; of the edges E. The sets F; form a partition
of E; we define the edges that go into each F; later in the overview but point out that

17



we maintain E|j,, 41 = (). We define a graph hierarchy G =1{Goy, Gy, .., (A}’UgnJH} such
that each graph G, is defined as

G; = ConpensatioN((V, | J E))) U E;
j<i

That is, each G; is the condensation of a subgraph of G with some additional edges. As
mentioned in the preliminary section, we refer to the elements of the set V; = V(G;) as
nodes to distinguish them from wvertices in V. We use capital letters to denote nodes and
small letters to denote vertices. We let X denote the node in V; with v € X/ . Observe
that each node X corresponds to a subset of vertices in V and that for any i, V; can in
fact be seen as a partition of V. For Gy = CONDENSATION((V;()) U Ey, the set V; is a
partition of singletons, i.e. Vo = {{v}|v € V}, and X@ = {v} for each v € V.

Observe that because the sets E; form a partition of £ and E|jg,|41 = (), the top graph
GUg n)+1 is simply defined as

éUgnHl = CONDENSATION((V, U Ej)) U Elign|41
j<llgn]+1
= CONDENSATION((V, E)).

Therefore, if we can maintain G|y4,,) 4 efficiently, we can answer queries on whether two

vertices u,v € V are in the same SCC in G by checking if XugnJ_‘_1 is equal to XUgnJJrl'

Let us offer some intuition for the hierarchy. The graph Gy contains all the vertices of
G, and all the edges of Fy C E. By definition of CONDENSATION(+), the nodes of Gh
precisely correspond to the SCCs of Go. G also includes the edges Ey (though some of
them are contracted into self-loops in CONDENSATION((V, Ep))), as well as the additional
edges in F;. These additional edges might lead to Gy having larger SCCs than those
of Go; each SCC in G then corresponds to a node in Gs. More generally, the nodes of
éz’+1 are the SCCs of G’l

As we move up the hierarchy, we add more and more edges to the graph, so the SCCs
get larger and larger. Thus, each set Viis a melding for any V for j < i; that is for each
node Y € V there exists a set X € V; such that Y C X. We sometimes say we meld
nodes Y, Y’ € V to X € V;if Y, Y’ C X and j < . Additionally, we observe that for any
SCCY C V, in G’i, we meld the nodes in SCC Y to a node in X € Vi+1, and X consists
exactly of the vertices contained in the nodes of Y. More formally, X = FLATTEN(Y).

To maintain the SCCs in each graph G;, our algorithm employs a bottom-up approach.
At level i+1 we want to maintain SCCs in the graph with all the edges in J;<; 1, Ej, but
instead of doing so from scratch, we use the SCCs maintained at level G; as a starting
point. The SCCs in G; are precisely the SCCs in the graph with edge set U;<; Ej; so
to maintain the SCCs at level ¢ 4+ 1, we only need to consider how the sliver of edges
in F;11 cause the SCCs in G; to be melded into larger SCCs (which then become the
nodes of éi+2).
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If the adversary deletes an edge in Ej;, all the graphs G;_1 and below remain unchanged,
as do the nodes of G;. But the deletion might split apart an SCC in G;, which will in
turn cause a node of éi+1 to split into multiple nodes. This split might then cause an
SCC of C?Hl to split, which will further propagate up the hierarchy.

In addition to edge deletions caused by the adversary, our algorithm will sometimes
move edges from FE; to F;;1. Because the algorithm only moves edges up the hierarchy,
each graph Gi is only losing edges, so the update sequence remains decremental from
the perspective of each Gi. We now give an overview of how our algorithm maintains
the hierarchy efficiently.

Maintaining SCCs with ES-trees. Consider again graph Gy and let X C V; be
some SCC in éo that we want to maintain. Let some node X’ in X be chosen to be the
center node of the SCC (In the case of Gy, the node X' is just a single-vertex set {v}).
We then maintain an ES in-tree and an ES out-tree from X’ that spans the nodes in X
in the induced graph Go[X]. We must maintain the trees up to distance diam(Go[X]),
so the total update time is O(|E(Go[X])| * diam(Go[X])) (recall Theorem 2.2.1).

Now, consider an edge deletion to Gy such that the ES in-tree or ES out-tree at X' is
no longer a spanning tree. Then, we detected that the SCC X has to be split into at
least two SCCs X1, Xo, .., X}, that are node-disjoint with X = [J; X;. Then in each new
SCC X; we choose a new center and initialize a new ES in-tree and ES out-tree.

Exploiting small diameter. The above scheme clearly is quite efficient if diam(@o)
is very small. Our goal is therefore to choose the edge set Ey in such a way that Gy
contains only SCCs of small diameter. We therefore turn to some insights from [Che™16b]
and extract information from the ES in-tree and out-tree to maintain small diameter.
Their scheme fixes some § > 0 and if a set of nodes Y C X for some SCC X is at distance
Q(6) from/to CENTER(X) due to an edge deletion in Gy, they find a node separator S
of size O(min{|Y|,|X \ Y|}logn/d); removing S from Gy causes ¥ and X \ Y to no
longer be in the same SCC. We use this technique and remove edges incident to the
node separator S from Ey and therefore from Go. One subtle observation we want to
stress at this point is that each node in the separator set appears also as a single-vertex
node in the graph Gl, this is because each separator node {s} for some s € V is not
melded with any other node in Vo, as it has no edges in Gy to or from any other node.

For some carefully chosen § = ©(log®n), we can maintain G such that at most half the
nodes in V; become separator nodes at any point of the algorithm. This follows since
each separator set is small in comparison to the smaller side of the cut and since each
node in Vj can only be O(logn) times on the smaller side of a cut.

Reusing ES-trees. Let us now refine our approach to maintain the ES in-trees and
ES out-trees and introduce a crucial ingredient devised by Roditty and Zwick [RZ08].
Instead of picking an arbitrary center node X’ from an SCC X with X’ € X, we are
going to pick a vertex r € FLATTEN(X) C V uniformly at random and run our ES
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in-tree and out-tree &, from the node X§j on the graph Gyo. For each SCC X we denote
the randomly chosen root r by CENTER(X). In order to improve the running time,
we reuse ES-trees when the SCC X is split into SCCs X1, Xo, .., X, where we assume
wlog that r € FLATTEN(X), by removing the nodes in Xy, .., X}, from &, and setting
CENTER(X1) = r. Thus, we only need to initialize a new ES-tree for the SCC Xy, .., X.
Using this technique, we can show that each node is expected to participate in O(logn)
ES-trees over the entire course of the algorithm, since we expect that if a SCC X breaks
into SCCs X1, Xo, .., Xi then we either have that every SCC X; is of at most half the
size of X, or with probability at least 1/2 that X is the new SCC that contains at least
half the vertices, i.e. that the random root is contained in the largest part of the graph.
Since the ES-trees work on induced graphs with disjoint node sets, we can therefore
conclude that the total update time for all ES-trees is O(mlogn * diam(Gy)).

We point out that using the ES in-trees and out-trees to detect node separators as
described above complicates the analysis of the technique by Roditty and Zwick [RZ08]
but a clever proof presented in [Che™16b] shows that the technique can still be applied.
In our paper, we present a proof that can even deal with some additional complications
and that is slightly simpler.

A contrast to the algorithm of Chechik et al [Chet16b]. Other than our hier-
archy, the overview we have given so far largely comes from the algorithm of Chechik
et al [CheT16b]. However, their algorithm does not use a hierarchy of graphs. Instead,
they show that for any graph G, one can find (and maintain) a node separator S of size
O(n/6) such that all SCCs in G have diameter at most §. They can then use ES-trees
with random sources to maintain the SCCs in G \ S in total update time O(md). This
leaves them with the task of computing how the vertices in S might meld some of the
SCCs in G\ S. They are able to do this in total update time O(m|S|) = O(mn/§) by
using an entirely different technique of [Fac13]. Setting § = O(y/n), they achieve the
optimal trade-off between the two techniques: total update time O(m+/n) in expectation.

We achieve our O(m) total update time by entirely avoiding the technique of [Lac13] for
separately handling a small set of separator nodes, and instead using the graph hierarchy
described above, where at each level we set ¢ to be polylog rather than O(y/n).

We note that while our starting point is the same as [Che™ 16b], using a hierarchy of
separators forces us to take a different perspective on the function of a separator set.
The reason is that it is simply not possible to ensure that at each level of the hierarchy,
all SCCs have small diameter. To overcome this, we instead aim for separator sets that
decompose the graph into SCCs that are small with respect to a different notion of
distance. The rest of the overview briefly sketches this new perspective, while sweeping
many additional technical challenges under the rug.

Refining the Hierarchy. So far, we only discussed how to maintain Gy efficiently by
deleting many edges from Ejy and hence ensuring that SCCs in Gg have small diameter.
To discuss our bottom-up approach, let us define our graphs G; more precisely.
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We maintain a separator hierarchy S = {So, S, .., SUgnHQ} where Vp =8, 25,2 ..D
Slign|+1 = S|ignj+2 = 0, with [S;| < n/2", for all i € [0, [lgn] + 2] (see below that for
technical reasons we need to define S|}, |42 to define CAr’Ug nj+1)- Each set S; is a set of
single-vertex nodes — i.e. nodes of the form {v} — that is monotonically increasing over
time.

We can now more precisely define each edge set
E; = E(FLATTEN(S;)) \ E(FLATTEN(S;41)).

To avoid clutter, we abuse notation slightly referring henceforth to FLATTEN(X') simply
as X if X is a set of singleton sets and the context is clear. We therefore obtain

G; = ConpensatioN((V, | J Ej)) U E;
j<i

= CONDENSATION(G \ E(S;)) U (E(S;) \ E(Si+1)) .

In particular, note that G; contains all the edges of G except those in E(S;11); as we
move up to level Gi+1, we add the edges F(S;+1)\ E(Sit+2). Note that if s € S;\ Sit+1, and
our algorithm then adds s to S;41, this will remove all edges incident to s from F; and
add them to E;11. Thus the fact that the sets .S; used by the algorithm are monotonically
increasing implies the desired property that edges only move up the hierarchy (remember
that we add more vertices to .S; due to new separators found on level i — 1).

At a high-level, the idea of the hierarchy is as follows. Focusing on a level i, when the
“distances” in some SCC of G; get too large (for a notion of distance defined below),
the algorithm will add a carefully chosen set of separator nodes si, s2,.. in S; to S;41.
By definition of our hierarchy, this will remove the edges incident to the s; from C?,-,
thus causing the SCCs of G to decompose into smaller SCCs with more manageable
“distances”. We note that our algorithm always maintains the invariant that nodes added
to Si+1 were previously in S;, which from the definition of our hierarchy, ensures that at
all times the separator nodes in SZ“ are single-vertex nodes in V;H, this is because the
nodes of Vz+1 are the SCCs of GZ, and G; contains no edges incident to S;11.

Exploiting S-distances. For our algorithm, classic ES-trees are only useful to main-
tain SCCs in Go; in order to handle levels i > 0 we develop a new generalization of
ES-trees that use a different notion of distance. This enables us to detect when SCCs
are split in graphs G; and to find separator nodes in G; as discussed above more effi-
ciently.

Our generalized ES-tree (GES-tree) can be seen as a combination of the classic ES-
trees[E£S81] and a data structure by Italiano[lta88] that maintains reachability from a
distinguished source in a directed acyclic graph (DAG), and which can be implemented
in total update time O(m).

Let S be some feedback vertex set in a graph G = (V, E); that is, every cycle in G
contains a vertex in .S. Then our GES-tree can maintain S-distances and a corresponding
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shortest-path tree up to S-distance 6 > 0 from a distinguished source X for some r € V'
in the graph G. (See Chapter 2 for the definition of S-distances.) This data structure
can be implemented to take O(md) total update time.

Maintaining the SCCs in G;. Let us focus on maintaining SCCs in

A

(i = CONDENSATION(G \ E(S;)) U (E(S;) \ E(Si+1)).

Since the condensation of any graph forms a DAG, every cycle in (; contains at least
one edge from the set E(S;) \ E(Si+1). Since E(S;) \ E(Si+1) is a set of edges that
is incident to .S;, we have that S; forms a feedback node set of CA?Z Now consider the
scheme described in the paragraphs above, but instead of running an ES in-tree and out-
tree from each center CENTER(X) for some SCC X, we run a GES in-tree and out-tree
on G; [X] that maintains the S;-distances to depth ¢. Using this GES, whenever a set
Y C X of nodes has S;-distance €2(d), we show that we can find a separator S of size
O(min{|S;NY],|S;N(X\Y)|} logn/d) that only consists of nodes that are in {{s}|s € S;};
we then add the elements of set S to the set S; 11, and we also remove the nodes Y from
the GES-tree, analogously to our discussion of regular ES-trees above. Note that adding
S to S;y1 removes the edges E(S) from @i; since we chose S to be a separator, this
causes Y and X \ 'Y to no longer be part of the same SCC in G;. Thus, to maintain the
hierarchy, we must then split nodes in Gi+1 into multiple nodes corresponding to the
new SCCs in Gi: X \ (Y U S), Y\ S and every single-vertex set in S (Y might not
form a SCC but we then further decompose it after we handled the node split). This
might cause some self-loops in éz‘+1 to become edges between the newly inserted nodes
(resulting from the split) and needs to be handled carefully to embed the new nodes
in the GES-trees maintained upon the SCC in GHI that X is part of. Observe that
this does not result in edge insertions but only remaps the endpoints of edges. Further
observe that splitting nodes can only increase S;1-distance since when they were still
contracted their distance from the center was equivalent. Since S;4;-distance still might
increase, the update to might trigger further changes in the graph Gi—i—l-

Thus, overall, we ensure that all SCCs in G; have S;-diameter at most O(9), and can
hence be efficiently maintained by GES-trees. In particular, we show that whenever an
SCC exceeds diameter §, we can, by moving a carefully chosen set of nodes in S; to S;1,
remove a corresponding set of edges in G, which breaks the large-S;-diameter SCC into
SCCs of smaller S;-diameter.

Bounding the total update time. Finally, let us sketch how to obtain the total ex-
pected running time O(mlog*n). We already discussed how by using random sources in
GES-trees (analogously to the same strategy for ES-trees), we ensure that each node is
expected to be in O(logn) GES-trees maintained to depth 6 = O(log? n). Each such GES-
tree is maintained in total update time O(md) = O(mlog?n), so we have O(mlog®n)
total expected update time for each level, and since we have O(logn) levels, we obtain to-
tal expected update time O(m log* n). We point out that we have not included the time
to compute the separators in our running time analysis; indeed, computing separators
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efficiently is one of the major challenges to building our hierarchy. Since implement-
ing these subprocedures efficiently is rather technical and cumbersome, we omit their
description from the overview but refer to section 3.4 for a detailed discussion.

3.2 Generalized ES-trees

For our algorithm, we devise a new version of the ES-trees that maintains the shortest-
path tree with regard to S-distances. We show that if S is a feedback vertex set for
G, that is a set such that every cycle in G contains at least one vertex in .S, then
the data structure requires only O(md) total update time. Our fundamental idea is
to combine classic ES-trees with techniques to maintain Single-Source Reachability in
DAGs which can be implemented in linear time in the number of edges [Ita88]. Since
distg(r,v) = distg(r,v,V) and V is a trivial feedback vertex set, we have that our data
structure generalizes the classic ES-tree. Since the empty set is a feedback vertex set for
DAGs, our data structure also matches the time complexity of Italiano’s data structure.
We define the interface formally below.

Definition 3.2.1. Let G = (V, E) be a graph and S a feedback vertex set for G, r € V
and § > 0. We define a generalized ES-tree £, (GES) to be a data structure that supports
the following operations:

e INITGES(r, G, S,0): Sets the parameters for our data structure. We initialize the
data structure and return the GES.

e DISTANCE(r,v): Yv € V, if distg(r,v,S) < 4, &, reports distg(r,v,S), otherwise
0.

e DISTANCE(v,r): Yv € V, if distg(v,r,S) <9, & reports distg(v,r,S), otherwise
0.

e DELETE(u,v): Sets E < E\ {(u,v)}.

e DELETE(V'): For V! CV, sets V « V\ V', i.e. removes the vertices in V' and
all incident edges from the graph G.

e GETUNREACHABLEVERTEX(): Returns a vertex v € V with
max{distg(r,v,5),distg(v,r, S)} >0
or L if no such vertex exists.

Lemma 3.2.2. The GES &, as described in definition 3.2.1 can be implemented with
total initialization and update time O(md) and requires worst-case time O(1) for each
operation DISTANCE(-) and GETUNREACHABLEVERTEX().

Here, we only sketch the proof idea and refer the reader to [BPW19] for a full proof.

Proof. (sketch) Consider a classic ES-tree with each edge weight w(u,v) of an edge (u, v)
in Fyu(S) set to 1 and all other edges of weight 0. Then, the classic ES-tree analysis
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maintains with each vertex v € V the distance level [(v) that expresses the current
distance from s to v. We also have a shortest-path tree T, where the path in the tree
from s to v is of weight {(v). Since T is a shortest-path tree, we also have that for every
edge (u,v) € E, l(v) <l(u) +w(u,v). Now, consider the deletion of an edge (u,v) from
G that removes an edge that was in T'. To certify that the level [(v) does not have to be
increased, we scan the in-going edges at v and try to find an edge (v/,v) € E such that
l(v) =1(u") +w(u,v). On finding this edge, (v/,v) is added to T. The problem is that
if we allow 0-weight cycles, the edge (v/,v) that we use to reconnect v might come from
a v’ that was a descendant of v in T'. This will break the algorithm, as it disconnects v
from s in T. But we show that this bad case cannot occur because S is assumed to be a
feedback vertex set, so at least one of the vertices on the cycle must be in S and therefore
the out-going edge of this vertex must have weight 1 contradicting that there exists any
0-weight cycle. The rest of the analysis follows closely the classic ES-tree analysis. [

To ease the description of our SCC algorithm, we tweak our GES implementation to
work on the multi-graphs Gi. We still root the GES at a vertex r € V, but maintain the
tree in G; at X[. The additional operations and their running time are described in the
following Lemma whose proof is straight-forward and therefore omitted here (but can
be found in [BPW19]). Note that we now deal with nodes rather than vertices which
makes the definition of S-distances ambiguous (consider for example a node containing
two vertices in S). For this reason, we require S C {{v}|v € V}NV in the Lemma below,
i.e. that the nodes containing vertices in S are single-vertex nodes. But as discussed in
the paragraph “Refining the hierarchy” in the overview, our hierarchy ensures that every
separator node X € 5; is always just a single-vertex node in G;. Thus this constraint
can be satisfied by our hierarchy.

Lemma 3.2.3. Say we are given a partition 1% of a universe V and the graph G =
(V,E), a feedback node set S C {{v}lv € V} NV, a distinguished vertex r € V, and
a positive integer . Then, we can run a GES &, as in definition 3.2.1 on G in time
O(mé + 3"y oy E(X)log X) supporting the additional operations:

e SPLITNODE(X): the input is a set of vertices X contained in node Y € V, such
that either EN(X x Y \ X) or EN (Y \ X x X) is an empty set, which implies
X ﬁé\s Y\ X. We remove the node Y in'V and add node X and Y \ X to V.

o AUGMENT(S’): This procedure adds the nodes in S’ to the feedback vertex set
S. Formally, the input is a set of single-vertex sets S" C {{v}jv € V} NV.
AUGMENT(S") then adds every s € S’ to S.

We point out that we enforce the properties on the set X in SPLITNODE(X) in order to
ensure that the set S remains a feedback node set at all times.
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3.3 [Initializing the the graph hierarchy G

We assume henceforth that the graph G initially is strongly-connected. If the graph is
not strongly-connected, we can run Tarjan’s algorithm [Tar72] in O(m +n) time to find
the SCCs of G and run our algorithm on each SCC separately.

Algorithm 1: PREPROCESSING(G, §)

Input: A strongly-connected graph G = (V, E) and a parameter § > 0.
Output: A hierarchy of sets S = {So, S1, .., S|1gn)+2} and graphs
G ={Go,G1,..,G|ign|+1} as described in section 3.1. Further, each SCC
X in G; for ¢ < [lgn] + 2, has a center CENTER(X ) such that for any
y € X, disty; (CENTER(X),y,5;) < 6/2 and
dist (y, CENTER(X), 5;) < /2.
So +~V
Vo + {{vHv eV}
Go + (Vo, E)
for i =0 to |lgn| do

/* Find separator Sgep such that no two vertices in the same SCC in
Gi have S;-distance >§/2. P is the collection of these SCCs.
*/

(Ssep, P) + SpLIT(G;, Si,6/2)

Si—‘rl — SSep

INITNEWPARTITION(P, 7, §)

/* Initialize the graph (i */

Vz‘+1 «— P

| G+ (Vign, B)

SnganrQ 0

Our procedure to initialize our data structure is presented in pseudo-code in Algorithm 1.
We first initialize the level 0 where Gy is simply G with the vertex set V mapped to the
set of singletons of elements in V.

Let us now focus on an iteration ¢. Observe that the graph G; initially has all edges in F2
(by initializing each G; in Line 3 or Line 9). Our goal is then to ensure that all SCCs in
G; are of small S;-diameter at the cost of removing some of the edges from Gi. Invoking
the procedure SPLIT(éi, S;,0/2) provides us with a set of separator nodes Sg., whose
removal from G; ensure that the S; diameter of all remaining SCCs is at most . The
set P is the collection of all these SCCs, i.e. the collection of the SCCs in G \ E(Ssep)-

Lemma 3.3.1 below describes in detail the properties satisfied by SPLIT(Gy, S;,6/2). In
particular, besides the properties ensuring small S;-diameter in the graph G; \ E(Sgep)
(properties 1 and 2), the procedure also gives an upper bound on the number of separator
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vertices (property 3). Setting § = 641lg?n, clearly implies that |Sg.,| < |S;|/2 and
ensures running time O(mlog®n).

Lemma 3.3.1. SPLIT(G, S;,8/2) returns a tuple (Ssep, P) where P is a partition of the
node set V; such that

1. for X € P, and nodes u,v € X we have distc\ g(ss,,)(u,v,S) < /2, and

SSep

2. for distinct X,Y € P, with nodes u € X and v € Y, u £c\p(ss,,) U and

2
3. |Ssepl < 205,

The algorithm runs in time O (dmlgn).

We then set S;11 = Ssep which implicitly removes the edges E(Sj;1) from the graph
Gi. We then invoke the procedure INITNEWPARTITION(P,i,4), that is presented in
algorithm 2. The procedure initializes for each X € P that corresponds to an SCC in
Gi the GES-tree from a vertex r € FLATTEN(X) chosen uniformly at random on the
induced graph Gi [X]. Observe that we are not explicitly keeping track of the edge set
E; but further remove edges implicitly by only maintaining the induced subgraphs of
G; that form SCCs. A small detail we want to point out is that each separator node
X € Sgep also forms its own single-node set in the partition P.

Algorithm 2: INITNEWPARTITION(P, i, 0)

Input: A partition of a subset of the nodes V', and the level i in the hierarchy.
Result: Initializes a new ES-tree for each set in the partition on the induced
subgraph Gi.
foreach X € P do
Let r be a vertex picked from FLATTEN(X) uniformly at random.
CENTER(X) « 7
/* Init a generalized ES-tree from CENTER(X) to depth §. */
&+ INITGES(CENTER(X), G;[X], S, )

On returning to algorithm 1, we are left with initializing the graph Gi+1- Therefore, we
simply set Vi1 to P and use again all edges E. Finally, we initialize S|jg,, |42 to the
empty set which remains unchanged throughout the entire course of the algorithm.

Let us briefly sketch the analysis of the algorithm which is more carefully analyzed
in subsequent sections. Using again § = 641g®n and Lemma 3.3.1, we ensure that
|Sit1] < |S:|/2, thus |S;] < n/2! for all levels i. The running time of executing the
SPLIT(-) procedure |[lgn| 4 1 times incurs running time O(mlog?n) and initializing the
GES-trees takes at most O(md) time on each level therefore incurring running time
O(mlog3n).
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3.4 Finding Separators

Before we describe how to update the data structure after an edge deletion, we want
to explain how to find good separators since it is crucial for our update procedure. We
then show how to obtain an efficient implementation of the procedure SPLIT(-) that is
the core procedure in the initialization.

Indeed, the separator properties that we want to show are essentially reflected in the
properties of Lemma 3.3.1. For simplicity, we describe the separator procedures on
simple graphs instead of our graphs Gi; it is easy to translate these procedures to our
multi-graphs G because the separator procedures are not dynamic; they are only ever
invoked on a fixed graph, and so we do not have to worry about node splitting and the
like.

To gain some intuition for the technical statement of our separator properties stated in
Lemma 3.4.1, consider that we are given a graph G = (V, E), a subset S of the vertices
V, a vertex r € V and a depth d. Our goal is to find a separator Sg., C 5, such that
every vertex in the graph G\ Sgep is either at S-distance at most d from r or cannot be
reached from r, i.e. is separated from r.

We let henceforth Vge, C V denote the set of vertices that are still reachable from r in
G\ Ssep (in particular there is no vertex Sg.p contained in Vg, and r € Vgep). Then, a
natural side condition for separators is to require the set Sg¢, to be small in comparison
to the smaller side of the cut, i.e. small in comparison to min{|Vsep|, |V \ (Vsep U Ssep)|}-

Since we are concerned with S-distances, we aim for a more general guarantee: we want
the set Sge, to be small in comparison to the number of S vertices on any side of the cut,
i.e. small in comparison to min{|Vge, 0S|, |(V'\ (Vsep U Ssep)) NS|}. This is expressed
in property 3 of the Lemma.

Lemma 3.4.1 (Balanced Separator). There ezists a procedure OUTSEP(r, G, S, d) (anal-
ogously INSEP(r, G, S,d)) where G = (V, E) is a graph, v € V' a root vertexr, S CV and
d a positive integer. The procedure computes a tuple (Ssep, Vsep) such that

1. SSep - S; VSep c V7 SSep N VSep = 0; re VSep;

2. Vv € Vgep U Sgep, we have distg(r,v,S) < d (analogously distg(v,r,S5) < d for
INSEP(r, G, S,d)),

min{’VSep NSV (SSep U VSep)) N S[}2logn

Ssepn| <
’SP|— d

and

4. for any x € Vsep and y € V'\ (Ssep U Vaep), we have u /e p(ss,,) v (analogously
U P G\E(Ssep) U fOT INSEP(7, G, S, d)).

The running time of both OUTSEP(-) and INSEP(-) can be bounded by O(E(Vsep)).
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Again, we only sketch the proof idea and refer the reader to [BPW19] for a full proof.

Proof. To implement procedure OUTSEP(r, G, S, d), we start by computing a BFS at 7.
Here, we assign edges in Fy,:(S) again weight 1 and all other edges weight 0 and say a
layer consists of all vertices that are at same distance from r. To find the first layer, we
can use the graph G \ Ey,(S) and run a normal BFS from r and all vertices reached
form the first layer Ly. We can then add for each edge (u,v) € Eyu(S) with u € Ly
the vertex v to L if it is not already in Lg. We can then contract all vertices visited so
far into a single vertex r’ and repeat the procedure described for the initial root r. It is
straight-forward to see that the vertices of a layer that are also in S form a separator of
the graph. To obtain a separator that is small in comparison to |Vse, N S|, we add each
of the layers 0 to d/2 one after another to our set Vsep, and output the index i of the
first layer that grows the set of S-vertices in Vs, by factor less than (1 + 210%). We
then set Sge, to be the vertices in S that are in layer 7. If the separator is not small in
comparison to |[(V'\ (Ssep U Vsep)) NS|, we grow more layers and output the first index
of a layer such that the separator is small in comparison to |(V \ (Sgep U Vsep)) N S].
This layer must exist and is also small in comparison to |Vse, NS|. Because we find our
separator vertices Sgep using a BEFS from 7, a useful property of our separator is that all
the vertices in Sgep and Vs, are within bounded distance from 7.

Finally, we can ensure that the running time of the procedure is linear in the size of the
set E(Vsep), since these are the edges that were explored by the BFS from root r. [

Let us now discuss the procedure SPLIT(G, S, d) that we already encountered in section
3.3 and whose pseudo-code is given in algorithm 3. Recall that the procedure computes
a tuple (Sspiit, P) such that the graph G \ E(Sgpt) contains no SCC with S-diameter
larger d and where P is the collection of all SCCs in the graph G\ E(Sspiit)-

Let us sketch the implementation of the procedure SPLIT(G, S, d). We first pick a vertex
and invoke the procedures OUTSEP(r, G’, S,d/4) and INSEP(r,G’, S,d/4) to run in par-
allel, that is the operations of the two procedures are interleaved during the execution.
If one of these subprocedures returns and presents a separator tuple (Sgep, Vsep), the
other procedure is aborted and the tuple (Ssep, Vsep) is returned. If [Vge,| < 2|V], then
we conclude that the separator function only visited a small part of the graph. There-
fore, we use the separator subsequently, but denote the tuple henceforth as (Sgep, Véep).
Otherwise, we decide the separator is not useful for our purposes. We therefore return to
the subprocedure we previously aborted and continue its execution. We then continue
with the returned tuple (S§.,, Vic,)-

From there on, there are two possible scenarios. The first scenario is that the subpro-
cedure producing (S§,, V3,,) has visited a rather small fraction of the vertices in V'
(line 8); in this case, we have pruned away a small number of vertices VS/'ep while only
spending time proportional to the smaller side of the cut, so we can simply recurse on
Vs/ep- We also have to continue pruning away vertices from the original set V', until we
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Algorithm 3: SPLIT(G, S, d)

Input: A graph G = (V, E), aset S C V and a positive integer d.
Output: Returns a tuple (Sspiit, P), where Sgpir C S is a separator such that no

two vertices in the same SCC in G \ E(S) have S-distance greater than d.
P is the collection of these SCCs.

1 Sspiit < 0; P + 0;G' + G;
2 while G’ # () do

3
4

10
11
12

13

14

15
16
17

18
19
20
21
22
23

24
25

Pick an arbitrary vertex r in V.
Run in parallel OuTSEP(r, G', S,d/16) and INSEP(r,G', S,d/16) and let
(Sseps Vsep) be the tuple returned by the first subprocedure that finishes.
if ’VSGP‘ S %‘V‘ then (Sg’e;ﬂ Véep) — (SSEI”VSEP)
else
Run the separator procedure that was aborted in line 4 until it finishes and
| let the tuple returned by this procedure be (S5eps Vaep)-
f [Vg.,| < 3|V| then
(Ssmaits Psmai) < SPLIT(G'[V§,,], Vi, N S, d)
Ssplit < Sspiit U Ssmair U Sep
P+ PU PSmall U {{SHS € Sg'ep})
| GGV (Vg U Soep)]
else
/* Init a generalized ES-tree from r to depth d/2. */
EL «+ INITGES(r, G, S, d/2)
/* Find a good separator for every vertex that is far from r.
*/
while (v < £ GETUNREACHABLEVERTEX()) # | do
if £1.DISTANCE(r,v) > d/2 then

| (4, VE,,) < INSEP(v, G, S, d/4)

else // If E.Distance(v,r) > d/2

| (8%, Vi.,) < OUTSEP(v, G, S, d/4)

&r.DELETE(SS,, U Vg.,)

(Sg’;p,P’”) + SPLIT(G] é’ep], s”ep NS, d)

Ssplit < Sspiit U Sgep U 3,

PP UP" U {{s}s € St,})

P+ P U {& .GETALLVERTICES() }
| G0

o

26 return (Sgpt, P)
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have either removed all vertices from G by finding these separators and recursing, or
until we enter the else-case (line 13).

The else-case in line 13 is the second possible scenario: note that in this case we must
have entered the else-case in line 6 and had both the INSEP(-) and OUTSEP(-) explore
the large side of the cut. Thus we cannot afford to simply recurse on the smaller side of
the cut V'\ Vy,,, as we have already spent time |V, | > [V \ V{ |. Thus, for this case
we use a different approach. We observe that because we entered the else-case in line
6 and since we entered the else-case 13, we must have had that |Vsep| > 2|V and that
[Véepl = 2|V|. We will show that in this case, the root r must have small S-distance to
and at least %|V| vertices. We then show that this allows us to efficiently prune away
at most %]V! vertices from V' at large S-distance to or from r. We recursively invoke
SPLIT(+) on the induced subgraphs of vertex sets that we pruned away.

We analyze the procedure in detail in multiple steps, and summarize the result in Lemma
3.4.5 that is the main result of this section. Let us first prove that if the algorithm enters
the else-case in line 13 then we add an SCC of size at least %]V| to P.

Claim 3.4.2. If the algorithm enters line 13 then the vertex set returned by the procedure
& .GETALLVERTICES() in line 2/ is of size at least £|V|.

Proof. Observe first that since we did no enter the if-case in line 9, that [Vge,| > 2|V/|
and |Vg,,| > 2|V| (since we also cannot have entered the if case in line 5).

Since we could not find a sufficiently good separator in either direction, we certified that
the S-out-ball from r defined

Bout(r) = {v € V|distg(r,v,S) < d/16}

has size greater than %]V!, and that similarly, the S-in-ball By, (r) of r has size greater
than 2|V|. This implies that

1
| Bout (1) N Bin(1)] > g\V\

Further, we have that every vertex on a shortest-path between r and a vertex v €
Byut(r) N By (r) has a shortest-path from and to r of length at most d/16. Thus the
S-distance between any pair of vertices in Byt (r) N Bip(r) is at most d/8. Now, let
SP be the set of all vertices that are on a shortest-path w.r.t. S-distance between two
vertices in Byt (1) N Bin(r). Clearly, Bou(r) N Bin(r) € SP, so |SP| > |V]/3. It is also
easy to see that G[SP| has S-diameter at most d/4.

At this point, the algorithm repeatedly finds a vertex v that is far from r and finds a
separator from v. We will now show that the part of the cut containing v is always
disjoint from SP; since |SP| > |V|/3, this implies that at least |V|/3 vertices remain in
Er.

Finally, consider some vertex v chosen in line 15. Let us say that we now run INSEP(v, G/, S, d/4);
the case where we run OUTSEP(v, G, S, d/4) is analogous. Now, by property 2 in Lemma
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3.4.1, every s € Sgep has dist(s,v,S) < d/4. Thus, since we only run the INSEP if we
have dist(r,v,S) > d/2, we must have dist(r,s,S) > d/4. O

We point out that claim 3.4.2 implies that SPLIT(:) only recurses on disjoint subgraphs
containing at most a 2/3 fraction of the vertices of the given graph. To see this, observe
that we either recurse in line 9 on G'[Vg,,| after we explicitly checked whether Vg, | <
%|V| in the if-condition, or we recurse in line 21 on the subgraph pruned from the set of
vertices that &, was initialized on. But since by claim 3.4.2 the remaining vertex set in
&, is of size at least |V|/3, the subgraphs pruned away can contain at most %\V| vertices.

We can use this observation to establish correctness of the SPLIT(-) procedure.

Claim 3.4.3. SpLIT(G, S,d) returns a tuple (Sgep, P) where P is a partition of the
vertex set V' such that

1. for X € P, and vertices u,v € X we have diste\ g(ss,,) (v, v, S) < d, and

SSep

2. for distinct X,Y € P, with vertices u € X and v €Y, u ¥\ g(ss.,) Vs and

3. |Sspiit] < BB plg(n/|X N S)IX NS

Proof. Let us start with the first two properties which we prove by induction on the size
of |V| where the base case |V| = 1 is easily checked. For the inductive step, observe that
each SCC X in the final collection P was added to P in line 11, 23 or 24. We distinguish
by 3 cases:

1. a vertex s was added as singleton set after appearing in a separator Sg., but then
{s} is strongly-connected and s cannot reach any other vertex in G'\ E(Ssep) since
it has no out-going edges, or

2. an SCC X was added as part of a collection P in line 23. But then we have that
the collection P" satisfies the properties in G[V{, ] by the induction hypothesis
and since Vb’fep was a cut side and Sf.;’ep added to S,ui, we have that there cannot

be a path to and from any vertex in G\ E(Sou), or

3. we added the non-trivial SCC X to P after constructing an GES-tree from some
vertex r € X and after pruning each vertex at S-distance to/from r larger than
d/2 (see the while loop on line 15). But then each vertex that remains in X can
reach r within S-distance d/2 and is reached from r within distance d/2 implying
that any two vertices u,v € X have a path from u to v of S-distance at most d.

Finally, let us upper bound the number of vertices in Sg;;. We use a classic charging
argument and argue that each time we add a separator Sgep to Sgpie with sides Ve
and V' \ (Vsep U Ssep) at least one of these sides contains at most half the S-vertices in
VN S. Let X be the smaller side of the cut (in term of S-vertices) then by property 3
from Lemma 3.4.1, we can charge each S vertex in X for 321% separator vertices (since
we invoke OUTSEP(-) and INSEP(-) with parameter at least d/16).

31



Observe that once we determined that a separator Sge, that is about to be added to
Sspiir in line 10 or 22, we only recurse on the induced subgraph G'[Vse,| and let the
graph in the next iteration be G'[V'\ (Vgep U Ssep)-

Let X be an SCC in the final collection P. Then each vertex v € X can only have been
charged at most lg(n — |X N S|) times. The Lemma follows. O

It remains to bound the running time. Before we bound the overall running time, let us
prove the following claim on the running time of invoking the separator procedures in
parallel.

Claim 3.4.4. We spend O(E(Vg,, U Sk,,)) time to find a separator in line 5 or 6.

Proof. Observe that we run OUTSEP(r,G’,S,d/16) and INSEP(r,G’,S,d/16) in line
4 in parallel. Therefore, when we run them, we interleave their machine operations,
computing one operation from OUTSEP(r,G’,S,d/16) and then one operation from
INSEP(r,G', S,d/16) in turns. Let us assume that OUTSEP(r, G’, S, d/16) is the first sub-
procedure that terminates and returns tuple (Ssep, Vsep). Then, by Lemma 3.4.1, the sub-
procedure used O(E(Vsep U Ssep)) time. Since the subprocedure INSEP(r, G/, S, d/16)
ran at most one more operation than OUTSEP(r,G', S, d/16), it also used O(E(Vsep U
Ssep)) operations. If INSEP(r,G',S,d/16) finishes first, a symmetric argument estab-
lishes the same bounds. The overhead induced by running two procedures in parallel
can be made constant.

Since assignments take constant time, the claim is vacuously true by our discussion if the
if-case in line 9 is true. Otherwise, we compute a new separator tuple by continuing the
execution of the formerly aborted separator subprocedure. But by the same argument
as above, this subprocedure’s running time now clearly dominates the running time of
the subprocedure that finished first in line 4. The time to compute (Sg,,, V3,,) is thus
again upper bounded by O(E(Vg,,)) by Lemma 3.4.1, as required. O

Finally, we have established enough claims to prove Lemma 3.4.5.

Lemma 3.4.5 (Strengthening of Lemma 3.3.1). The procedure SPLIT(G, S, d) returns a
tuple (Sspiit, P) where P is a partition of the vertex set V' such that

1. for X € P, and vertices u,v € X we have diStG\E(Ssplit)(u:U’ S) <d, and

2. for distinct X,Y € P, with vertices u € X and v €Y, u £\ p(sg,,,,) V> and
3. |Sspul < 295 S plg(n — [X A S)IX NS
The algorithm runs in time O (dY_xep(1 +1g(n — | X|))E(X)).

Proof. Since correctness was established in Lemma 3.4.3, it only remains to bound the
running time of the procedure. Let us first bound the running time without recursive calls
to procedure SPLIT(G, S, d). To see that we only spend O(|E(G)|d) time in SPLIT(G, S, d)
excluding recursive calls, observe first that we can find each separator tuple (Siqep, Véep)
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in time O(E(Vg,,)) by claim 3.4.4. We then, either recurse on G'[Vg,,]) and remove the
vertices Vg, U Sg,, with their incident edges from G’ or we enter the else-case (line
13). Clearly, if our algorithm never visits the else-case, we only spend time O(|E(G)|)
excluding the recursive calls since we immediately remove the edge set that we found in
the separator from the graph.

We further observe that the running time for the GES-tree can be bounded by O(|E(G)|d).
The time to compute the separators to prune vertices away from the GES-tree is again
combined at most O(|E(G)|) by Lemma 3.4.1 and the observation that we remove edges
from the graph G after they were scanned by one such separator procedure.

We already discussed that claim 3.4.2 implies that we only recurse on disjoint subgraphs
with at most %]V| vertices. We obtain that each vertex in a final SCC X in P participated
in at most O(log(n — | X)) levels of recursion and so did its incident edges hence we can
bound the total running time by O (d Y xep(1 + log(n — |X|))E(X)). O

3.5 Handling deletions

Let us now consider how to process the deletion of an edge (u,v) which we describe in
pseudo code in algorithm 4. We fix our data structure in a bottom-up procedure where
we first remove the edge (u,v) if it is contained in any induced subgraph G; [X] from the
GES ECENTER(X)‘

Then, we check if any GES Ecpyrer(x) on a subgraph G; [X] contains a node that became
unreachable due to the edge deletion or the fixing procedure on a level below. Whilst
there is such a GES Ecpyrpr(x), we first find a separator Sge, from X "in lines 7 or 9.
We now consider two cases based on the size of the set FLATTEN(Vse,). Whilst focusing
on the size of FLATTEN(Vs,p) instead of the size of Vg, seems like a minor detail, it is
essential to consider the underlying vertex set instead of the node set, since the node set
can be further split by node split updates from lower levels.

Now, let us consider the first case, when the set Vs, separated by Sge, is small (with
regard to FLATTEN(Vsep)); in this case, we simply prune Vg, from our tree by adding
Ssep to Siy1, and then invoke SPLIT(Gi[VSeP], Vsep N S;,6/2) to get a collection of sub-
graphs P’ where each subgraph Y € P’ has every pair of nodes A, B € Y at S;-distance
d/2. (We can afford to invoke SPLIT on the vertex set Vs, because we can afford to

recurse to on the smaller side of a cut.)

The second case is when Vg, is large compared to the number of vertices in node set
of the GES-tree. In this case we do not add Sge, to S;11. Instead we we declare the
GES-tree Ecpnrar(x) invalid, and delete the entire tree. We then partition the set X that
we are working with by invoking the SPLIT procedure on all of X. (Intuitively, this step
is expensive, but we will show that whenever it occurs, there is a constant probability
that the graph has decomposed into smaller SCCs, and we have thus made progress.)

Finally, we use the new partition and construct on each induced subgraph a new GES-
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Algorithm 4: DELETE(u, v)

Input: An edge (u,v) € E.
Result: Updates the data structure such that queries for the graph G \ {(u,v)}
can be answered in constant time.

for i =0 to |logn]| do

if If there exists an X € Viy, with u,v € X then

| Ecenter(x)-DELETE(u, v)
while there exists an X € Vi1 with Ecmnrer(x)-GETUNREACHABLE() # L do
X" ¢+ Ecpnrer(x)-GETUNREACHABLE()

/* Find a separator from X' depending on whether X' is far to

reach from r or the other way around. */

if Ecunrer(x)-DISTANCE(CENTER(X ), X') > ¢ then

| (SSeps Vsep) < INSEP(X', G4[X], X N S;,6/2)

else // Ecenren(x)-DISTANCE(X', CENTER(X)) > 0
L (S5ep, Visep) < OUTSEP(X', G4[X], X N S;,5/2)

/* If the separator is chosen such that Vs., is small, we have a
good separatoAr, therefore we remove Vsep from £, and maintain
the SCCs in G;[Vsep| separately. Otherwise, we delete the
entire GES Ecpyren(x) and partition the graph with a good
separator. */

if [FLATTEN(Vgep)| < 2|[FLATTEN(X)| then

SCENTER(X)'DELETE(VSEP U SSep)
(S%eps P') < SPLIT(G;[Vsepl, Vsep N S, 6/2)
Sep < Ssep U S,

B P+ P U Ssep

else

gCENTER(X) -DELETE()

| (86, P") SPLIT(G;[X], X N S;,6/2)

/* After finding the new partitions, we init them, execute the
vertex splits on the next level and add the separator
vertices. */

INITNEWPARTITION(P” i, d)

foreach Y € P” do

| Ecunren(x)-SPLITNODE(Y)

gCENTER(X)'AUGMENT(Sg'Ep)
B Sit1 < Siy1 U nglep
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tree at a randomly chosen center. This is done by invoking INITNEWPARTITION (P, i, d)
that was presented in subsection 3.3. We then apply the updates to the graph GiH using
the GES-tree operations defined in Lemma 3.2.3. Note, that we include the separator
vertices as singleton sets in the partition and therefore invoke £x.SPLITNODE(-) on each
singleton before invoking &x.AUGMENT(SS,,,) which ensures that the assumption from
Lemma 3.2.3 is satisfied. As in the last section, let us prove the following two Lemmas

whose proofs will further justify some of the details of the algorithm.

We start by showing that because we root the GES-tree for SCC X at a random root r, if
the GES-tree ends up being deleted in 16 in algorithm 4, this means that with constant
probability X has decomposed into smaller SCCs, and so progress has been made.

Lemma 3.5.1. [c.f. also [Che” 16b], Lemma 13] Consider an GES & = Ecpnrur(x)
that was initialized on the induced graph of some node set Xppi, with X C X,
and that is deleted in line 16 in algorithm 4. Then with probability at least %, the
partition P" computed in line 17 satisfies that each X' € P"” has |[FLATTEN(X')| <
2|[FLATTEN(X 1nit)] -

Proof. Let i be the level of our hierarchy on which &, was initialized, i.e. &, was initialized
on graph G;[Xnit], and went up to depth 0 with respect to S;-distances (see Algorithm
2).

Let w1, us, .. be the sequence of updates since the GES-tree &, was initialized that were
either adversarial edge deletions, nodes added to S; or node splits in the graph Gl [ X nit]-
Observe that this sequence is independent of how we choose our random root r, since they
occur at a lower level, and so do not take any GES-trees at level i into account. Recall,
also, that the adversary cannot learn anything about r from our answers to queries
because the SCCs of the graph are objective, and so do not reveal any information
about our algorithm. We refer to the remaining updates on @Z[X Init) as separator
updates, which are the updates adding nodes to S;;1 and removing edges incident to
Si11 or between nodes that due to such edge deletions are no longer strongly-connected.
We point out that the separator updates are heavily dependent on how we chose our
random source. The update sequence that the GES-tree undergoes up to its deletion in
line 16 is a mixture of the former updates that are independent of our chosen root r and
the separator updates.

Let G7 be the graph G; after the update sequence u1, ug, ..., u; is applied. Let XJ. . bethe
component of S;-diameter at most §/2 that maximizes the cardinality of FLATTEN(X7,,.)
in G7. We choose X}, ... in this way because we want to establish an upper bound on the
largest SCC of S;-diameter at most §/2 in G/. We then show that that if a randomly
chosen source deletes a GES-tree (see line 16) after j updates, then there is a good
probability that X7/ . is small. Then by the guarantees of Lemma 3.3.1, the SPLIT()
procedure in line 17 partitions the vertices into SCCs X' of S;-diameter at most §/2,

which all have small |[FLATTEN(X')| because X/

) ax 15 small.

More precisely, let G7, be the graph is obtained by applying all updates up to up-
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date u; to @Z[X mit); here we include the updates wq,...,u;, as well as all separator
updates up to the time when w; takes place. (Observe that G’ is independent from

the choice of r, but GJ is not.) Let Xﬁnax’r be the component of S;-diameter at most

§/2 that maximizes the cardinality of FLATTEN(X}, .. ) in this graph GJ. It is straight-

mazx,r
forward to see that since S;-distances can only increase due to separator updates, we have

|FLATTEN(XY .. )| < |FLATTEN(X/, )| for any . Further |[FLATTEN(X/ . .)| upper

max,r max max,r

bounds the size of any component X’ € P”, i.e. |FLATTEN(X')| < |[FLATTEN(X] . )|

mazx,r

if the tree &, is deleted in line 16 while handling update u;; the same bound holds if &,

is deleted after update u;, because the cardinality of FLATTEN(X},,, ) monotonically

decreases in j, i.e. |FLATTEN(X],,, )| < |[FLATTEN(X], % )| since updates can only
increase S;-distances.

Now, let k be the index, such that

max

2
[FLATTEN(X},,00)| < 3| FLATTEN (X )| < [FLATTEN(X B

i.e. k is chosen such that after the update sequence wj,uo,...,ur were applied to
Gi[X1nit), there exists no SCC X in G* of diameter at most §/2 with |[FLATTEN(X)| >
2|FLATTEN (X 1pit)]-

In the remainder of the proof, we establish the following claim: if we chose some vertex
r € FLATTEN(X%21), then the GES-tree would not be been deleted before update uy
took place. Before we prove this claim, let us point out that this implies the Lemma:
observe that by the independence of how we choose r and the update sequence u1, us, ..,

we have that
_ |FrarTen(XE D)

i B 2
Prire Xtluy,ug,.] = Prlr € X} 1] = IFLATTEN(XTTJZ) 73
nt

where the before-last equality follows from the fact that we choose the root uniformly at
random among the vertices in FLATTEN(X[,;;). Thus, with probability at least 2 we
chose a root whose GES-tree is deleted during or after the update u; and therefore the
invoked procedure SPLIT(-) ensures that every SCC X’ € P” satisfies |[FLATTEN(X")| <
|FLATTEN(XY,,,)| < 2|[FLATTEN(X )|, as required.

Now, let us prove the final claim. We want to show that if » € X*~1 then the GES-tree
would not have been deleted before update u;. To do so, we need to show that even if
we include the separator updates, the SCC containing r continues to have size at least
%|FLATTEN(X Init)| before update uy. In particular, we argue that before update uy,
none of the separator updates decrease the size of X*~1. The reason is that the InSep
computed in Line 7 of Algorithm 4 is always run from a node X whose S;-distance from
r is at least §. (The argument for an OutSep in Line 9 is analogous.) Now, the InSep
from X is computed up to S;-distance §/2, so by Property 2 of Lemma 3.4.1, we have
that all nodes pruned away from the component have S;-distance at most 6/2 to X;
this implies that these nodes have S;-distance more than §/2 from r, and so cannot be

in X¥-1 because X*_1 was defined to have S;-diameter at most §/2. Thus none of
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the separator updates affect X*~1 before update uy, which concludes the proof of the

Lemma.

O]

Next, let us analyze the size of the sets S;. We analyze S; using the inequality below in
order to ease the proof of the Lemma. We point out that the term lg(n —|X U S;|)
approaches Ign as the SCC X splits further into smaller pieces. Our Lemma can therefore
be stated more easily, see therefore Corollary 3.5.3.

Lemma 3.5.2. During the entire course of deletions our algorithm maintains
1ol = (3.1)

21
2081 S~ jg(n - |X N Si)IX N S fori=0  (32)

|Sit1] < 5
Xev;

Proof. We prove by induction on i. It is easy to see that Sy has cardinality n since we
initialize it to the node set in procedure 1, and since each set S; is an increasing set over
time.

Let us therefore focus on ¢ > 0. Let us first assume that the separator nodes were
added by the procedure OUTSEP(-) (analogously INSEP(-)). Since the procedure is
invoked on an induced subgraph G; [X] that was formerly strongly-connected, we have
that either Vgep or X \ (Vsep U Sgep) (or both) contain at most half the S;-nodes
originally in X. Let Y be such a side. Since adding Sse, to S; separates the two
sides, we have that RHS of the equation is increased by at least 321%]3/ N S;| since
lg(n — Y NSi)Y NS;| —lgn— | X NS:|)Y NS;| > |Y NS;|. Since we increase the LHS
by at most “)%]Y N S;| by the guarantees in Lemma 3.4.1, the inequality is still holds.

Otherwise, separator nodes were added due to procedure SPLIT(:). But then we can
straight-forwardly apply Lemma 3.4.5 which immediately implies that the inequality
still holds.

Finally, the hierarchy might augment the set S; in line 21, but we observe that f(s) =
lg(n — s) x s is a function increasing in s for s < %n which can be proven by finding the
derivative. Thus adding nodes to the set S; can only increase the RHS whilst the LHS
remains unchanged. O

Corollary 3.5.3. During the entire course of deletions, we have, for any i > 0,

321g%n

|Sit1] < |Sil.

3.6 Putting it all together

By Corollary 3.5.3, using § = 641g?n, we enforce that each |S;| < n/2¢, so éngnJH is
indeed the condensation of G. Thus, we can return on queries asking whether u and v
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are in the same SCC of GG, simply by checking whether they are represented by the same
node in G|jg, 41 which can be done in constant time.

By Lemma 3.5.1, we have that with probability %, that every time a node leaves a
GES, its induced subgraph contains at most a fraction of % of the underlying vertices
of the initial graph. Thus, in expectation each vertex in V participates on each level
in O(logn) GES-trees. Each time it contributes to the GES-trees running time by its
degree times the depth of the GES-tree which we fixed to be §. Thus we have expected
time O(Y ey deg(v)dlogn) = O(mlog®n) to maintain all the GES-trees on a single
level by Lemma 3.2.3. There are O(logn) levels in the hierarchy, so the total expected
running time is bounded by O(mlog*n).

By Lemmas 3.4.5, the running time for invoking SPLIT(G[X],S,d/2) can be bounded
by O(E(X)élogn) = O(E(X)log®n). After we invoke SPLIT(G[X], S,§/2) in algorithm
4, we expect with constant probability again by Lemma 3.5.1, that each vertex is at
most O(logn) times in an SCC on which the SPLIT(-) procedure is invoked upon. We
therefore conclude that total expected running time per level is O(mlog?n), and the
overall total is O(mlog®n).

Finally, we can bound the total running time incurred by all invocations of INSEP(-)
and OUTSEP(-) outside of SPLIT(+) by the same argument and obtain total running time
O(mlog?®n) since each invocation takes time O(E(G)) on a graph G.

This completes the running time analysis, establishing the total expected running time
O(mlog®n) which concludes our proof of Theorem 1.5.1.
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Chapter 4

A Randomized Algorithm for
Decremental SSSP in Dense Digraphs

In this chapter, we prove the first part of Theorem 1.5.2. We state the precise Theorem
that we prove below.

Theorem 4.0.1 (Decremental Part of Theorem 1.5.2). Given a decremental input graph
G = (V,E,w) with n = |V|,m = |E| and aspect ratio W, a dedicated source r € V and
€ > 0, there is a randomized algorithm that maintains a distance estimate (i?gt(r, x), for
every x € V, such that

diste(r,z) < dist(r,z) < (1 4 €)distg(r, z)

at any stage w.h.p. The algorithm has total expected update time O(n?log* W/poly(e)).
Distance queries are answered in O(1) time, and a corresponding path P can be returned
in O(|P|) time. The algorithm works against a non-adaptive adversary.

We start this chapter by introducing some additional preliminaries that are specific to
this chapter. We then give an extended overview of our data structure, and finally
provide formal proofs (however, we only sketch some of the more technical proofs).

4.1 Additional Preliminaries

Exponential Distribution. Finally, we make use of the exponential distribution, that
is we use random variables X with cumulative distribution function Fx (2, ) = 1 —e™*
for all x > 0, A > 0, which we denote by the shorthand X ~ Exp(\). If X ~ Exp(})
is clear, we also use Fx(z) in place of Fx(x, ). The exponential distribution has the
special property of being memoryless, that is if X ~ EXP()), then

PX >s+t| X >t]=PX > s].

Generalized Topological Order. We define a generalized topological order
GENERALIZEDTOPORDER(H ) to be a tuple (V, 7) where V is the set of SCCs of H and
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7 :V — [0,n) is a function that maps any sets X,Y € V such that 7(X) < 7(Y), if
X ~pg Y and such that [7(X),7(X) + |X|)N[7(Y),7(Y) + |Y|) = 0. Thus, 7 effectively
establishes a one-to-one correspondence between |X|-sized intervals and SCCs X in H.
We point out that a GENERALIZED TOPORDER(H ) can always be computed in O(|E(H)|)
time [Tar72]. In fact, a generalized topological order can also be maintained efficiently
in a decremental graph H. Here, we say that (V,7) is a dynamic tuple that forms a
generalized topological order of H if it is a topological order for all versions of H. Further,
we say that (V,7) has the nesting property, if for any set X € V and a set Y O X that
was in V at an earlier stage, we have 7(X) € [7(Y),7(Y)+|Y|—|X]|]; in other words, the
interval [7(X),7(X)+ |X]|) is entirely contained in the interval [7(Y),7(Y)+|Y]). Thus,
the associated interval with X is contained in the interval associated with Y. We refer
to the following result that can be obtained straight-forwardly by combining the data
structure given in Chapter 3 and the static procedure by Tarjan [Tar72] as described in
[GW20a].

Theorem 4.1.1 (see Chapter 3 and [Tar72, GW20a]). Given a decremental digraph H,
there exists an algorithm that can maintain the generalized topological order (V,T) of
H where T has the nesting property. The algorithm runs in expected total update time
O(m log* n), is randomized and works against an adaptive adversary.

4.2 Overview

We now give an overview of our algorithm. In order to illustrate the main concepts, we
start by giving a simple algorithm to obtain total update time O(n?logn/e) in directed
acyclic graphs (DAGs). While this algorithm was previously not explicitly mentioned,
it follows rather directly from the techniques developed in [Berl7, GW20a]. We present
this algorithm to provide intuition for our approach and motivates our novel notion of
approximate topological orders. In the light of approximate topological orders, we then
shed light on limitations of the previous approach in [GW20a] and present techniques
to surpass these limitations to obtain Theorem 1.5.2. In this overview, we focus on
obtaining an SSSP algorithm that runs in O(n?log* W/poly(e)) expected update time.

4.2.1 A Fast Algorithm for DAGs

The Topological Order Difference. Let G = (V, E,w) be a DAG and let 7 be the
function returned by GENERALIZEDTOPORDER(G) computed on the initial version of
G (since G is a DAG, this is just a standard topological order). Let us now make an
almost trivial observation: for any shortest s-to-t path my, in any version of G, the sum
of topological order differences is bounded by n. More formally:

Trsom) S 7(0) = r(w) = 7(t) — 7(s) < n. (4.1)

(u,w)Ems ¢

Observe that every path in G can only contain few edges (u,v) with large topological
order difference, i.e. with 7(v) — 7(u) large, by the pigeonhole principle.
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Reviewing the ES-tree. To understand how this fact can be exploited, recall that in
the classic ES-tree algorithm (see Section 2.2), a vertex v that currently does not have
an in-edge in the tree T, searches its in-neighborhood N, (v for a vertex x such that

dist(r, z) + w(z, v) < dist(r, v). (4.2)

Only if no such z exists, then (:/ﬁs/t(r, v) has to be incremented. However, observe that
if a vertex v was only allowed to scan a certain vertex x € N’ n(v) after every i distance
estimate increments (for example whenever dist(r,v) is divisible by 7) then this corre-
sponds to enforcing that at all times dist(r,z) + w(z,v) + ¢ — 1 < dist(r,v) since we
check equation 4.2 every i steps (in particular, for ¢ = 1, we get an exact algorithm).
Consequently, we get at most ¢ — 1 additive error in the distance estimate for any ¢ whose
shortest r-to-t path m,; contains (z,v). On the other hand, we only need to scan and
check the edge (z,v), by the classic runtime analysis argument, ¢/i times instead of &

times!.

Improving the Running Time. Let us now exploit Inequality 4.1. We therefore
define ' ' '
Bj(v) = {u € N"(v) with 20 < 7(v) — 7(u) < 2711}

for every v € V and 0 < j <lgn; the B;(v) partition the in-neighborhood of v according
to topological order difference to v. Observe that |B;(v)] < 2. Now, consider the
algorithm as above where for every vertex v, instead of checking all N*(v), we only
check edge (z,v) for v € Bj(v) if dist(r,v) is divisible by [23'%1. By the arguments
above the total running time now sums to

Z Z |Bj(v)|2j5€5 - Z Z 2J+22]565 = O(n*/e).

veV 0<5<Ign n veV 0<j<lgn n

Bounding the Error. Fix a shortest r-to-t path m,;, and consider any edge (u,v) €
mr¢ with u € Bji1(v). We observe that the edge (u,v) contributes at most an additive
error of 27 H% to dist(r, t) since it is scanned every [27 %1 distance values and if [2/ %}
is equal to 1 it does not induce any error.

On the other hand, since u € Bj1(v) we also have 7(v) —7(u) > 2/. We can thus charge

n/(2ed) units from T (7,4, 7) for each additive error unit; we know from Equation 4.1
that 7 (m.¢,7) < n, so the total additive error is at most /(265) = 2¢6. Thus, for all

distances ~ § (say in [§/2,6)), we obtain a (1 + 4¢)-multiplicative distance estimate?.

'This trade-off was first observed in [Ber17].
2Technically, we run to depth (1 + 4¢)d to ensure that vertices’ distance estimates are not set to oo
too early.
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Working with Multiple Distance Scales. Observe that the data structure above
has no running time dependency on 6. Thus, to obtain a data structure that maintains
a (1 4 2¢)-approximate distance estimate from r to any vertex z, we can simply use
lg(nW) data structures in parallel where the it" data structure has § = 2. A query can
then be answered by returning the smallest distance estimate from any data structure,
using a min-heap data structure to obtain this smallest estimate in constant time*. The
running time for all data structures is then bounded by O(n?log W/e).

4.2.2 Extending the Result to General Graphs

We now encourage the reader to verify that in the data structure for DAGs, we used
at no point that the graph was acyclic, but rather only used that 7 (7, 7) is bounded
by n for any path m,;. In this light, it might be quite natural to ask whether such a
function 7 might exist for general decremental graphs. Surprisingly, it turns out that
after carrying out some contractions in G that only distort distances slightly, we can
find such a function 7 that comes close in terms of guarantees. We call such a function
T an approzimate topological order (this function will no longer encode guarantees about
reachability, but it helps for intuition to think of 7 as being similar to a topological
order).

The Approximate Topological Order We start with the formal definition:

Definition 4.2.1. Given a decremental weighted digraph G = (V, E,w) and parameter
Ndiam > 0. We call a dynamic tuple (V,7) an approximate topological order of G of
quality ¢ > 1 (abbreviated AT O(G, Ngiam) of quality q), if at any stage

1.V ={Xy, Xo,.., X} forms a partition of V and a refinement of all earlier versions
of V, and

2.7 :V — [0,n) is a function that maps each X € V to a value 7(X). If some
set X €V is split at some stage into disjoint subsets X1, Xa, .., Xi, then we let
7(Xrq)) = 7(X) and 7(Xr(j41)) = T(Xz(j) + | Xl for each j < k and some
permutation 7 of [1,k], and

3. each X €V has weak diameter diam(X,G) < M%, and
4. for any two wvertices s,t € V, the shortest path me; in G satisfies T(mwsy, 7) <
d
q-w(mst) +n where we define T (mst,T) ef 2 (uv)erms.s |7(X") — 7(XY)|.

We say that (V, 1) is an AT O(G, Ngiam) of expected quality q, if (V,T) satisfies properties
1-3, and at any stage, for every s,t € V, E[T (154, 7)] < q-w(mst) +n.

Let us expound the ideas captured by this definition. We remind the reader that such a
function 7 is required by a data structure that only considers distances in [§/2,6). Let
us consider a tuple (V,7) that forms an AT O(G, €d) of quality q. Then, for any s-to-t

3Here, we exploit that all distance estimates are overestimates, and at least one of them is (1 4 2¢)-
approximate.
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shortest path 75 = (s = v1,v2,...v, =t) in G, let s; and t; be the first and last vertex
on the path in X; € V (see property 1) if there are any. Observe that by property 3, the
vertices s; and t; are at distance at most % in G. It follows that if we contract the
SCC Xj, the distance distq,/x,(s,t) is at least the distance from s to ¢ in G’ minus an
additive error of at most @. It follows straight-forwardly, that after contracting all
sets in V, we have that distances in G/V correspond to distances in G up to a negative
additive error of at most >y, ¢y % = "'T‘SE = €d. Thus, maintaining the distances in
G/V (14 2¢)-approximately is still sufficient for getting a (1 + 2¢)-approximate distance

estimate.

Property 1 simply ensures that the vertex sets forming the elements of V decompose
over time. Property 2 states that 7 assigns each node in G/V a distinct number in
[0,n). It also ensures that if a set X € V receives 7(X) that every later subset of
X will obtain a number in the interval [7(X),7(X) + |X|). Moreover, 7 effectively
establishes a one-to-one correspondence between nodes in a version of G/V and intervals
in [0,n) of size equal to their underlying vertex set. Once a set X € V decomposes
into sets X1, Xo,..., property 2 stipulates that the intervals that 7 maps X;, Xo,... to
are disjoint subintervals of [7(X),7(X) + |X|). We point out that once V consists of
singletons, each vertex is essentially assigned a single number.

Finally, property 4 gives an upper bound on the topological order difference. Observe
that we redefine 7 (754, 7) in a way that is consistent with Definition 4.1. In our al-
gorithm, for ngem ~ €8, we obtain a quality of O(n/ed). Thus, any path 7 of weight
~ & has T(n/V,7) < O(n/e) which is very close to the upper bound obtained by the
topological order function in DAGs. We summarize this result in the theorem below
which is one of our main technical contributions.

Theorem 4.2.2. [see Section 4.3 and Section 4.4.2.] For any 0 <1i <lg(Wn), given a
decremental digraph G = (V, E,w), we can maintain an AT O(G,2") of expected quality
O(n/2%). The algorithm runs in total expected update time O(n?) against a non-adaptive
adversary with high probability.

Combining the theorem above and the theorem below which is obtained by generalizing
the above decremental SSSP algorithm for DAGs, we obtain our main result Theo-
rem 1.5.2.

Theorem 4.2.3. [see Section .4.1.] Given G = (V, E,w) and (V,7) an AT O(G, Nagiam =
€d), for some depth parameter § > 0, of quality q, a dedicated source r in V, and an
approzimation parameter € > 0. Then, there exists a deterministic data structure &,
that maintains a distance estimate cﬁs/t(r, v) for each v € V', which is guaranteed to be
(1 + €)-approzimate if dist(r,v) € [0,20). Distance queries are answered in O(1) time
and a corresponding path P can be returned in O(|P|) time. The total update time is
O(ndq/e +n?).
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4.2.3 The Framework by [GW20a]

Before we describe our new result, we review the framework in [GW20a] to construct and
maintain an AT O(G, Ngiam ). We point out that while the abstraction of an approximate
topological order is new to our paper, analyzing the technique in [GW20a] through the
AT O-lens is straight-forward and gives a first non-trivial result. Throughout this review
section, we assume that the graph G is unweighted to simplify presentation. This allows
us to make use of the following result which states that for vertex sets that are far apart,
one can find deterministically a vertex separator that is small compared to the smaller
side of the induced partition (to obtain an algorithm for weighted graphs a simple edge
rounding trick is sufficient to generalize the ideas presented below).

Definition 4.2.4. Given graph G = (V, E,w), then we say a partition of V into sets
A, Sgep, B is a one-way vertex separator if A %*G\Ssep B and A and B are non-empty.

Lemma 4.2.5 (see Definition 5 and Lemma 6 in [Che™ 16b]). Given an unweighted graph
G of diameter diam(G). Then we can find sets A, Ssep, B that form a one-way vertex

separator such that |Sgep| < O(%'{‘GB)‘}) in time O(m).

High-level Framework. The main idea of [GW20a] is to maintain a tuple (V,7)
which is an AT O(G, ngiam) by setting (V,7) to be GENERALIZEDTOPORDER(G') of
some decremental graph G’ C G (over the same vertex set, i.e. V(G') = V(G)). Tt is
straight-forward to see that (V, ) satisfies property 1 in Definition 4.2.1, since SCCs
in the decremental graph G’ decompose. Further, it is not hard to extend the existing
algorithm for maintaining SCCs in a decremental graph G’ given in [BPW19] to also
maintain function 7 that obeys property 2 in Definition 4.2.1. The algorithm to maintain
(V,7) given G’ runs in total update time O(m) (same as in [BPW19]).

So far, we have not given any reason why G’ needs to be a subgraph of G. To see
why we cannot use the above strategy on G directly, recall property 3 in the AT O-
definition 4.2.1, which demands that each SCC X has weak diameter at most M%.
This property might not hold in the main graph G. In order to resolve this issue, G’ is
initialized to G and then the diameter of SCCs in G’ is monitored. Whenever an SCC
X violates property 3, a vertex separator Sgep is found in the graph G'[X] as described
in Lemma 4.2.5 and all edges incident to Sge, are removed from G’. Letting S denote
the union of all such separators Ssep, we can now write G' = G\ E(S).

Establishing the Quality Guarantee. To establish a quality ¢ of the ATO as
described in property 4 in Definition 4.2.1, let us first partition the set S into sets
S0, 51, -..,S1gn Where each §; contains all separator vertices found on a graph of size
[n/2¢,n/27+1) thus it was found when the procedure from Lemma 4.2.5 was invoked on

a graph with diameter at least (/2" n)"d“‘m = ";ZZ_‘;T. Since separators are further bal-

anced, i.e. there size is controlled by the smaller side of the induced cut, we can further
use induction and Lemma 4.2.5 to establish that there are at most O( 2 ) vertices in
S;. Next, observe that since any separator that was added to S; was found in a graph
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G'[X] with |X| € [n/2%,n/2"*1), we have by property 2 that nodes X’ C X that are
in the current version of V are assigned a 7(X’) from the interval [7(X),7(X) + |X|).
Thus, any edge (z,s) or (s,z) with z € X,s € S; N X has topological order difference
|7(X7) = 7(X%)| < |X] < /2"

Finally, let us define

T'(reem)E S minfo,7(X?) — 7(X*)} (4.3)

(U,’U) ETs,t

the function similar to 7 (ms4,7) that only captures negative terms, i.e. sums only
over edges that go "backwards” in 7. Observe that T (7s, 7) < 2T (754, 7) + n. Now,
since (V,7) is a GENERALIZEDTOPORDER(G’), we have that (u,v) occurs in the sum
of T'(msy,7) if and only if (u,v) € G\ G’, so one endpoint is in a set S; and therefore
7(X?) — 7(X%*) < n/2% Since we only have two edges on any shortest path incident to
the same vertex, we can establish that

T (me,7) < 2/Si|n/2" = O(n? /Mgiam)-

We obtain that (V,7) is a AT O(G, Ngiam) of quality O(%) for all paths of weight at
least 2°. Thus, when the distance scale § > \/n/e, Theorem 4.2.3 requires total update
time ~ n?® to maintain (1 + €)-approximate SSSP. For distance scales where § < v/n /e,
a classic ES-tree has total update time ~ m+/n < n??°.

Limitations of the Framework. Say that the goal is to maintain shortest paths of
length around y/n. The first step in the framework of [GW20a] is to find separator S
such that all SCCs of G’ = G \ E(S) have diameter at most ¢,/n and then maintain
(V,7) = GENERALIZEDTOPORDER(G’). Every edge (u,v) ¢ E(S) will only go forward
in 7, but each edge (u, s), for s € S, can go “backwards” in 7. By the nesting property of
generalized topological orders, the amount that (u, s) goes backwards — i.e. the quantity
|7(X*)—7(X?)| — is upper bounded by the size of the SCC in G’ from which s was chosen:
the original SCC has size n, but as we add vertices to S, the SCCs of G' = G\ E(S5)
decompose and new vertices added to S may belong to smaller SCCs. Define S* C S to
contain all vertices s € S that were chosen in an SCC of size €(n). Intuitively, S* is the
top-level separator chosen in G, before SCCs decompose into significantly smaller pieces.
Every edge in E(S*) may go backwards by as much as n in 7, so for any path 7, in G,
the best we can guarantee is that T (7, ) ~ n - |7z, N S*|.

The framework of [GW20a] tries to find a small separator S* and then uses the trivial
upper bound |7, N S*| < [S*|. In fact, one can show that given any deterministic
separator procedure, the adversary can pick a sequence of updates where |7, ,N.S*| ~ |S*|.
But now, say that G is a /n X y/n-grid graph with bidirectional edges. It is not hard to
check that |S*| = Q(y/n), because every balanced separator of a grid has Q(y/n) vertices.
The framework of [GW20a| can thus at best guarantee T (7 ) ~ n- |7y, NS*| ~ n|S*| =
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W N =

Q(n1'5~), which is a \/n factor higher than it would be in a DAG, and thus leads to running
time O(n??) instead of O(n?).

Our algorithm uses an entirely different random separator procedure. We allow S* to
be arbitrarily large, but use randomness to ensure that |7, , N .S*| is nonetheless small.

4.2.4 Our Improved Framework

We now introduce our new separator procedure and then show how it can be used in
a recursive algorithm that uses ATOs of worse quality (large ¢) to compute ATOs of
better quality (small ¢). (By contrast, the framework of [GW20a] could not benefit from
a multi-layered algorithm because it would still hit upon the fundamental limitation
outlined above.)

A New Separator Procedure. Before we describe the separator procedure, let us for-
mally define the guarantees that we obtain. In the lemma below, think of ¢ = O(log(n)).

Lemma 4.2.6. There exists a procedure OUTSEPARATOR(7, G, d, () where G is a weighted
graph, r € V' a root vertex, and integers d,( > 0. Then, with probability at least
1 —e~S, the procedure computes a tuple (Esep, Vsep) where edges Esep, € E, and vertices
Vsep = {v € VIr ~a\p,, v} such that

1. for every vertex v € Vgep, distG\E56p (r,v) <d, and
2. for every e € E, we have Ple € Egep|r ~a\ i, tail(e)] < %w(e).

Otherwise, it reports Fail. The running time of OUTSEPARATOR(-) can be bounded by
O(|E(Vsep)|logn).

In fact, Algorithm 5 gives a simple implementation of procedure OUTSEPARATOR(-).
Here, we pick a ball B = B°“(r, X) in the graph G from r to random depth X, and then
simply return the tuple (Esep, Vsep) = (E(B, B), B) where E(B, B) are the edges (u,v)
with u € B but v ¢ B. The procedure thus only differs from a standard edge separator

procedure in that we choose X according to the exponential distribution EXP(%).

Algorithm 5: OUTSEPARATOR(T, G, d, ()

Choose X ~ EXP(%).

if X > d then return Fail

Compute the Ball B = B (r, X) = {v € V|dist(r,v) < X}
return (E(B, B), B)

A proof of Lemma 4.2.6 is now straightforward. We return Fail in Line 2 with probability
PX>d=1—-Fx(d=1-(1- e‘%’d) = e7¢ (recall from section 4.1 that Fx(d) is
shorthand for F'(z, %), the cumulative distribution function of an exponential distribution
with parameter g). Assuming no failure, we have Eg., = E(B,B), and it is easy to

see that Vg, = {v € Vir G\ Esep v} = B, so Property 1 of Lemma 4.2.6 holds by
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definition of B. Moreover, we can compute B in the desired O(|E(B)|logn) time by
using Dijkstra’s algorithm by only extracting a vertex from the heap if it is at distance
at most X. Finally, for property 2, note that e € FEj, iff dist(r, tail(e)) < X <
dist(r, tail(e)) + w(e). Thus,

Ple € Esep|r ~a\Es., tail(e)] = P[X < dist(r, tail(e)) + w(e)| X > dist(r, tail(e))]
= P[X < w(e)] = Fx(w(e)) = 1 — e~ a(®)

<1-(1-500) = Sute)

where the second equality follows from the memory-less property of the exponential
distribution, and the inequality holds because 1 + x < e” for all z € R. We point out
that the technique of random ball growing using the exponential distribution is not a
novel contribution in itself and has be previously used in the context of low-diameter
decompositions [LS93, Bar96, MPX13, Pac™18] which have recently also been adapted
to dynamic algorithms [FG19, CZ20].

A New Framework. Let us now outline how to use Lemma 4.2.6 to derive Theo-
rem 4.2.2 which is stated below again. The full details and a rigorous proof are provided
in Section 4.3.

Theorem 4.2.2. [see Section .3 and Section 4.4.2.] For any 0 < i <lg(Wn), given a
decremental digraph G = (V, E,w), we can maintain an ATO(G,2") of expected quality
O(n/2"). The algorithm runs in total expected update time O(n?) against a non-adaptive
adversary with high probability.

As in [GW20a], we maintain a graph G’ C G and its generalized topological order (V, 7).
Whenever the diameter of an SCC X in G’ is larger than w’%, we now use the
separator procedure described in Lemma 4.2.6 with d = p(\;;% from some vertex r

in X with |B“(r,d = pqg%)\ < |X]/2. Such a vertex exists since by definition of
diameter, as we can find two vertices with disjoint balls. We obtain an edge separator
Esep and update G’ by removing the edges in Egcp. Let the union of all edge separators
be denoted by F' and again observe that G’ = G\ F. It is not hard to see that our
scheme still ensures properties 1-3 in Definition 4.2.1. We now argue that the quality
improved to O(n/2).

Partition I into sets Fo, F1,. .., Fig, where each F} contains all separator edges found on
a graph of size [n/2971 n/27). We again have that every edge (u,v) € F; has |7(X¥) —
7(XV)| < n/27. Let us establish an upper bound on the number of edges in F; on any
shortest path 7 ;. Consider therefore any edge e € 7y, at a stage where both endpoints
of e are in a SCC X of size [n/2/%!, n/27) and where we compute a tuple (Vsep, Esep)
from some r € X. Now, observe that if tail(e) ¢ Vg.p, then e can not be in Eg.p. So
assume that tail(e) € Vsep. Then, we have e joining F; with probability

Ple € Esep|r ~ m\ps,, tail(e)] = Ww(e) =0 (2];(6))
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according to Lemma 4.2.6, where we set ¢ = O(1) to obtain high success probability.
But if e did not join F} at that stage, then it is now in a SCC of size at most n /201
(recall we chose |B“(r,d)| < |X|/2, and we have Vg, C B°“(r,d)). Thus, e cannot

join Fj at any later stage.

Now, it suffices to sum over edges on the path m,; and indices j to obtain that

Ty < Y S PecFl-n2=3Y Y0 <2“;(6)> n)2 =0 (“’(7;”")

e€Ts,t j e€Ts,t j

giving quality O (%)

Efficiently Maintaining G’. As shown above, maintaining an A7 O(G, 2°) requires
detecting when any SCC in G’ = G'\ E(S) has diameter above 2¢. We start by showing
how to do this efficiently if we are given a black-box algorithm Aggsp that maintains
distance estimates up to depth threshold 2¢ (i.e. if a vertex is at distance less than 2°
from the source vertex, there is a distance estimate with good approximation ratio).

We use the random source scheme introduced in [RZ08] along with some techniques
developed in [Che™16b, BPW19, GW20a]: we choose for each SCC X in G’ a center
vertex CENTER(X) € X uniformly at random, and use Agssp to maintain distances
from CENTER(X) to depth 2¢|X|/n < 2°. Since the largest distances between the vertex
CENTER(X) and any other vertex in X is a 2-approximation on the diameter of G[X],
this is sufficient to monitor the diameter and to trigger the separator procedure in good
time.

Cast in terms of our new ATO-framework, the previous algorithm of [GW20a] used
a regular Even and Shiloach tree for the algorithm Aggsp. We instead use a recursive
structure, where A7 Os of bad quality (large ¢q) are used to build AT Os of better quality
(small ¢). Recall that our goal is to build an AT O(G, 2%) of quality O(n/2?) and say that
X is some SCC of G’ = G\ E(S) whose diameter we are monitoring. Now, using the lower
level of the recursion, we inductively assume that we can maintain an AT O(G'[X],2¢71)
of quality O(n/2°~1) in time O(|X|?). Plugging this A7 O into Theorem 4.2.3 gives
us an algorithm for maintaining distances up to depth 2¢ in X with total update time
O(|X|?), Summing over all components X in G', we get an O(n?) total update time to
maintain AT O(G, 2), as desired.

We actually cheated a bit in the last calculation, because the scheme above could incur an
additional logarithmic factor for computing AT O(G, 2¢) from all the AT O(G'[X],271),
so we can only afford a sublogarithmic number of levels, which leads to an extra n°(®)
factor in the running time. However, a careful bootstrapping argument allows us to
avoid this extra term.
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4.2.5 Organization

We recommend the reader to carefully study Section 4.2 to gain necessary intuition
for our approach. In Section 4.3, we give an efficient reduction from maintaining an
approximate topological order to depth-restricted SSSP. This section is the centerpiece of
the article and its main result, Theorem 4.3.4, is one of our main technical contributions.
We then show how to use Theorem 4.3.4 to obtain a SSSP data structure for dense
graphs in Section 4.4.

4.3 Reducing Maintenance of an ATO to «a-approximate

d-restricted SSSP

In this section, we show how to obtain an A7 O given an a-approximate d-restricted
SSSP data structure. We start by defining such a data structure and then give a
reduction.

Definition 4.3.1. Let A be a data structure that given any decremental directed weighted
graph G, a dedicated source v € V, an approximation parameter o > 1, maintains for
each vertex v € V, distance estimates dist(r,v) and dist(v,r) such that at any stage of
G, for every pair (s,t) € ({r} x V)U (V x {r})

e we have dist(s,t) < dist(s,t), and
o if dist(s,t) < 4, then dist(s,t) < adist(s, ).

Then, we say A is an a-approrimate d-restricted SSSP data structure with running time
Tsssp(m,n,d,a). We require only that A runs against a non-adaptive adversary.

Remark 4.3.2. In the rest of the article, we implicitly assume that all SSSP data
structures have Tsssp(m,n,d, a) monotonically increasing in the first two parameters.

We also need another definition that makes it more convenient to work with A7 Os that
only have expected quality (see Definition 4.2.1). However, we require high probability
bounds in our constructions and it will further be easier to work with deterministic
objects. This inspires the definition of an A7 O-bundle which is a collection of AT Os
such that for each path of interest, there is at least one AT O in the bundle that has
good quality for the path at-hand.

Definition 4.3.3 (AT O(G, Ngiam, £)-bundle). Given a decremental weighted directed
graph G = (V, E,w) and parameter ngiam > 0. We call S = {(Vi, i) }icp,g an AT O(G, diam. £)-
bundle of quality q if every (Vi, 1) is an AT O(G,Ngiam) and for any two wvertices

s,t € V, there exists an i € [1,], such that the shortest path ms; in G satisfies
T(7st,7i) < q-w(mst) + 1.

Without further due, let us state and prove the main result of this section.

Theorem 4.3.4 (AT O-bundle from SSSP). Given an algorithm A to solve 2-approximate
d-restricted SSSP on any graph H in time Tsssp(m,n,d), and for any ¢ > 0, we can
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maintain an AT O(G,2ad,40clogn)-bundle of quality w in total expected
update time

lgd] 27t3clog?n '
O ( Z Z Tsssp(mjx,n/27,6,2) + mlog® n) (4.4)
j=0 k=0

where 3> ;mjr < 16¢ - mlog?n for all k. The algorithm runs correctly with probability
1—n=¢ for any ¢ > 0.

Remark 4.3.5. The graphs that the data structure A runs upon during the algorithm
are vertez-induced subgraphs of G. The data structure A is further allowed to maintain
distances on a larger subgraph of G, i.e. when A is applied to a graph G[X], it can run
instead on G[Y] for any set X CY C V.

We point out that Remark 4.3.5 is only of importance at a later point at which the
reader will be reminded and can safely be ignored for the rest of this sections (the reader
is however invited to verify its correctness which is easy to establish).

We now describe how to obtain an efficient algorithm that obtains an AT O(G, 2a0)
henceforth denoted by (V, 7). The next sections describe how to initialize (V, 7), how to
maintain useful data structures to maintain the diameter, give the main algorithm and
then a rigorous analysis. Finally, we obtain a AT O(G, 2a4d,40clog n)-bundle by running
40clog n independent copies of the algorithm below.

4.3.1 Initializing the Algorithm

As described in Section 4.2, our goal is to maintain a graph G’ that is a subgraph of
G and satisfies that no SCC X in G’ has weak diameter diam(X,G) larger than 31x]
Throughout, we maintain the generalized topological order (V,7) on G’ where 7 has the
nesting property as described in Theorem 4.1.1.

To ensure the diameter constraint initially, we use the following partitioning procedure
whose proof can be found in [BGW20].

Lemma 4.3.6 (Partitioning Procedure). Given an algorithm A to solve 2-approzimate
d-restricted SSSP. There exists a procedure PARTITION(G,d,() that takes weighted
digraph G, a depth threshold d < 6 and a success parameter { > 0, and returns a set
Esep € E such that

1. for each SCC X in G\ Esep, we have for any vertices u,v € X that distg\ESep(u, v) <
d, and

2. for e € E, we have Ple € Egep] < %w(e).

The algorithm runs in total expected time

[lgd] 2d+1 ‘
0] ( Z Z TSSSP(mj,k7 n/2’,6,2) + m10g2 ’I’L)

7=0 k=0
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where we have that )", _omj < 2m for every i. The algorithm terminates correctly with
probability 1 — e=¢ for any ¢ > 0.

Remark 4.3.7. During the execution, the graphs on which we use the SSSP structure
upon have the properties as described in Remark 4.5.5.

Algorithm 6: INIT()

Let G’ be initialized to G.
for i =0 to [lgd] do
Compute the SCCs V of G’
foreach SCC X inV, |X| <n/2" do
Egep <+ PARTITION(G[X], /2%, (¢ + 2) logn)
L G+ G \ ESep

return G’

Using this procedure, it is straight-forward to initialize our algorithm. The pseudo-code
of the initialization procedure is given in Algorithm 6. Here, we iteratively apply the
partitioning procedure to SCCs of small size to decompose them further if their diameter
is too large. It is not hard to establish that the graph G’ returned by the procedure,
satisfies that every SCC X in G’ has diam(X,G) < %X‘.

4.3.2 Maintaining Information about SCC Diameters

Before we describe how to maintain G’ to satisfy the guarantees given above, we address
the issue of maintaining information about the diameter of the current SCCs in G'.

Therefore, we maintain a set S of random sources throughout the algorithm, and from
each s € S, we run an a-approximate d-restricted SSSP data structure Ag. Initially
S = (), and whenever there is an SCC X in V (which is maintained by the data structure
on G'), and we find SN X = (), we pick a vertex s uniformly at random from X and add
it to S. Once added, we initialize and maintain an a-approximate Jd-restricted SSSP
data structure A on the current version of G[X]. That is, even if X does not form an
SCC at later stages, the data structure is run until the rest of the algorithm on the graph
G[X]. This ensures that once the algorithm is invoked, all edge updates are determined
by the adversary formulating updates to G. Since we assume that the adversary is non-
adaptive, we have that the SSSP data structure only has do deal with updates from a
non-adaptive adversary®.

We point out that since we maintain G’ to be a decremental graph, we have that V
forms a refinement of previous versions at any stage i.e. the SCC sets only decompose
over time in G’. Therefore, we can never have multiple center vertices in the same SCC

41f we would instead remove vertices from the data structure, we would do so based on the information
gathered from the data structure. Thus, the data structure would be required to work against an adaptive
adversary. A similar problem arises when running on G’.
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X € V. For convenience, we let for each X € V, the vertex {s} = X NS be denoted by
CENTER(X). By the above argument, this function is well-defined.

4.3.3 Maintaining G’

Let us now describe the main procedure of our algorithm: the part that efficiently handles
violations of the diameter constraint by finding new separators. The implementation of
this procedure is given by Algorithm 7. Let us now provide some intuition and detail as
to how the algorithm works.

Algorithm 7: RESOLVEDIAMETER VIOLATIONS|()

1 while there exists an X € V, where ACENTER( x) has a distance estimate
dist(CENTER(X),t) or dist(t, CENTER(X)) exceeding % for some vertex t € X
do

/* Find separator sets that decompose X. */
2 | if dist(t, CENTER(X)) > ZP then
3 t (Egep, C') <~ OUTSEPARATOR(t, G| X] X2 (¢ + 2) log n)

) 9n
4 else
%
5 L (Egep, C) < OUTSEPARATOR(t, G'[X], %, (c+2)logn)
6 B, < PARTITION(G'[C], %, (c+2)logn))
/* Update G’, V and 7 to reflect the changes. */

7 G+ G\ (Egep U Egep)
8 Wait Until the generalized topological order (V, ) of G’ was updated, each
SCC Z in G’ has a center CENTER(Z), and all data structures A, are updated.

The algorithm runs a while-loop starting in Line 1 that checks whether there exists a
SCC X €V, such that the a-approximate d-restricted SSSP data structure Acpxrer(x)

has one of its distance estimates dist(CENTER(X), t) (or dist(t, CENTER(X))) exceeding

% for some vertex ¢ in the same SCC X in G’. The goal of the while-loop iteration, is

then to find a separator Eg., between CENTER(X) and ¢ and to delete the edges from
G

Let us describe a loop-iteration where some distance estimate dist(CENTER(X), ) was
found that exceeded % and where ¢ € X (the case where we have a distance estimate
dist(CENTER(X), ) exceed the threshold value is analogous and therefore omitted). In
this case, we find a separator Eg., that separates vertices in C' (where t € C) from
vertices in X \ C' (where CENTER(X) € X \ C) in G'. Further, we invoke the procedure
PARTITION(G'[C], %, ¢) on C and obtain a separator Ef,,, in G’ such that each SCC in
G'[C]\ Eg,,, has small diameter. We point out that while the first separator procedure is
necessary to separate the vertices CENTER(X ) and ¢ in G’, the partitioning procedure is
run for technical reasons only since we cannot ensure an efficient implementation without
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this step.

Finally, we wait until the data structures that maintain the generalized topological order
and the distance estimates from random sources are updated before we continue with
the next iteration. On termination of the while-loop, we have that all distance estimates
between centers and vertices in their SCC (with regard to G’) are small (with regard to

Q).

4.3.4 Analysis

We establish Theorem 4.3.4 by establishing four lemmas establishing for (V, ) correct-
ness (Lemma 4.3.8), running time (Lemma 4.3.11) and success probability (Lemma 4.3.12)
and finally establishing that clogn independent copies of (V, 1) form an AT O(G, 2a4)-
bundle with the guarantees given in Theorem 4.3.4, as required.

Lemma 4.3.8 (Correctness). Given that no procedure returns Fail, we have that the

algorithm maintains (V, 1) to be an AT O(G,2a0) of expected quality w.

Let us first prove that the diameter of SCCs in G’ remains small.

Claim 4.3.9. After invoking Algorithm 7, we have that each set X € V satisfies

200|X |

diam(X,G) < -

Proof. First, recall that when the while-loop in Line 1 terminates, we have that ev-
ery X € V has that no distance estimate dist(CENTER(X),t) or dist(¢, CENTER(X))

exceeds % for any t € X.

Next, observe that the algorithm maintains the following invariant on the while-loop in
Line 1: every X € V contains exactly one center is only marked in the data structure
Ecpnrer(x)- This follows by resampling centers in SCCs X that do not have a center yet
and the by Line 8 which ensures that at the end of each while-loop iteration, there is
time to resample.

Combined, this implies that on termination of the while-loop, for every x,y € X, in any
X €V, we have
distg(z,y) < distg(z, CENTER(X)) + dist(CENTER(X), y)
< dist(z, CENTER(X)) + dist(CENTER(X), y) (4.5)
< 2a6|X |

n

where we used the triangle inequality, Definition 4.3.1 and the fact that Acpyrer main-
tains distances with regard to a vertex-induced subgraph of G (adding edges can only
decrease distances, thus distances in G are smaller than in G[Y] C G for any Y). O
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Let us now bound the quality of the approximate topological order (V, ), i.e. upper
bound for any s-to-t path ms; the amount 7 (ms¢, 7). As in the overview section, we
focus on the "negative” terms in 7 (7, ¢, 7), which are captured by

T'(rem) S minf0, 7(X?) — 7(X*)} (4.6)
(u,’u)€7rs¢

which is the definition of 7' already given in equation 4.3. It is not hard to see that
T(msp,7) = 2T (74, 7) + |7(X5) — 7(X)| < 2T (754, 7) + n. It, thus, only remains to
establish the following lemma.

Claim 4.3.10. At any stage of G, for any path 7s; in G, we have

+ 2)10000n log®
E[T(mo, )] < 12 ()

throughout the course of the algorithm.

Before, we provide a proof, let us state the following lemma which has been shown in
the last chapter.

Lemma 3.5.1. [c.f. also [Che” 16b], Lemma 13] Consider an GES &, = Ecpnrer(x)
that was initialized on the induced graph of some node set Xppi, with X C X,
and that is deleted in line 16 in algorithm 4. Then with probability at least 2, the
partition P" computed in line 17 satisfies that each X' € P"” has |[FLATTEN(X')| <
2|FLATTEN(X 1nit)] -

Proof of Claim 4.3.10. We proof this lemma for edges (u,v) € E. Then, the result
follows straight-forwardly by summing over the path edges. Let us start by observing
that we have T'((u,v),7) # 0 if and only if XV strictly precedes X" in 7 (where X~
denotes the set in V that contains vertex z € V). But since (V, 7) forms a generalized
topological order of G’, we have that (u,v) cannot be contained in E(G’).

However, we only remove edges from F(G’) in Line 7 of our algorithm, after being added
to Egep in Line 3 or 5, or to Egep in Line 6. Having (u,v) € Egep occurs by Lemma 4.2.6
only if (u,v) is contained in G’[X] and if at least one of the endpoints is in C' (depending

%
on whether the separator is computed on G’[X] or G'[X] it is w or v). In this case,
the probability that (u,v) is added to Egep, is at most %%mwg(u, v), again by
Lemma 4.2.6.

However, if (u,v) is not added to Egep (and not already removed from G’) then it is
completely contained in G'[C]. Thus, by Lemma 4.3.6 it is sampled into Ef,, with

4 4
probability at most (C+2)24|(;T§ (n)'4"w(;(u,v) < %wg(u,v)

Observe that if (u,v) is sampled into either Egep, or E,,, then since it was contained in
X and by the nesting property of 7 which is guaranteed by Theorem 4.1.1, we have that
during the rest of the algorithm, we have |7(X") — (X")| < |X| where X" (resp. X")
denotes the set in V that contains u (resp. v).
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Thus, a while-loop iteration where u or v participate in C' adds to E[T"(7s, 7)] at most

¢+ 2)1000n log* n
( ) g
| X6

(¢ +2)1000n log* n

X -
X -

U)G(U,U) = ’U}G(U,’U).
Since by Lemma 3.5.1 each vertex only occurs during 2lgn while-loop iterations in C,
we can establish the final bound. O

Combining the fact that (V, 7) is a GENERALIZED TOPOLOGICALORDER(G') at all stages
and G’ C G where 7 has the nesting property, combined with Claim 4.3.9 and Claim 4.3.10,
we derive Lemma 4.3.8.

Lemma 4.3.11 (Running Time). The algorithm to maintain (V,T) requires at most
expected time

gd] 27*3[1gd] .
0 ( Z Z TSSSP(mj7k’n/2]757 2) +m10g2 n)
j=0 k=0

where Y- ;mjy < 16mflgd].
Proof. Again, our proof crucially relies on the following lemma.

Lemma 3.5.1. [c.f. also [Che” 16b], Lemma 13] Consider an GES & = Ecpnrar(x)
that was initialized on the induced graph of some node set Xppi, with X C X,
and that is deleted in line 16 in algorithm 4. Then with probability at least %, the
partition P" computed in line 17 satisfies that each X' € P"” has |[FLATTEN(X')| <
2|FLATTEN(X 1nit)]

We first observe that the initialization procedure described in Section 4.3.1 initializes
G’ in O(m) time and then runs O(logn) iterations where in each iteration it invokes
the procedure PARTITION(-) on a set of disjoint subgraphs of G to update G'. By
Lemma 4.3.6, we can implement all of these calls in time

[lgd] 2i+1 4
O (logn (Z Z Tsssp(mjg,n/27,6,2) + mlogn)) )

j=0 k=0

The latter term in this expression subsumes the time spend on updating G’ once a
separator is returned.

Next, let us bound the time spend on maintaining the SSSP data structures as described
in Section 4.3.2. It is here that we use Lemma 3.5.1: we have that initially each vertex
(and edges) is in exactly one data structure. Further, every second time a vertex v
participates in C' as computed in Line 3 or Line 5, the SCC it is contained in in G’
is halved in size (i.e. in the number of vertices). Since new SSSP data structures

are initialized on the new SCCs that are contained in the C' set, we have that each
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vertex v, in expectation, only participates 2 times in an SSSP structure with running
time Tsssp(m;k, n/27,8,2) +mlogn for any j. Since each edge is incident to only two
vertices, we have a similar argument on edges and can therefore bound the total amount
of time spend on SSSP data structures by

j=0 k=0

[lgd] 2d+1 '
O (Z > Tsssp(mjx,n/2’.4, 2)) :

where }_;mj < 4m.

Finally, let us bound the time spend in calls to Algorithm 7. We observe that each
while-loop iteration takes time

[lgd] 2i+1 A
0 (Z 3" Tsssp(m) o' /2/,6,2) + m' log n>

j=0 k=0

where 35, m’, < 4m’ for m' = |Eg(C)| and n’ = |Vg(C)|. This follows since the
OUTSEPARATOR(-) procedure runs in time almost-linear in the number of edges incident
to C' and afterwards the call of the procedure PARTITION(-) which dominates the costs
of the procedure is only on the graph G’ induced by the vertices in C. Thus, this insight
follows straight-forwardly from Lemma 4.2.6 and Lemma 4.3.6 and the insight that the
cost of the remaining operations is subsumed in the bounds.

Finally, we again use Lemma 3.5.1 which gives that summing over all while-loop itera-
tions is at cost at most

1gd] 2772[1gd] .
O ( > > Tsssp(mjg,n/2’,6,2) +mlog’ n)
j=0 k=0

where > m; < 8m [lgd]. Combining the parts of the algorithm, we thus get the total
bound. O

Lemma 4.3.12 (Success Probability). The algorithm reports Fail with probability at
most 2n ¢ 1,

Proof. We point out that we can only get a Fail due to procedures OUTSEPARATOR(-)
and PARTITION(-).

Since each separator found in the while-loop in Line 1 refines ¥V, we can bound the
number of while-loop iterations in the course of the algorithm by n — 1. Thus, we make
at most n — 1 calls to procedures OUTSEPARATOR(:) and PARTITION(:). Each of the
former calls returns Fail with probability at most n~(¢t2) and each of the latter with
probability at most n=(¢t2),

Taking a union bound over all events, the lemma follows. O
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Finally, let us put everything together and prove our main theorem.

Theorem 4.3.4 (AT O-bundle from SSSP). Given an algorithm A to solve 2-approximate
d-restricted SSSP on any graph H in time Tsssp(m,n,d), and for any ¢ > 0, we can

maintain an AT O(G,2ad,40clogn)-bundle of quality w in total expected
update time

[lgd] 27+3clog?n '
(@) Z Z Tsssp(mjg,n/2?,6,2) + mlog®n (4.4)
=0 k=0

where 3 ;mj < 16¢ - mlog®n for all k. The algorithm runs correctly with probability
1—n=¢ for any ¢ > 0.

Proof. We maintain a collection of 40clogn independent AT O(G, 2ad) instances

(Vla 7-1)7 (VQa 7-2)7 ERE} (V4Oclogn7 T40010gn)

as described earlier in this section and let S denote the collection of these instances.

The total running time to maintain these A7 O(G, 2a0)’s is clearly bounded by the term
given in equation 4.4 by Lemma 4.3.11.

Now, since by Lemma 4.3.8, each AT O(G, 2a6) has expected quality ¢ = w,
we have by Markov’s inequality and a simple Chernoff bound, that for each shortest path
Tst in G at some stage ¢, we have that there exists an ¢, such that T (7, 7;) < 2¢ with
probability at least 1 — e—40clogn/8 — 1 _pn=5¢_ Since ¢ > 1, we have that the probability
that any shortest-path at any stage fails, is at most 1 — n~¢/2 by union bounding over
at most n? stages and at most n? shortest-paths, for n large enough. Moreover, the
total probability that any instance returns Fail is at most n7¢/2 by Lemma 4.3.12 and a
union bound over the instances. Thus, we have established that with probability at least

1—n"¢ S forms an AT O(G, 2a6)-bundle of quality 2q as defined in Definition 4.3.3. [

4.4 The SSSP Algorithm

We now give a proof of Theorem 4.2.2 which implies our main result, Theorem 1.5.2, as a
corollary. Our proof is in two steps: we first show how to implement an a-approximate §-
restricted SSSP as described in Definition 4.3.1 given access to approximate topological
orders. We then show how to bootstrap the reductions to maintains different SSSP
data structures to cover all depths.

4.4.1 «-approximate J-restricted SSSP via an ATO

The main objective of this section is to prove the following theorem which gives a reduc-
tion from (1 + €)-approximate d-restricted SSSP to approximate topological orders. In
this theorem, we only assume access to an AT O(G, Ngiam) denoted by (V,7) where we
assess the quality individually for each path. If the quality for a certain tuple is below a
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threshold ¢, we show how to exploit the approximate topological order to maintain the
distance estimate for the tuple efficiently, otherwise we provide no guarantees.

Theorem 4.4.1. Given G = (V, E,w), a decremental weighted digraph, a source r € V,
a depth threshold § > 0, a quality parameter q, an approrimation parameter ¢ > 0, and

access to (V, 1) an AT O(G, Ndiam,)-

Then, there exists a deterministic data structure that maintains a distance estimate
dist(r,v) for every vertex v € V' such that at each stage of G, distg(r,v) < dist(r,v)
and if distg(r,v) < § and T (7, 7) < q- 6+ n, then

dist(r,v) < distg(r,v) + Ndiam + €0.
The total time required by this structure is

O(ndqlogn/e +n?logn)

Remark 4.4.2. Technically, we require the approximate topological order (V,T) to en-
code changes efficiently and pass them the SSSP data structure. Since the SSSP data
structure is updated only through delete operations, we require, that with each edge up-
date, the data structure receives changes to (V,T) since the last stage. More precisely,
we require that the user passes a set of pointers to each set' Y that occurred in 'V at the
previous stage (denoted VO'P ), but did not occur in V at the current stage (denoted
YNEW) ie. each Y € VOLP\ YNEW - Additionally, we require with each such Y that
was split into subsets Y1,Ya,..., Y, € VNEW that form a partition of Y, pointers to
each new element Y;. We further require worst-case constant query time of 7, and each
element Y € V (for any version) can be queried for its size in constant time and returns
its vertex set in time O(|Y|). For the rest of the paper, this detail will be concealed in
order to improve readability.

Before we show how to implement such a data structure, let us emphasize that the
above theorem directly implies Theorem 4.2.3 that we introduced in the overview. It
can further also be used to derive the following corollary which is at the heart of our
proof in the next section. Its proof is rather straight-forward and we therefore refer the
reader to [BGW20)].

Corollary 4.4.3. Given G = (V, E,w), a decremental weighted digraph, a source r € V,
a depth threshold & > 0, an approximation parameter ¢ > 0, and access to a collection
S = {Sihi<i<y for u = |lgd] — 1 where each S; forms an ATO(G,2%,40clogn)-bundle
of quality q;. Then, there exists an implementation for (1 + €)-approzimate 0-restricted
SSSP where Tsssp(n,m,d,e) = O(n(maxlgigﬂ{%} +n)log®n/e?).

Let us now describe the implementation of a data structure &, that stipulates the guar-
antees given in Theorem 4.4.1. Since the proof that this is indeed a valid implementation
of Theorem 4.4.1 is quite similar to the proof sketch we give in Section 4.2, we refer the
reader to the full version of the article [BGW20].
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Initialization. Throughout the algorithm, we define 0, = [(1 4 €)0 + en/q] and
define the complete graph H = (V, V2, w)® with weight function

w(X,Y) = inf{w(a,y)|(@,y) € E(X,Y)}

for X, Y € V. We use the convention that the infimum of the empty set is co. We use
‘H to avoid dealing explicitly with G/V which is a multi-graph, instead in H we use the
same node set with simple edges as the infimum over weights of the multi-edges (even if
there is no such edge).

We use a standard min-heap data structure® Q x y over the set E(X,Y) for each ordered
pair (X,Y’) to maintain the weight w(X,Y’). We henceforth denote by @ xy.MINVALUE
the value w(X,Y') and by Q x,y.MINELEM a corresponding edge (z,y) withz € X,y € Y,
and use the convention of denoting the node in V that contains vertex x € V by X*. We
initialize the data structure &, by constructing H and by running Dijkstra’s algorithm”
from X" on H. We then initialize a distance estimate dist(X",Y’) for each Y € V' to
disty, (X", Y). If we have dist(X",Y) > 0mqs at any point in the algorithm, we set it
to oo. Further, we also maintain the distance estimates (/iEt(r, u) for each u € V' equal
to dist(X", X™) + Ngiam, i-e. every time we increase dist(X", X*), we also increase
u’s distance estimate®. This allows us to henceforth focus on the distance estimates of
nodes which is easier to describe. We also store the corresponding shortest-path tree T'
truncated at distance d,,4,, that serves as a certificate of the distance estimates.

Finally, we partition for each node X € V), the in-neighbors set in H of X into different
buckets based on their 7-distance: for each X, we initialize bucket B_;(X) = {X} and
for 0 < j <lgn we initialize the bucket B;(X) to

{29 < x(X,Y,7) < 2t Y € NI} (X),X #Y}

where we define

or {Tm — (T + X =1) i r(X) < 7(Y) (4.7)

X(X,Y,7) = .
x(Y, X, 1) otherwise

that is x(-) is similar to 7(-) (in fact x(X,Y,7) < T(X,Y, 7)), however, as 7 maps nodes
X and Y to disjoint intervals, 7 (-) measures the distance between the starting points
of the intervals, while () measures the distance between the intervals (i.e. the closest
endpoints of the intervals).

At any stage, we let B<;j(X) = U;<; Bj(X). We store each set B;(X) explicitly as a
linked list, store for each Y € B;(X) a pointer to the bucket, and maintain the buckets

to partition the in-neighbors of each X.

SHere, we are again slightly abusing notation by referring to V as partition and node set, however,
context and the fact that this implicitly refers to a one-to-one correspondence between partition sets and
nodes ensures that no ambiguity arises.

5See for example [Cor'09].

"See [Cort09] for an efficient implementation.

8We will show that a;:(X ", X™) is a monotonically increasing value over time.
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Handling Edge Deletions. The edge deletion procedure takes two parameters: the
edge to be deleted (u,v) and a collection of tuples U that encode refinements of V during
this stage. To handle the update, we initialize a min-heap @ = () that keeps track of the
nodes in H, that cannot be reached from X" in the truncated shortest-path tree T' (i.e.
whose certificate for the current distance estimate was compromised).

We start our update procedure by processing updates to (V,7) (check the remark of
Theorem 4.4.1 for a description of these updates encoded by U). For any node X €
VOLD\ PNEW “that was split into subsets X1, Xo, ..., Xx € VNEW (ie. for every tuple
(X, X1, Xo,...,Xg) € U), we query for each Xj, its size. Then, we let the largest node
X inherit the original node X (that is the nodes are equal in our data structure at this
stage although the partition sets are not), and create a new node X in H for other
i' # 4, and new heap structures Qx,, y for every Y € V. Then for each Xy, i’ # i, we
scan each edge (z,y) in E(X;/, V'\ X;), remove it from the heap Qx, xv and add it to the
new heap Qx, xv. We also initialize the distance estimates for each Xy, (gt(X .
to take the value dist(X”, X), also for X;. We then find the edge (w,z) in T where
X = X?*. Clearly, we now have that X;; = X® for some 7 and we connect X; in the
tree T since this edge is now a certificate for X;/’s distance estimate. The rest of the
nodes, i.e. the nodes X1, Xo,..., Xy_1, Xyr41,..., Xk, we add to @) since we do not have
a certificate for them yet.

Finally, when all the node splits for the current stage where processed, we update the
buckets B;(Y) for all j and Y to almost stipulate the initialization rules. We point
out that all edges that have to be assigned to a different bucket have to be incident
to X1, Xs,..., Xi by property 2. Then, for each X; (also X;), we compute j to be
the largest integer such that some number in | Xy |, | Xy| +1,...,|X]| — 1 is divisible by
2/, Then, we update all nodes in B<j+1(Xy) by scanning and reassigning them, and
similarly reassign X to a new bucket for each Y where X; € B<;(Y).

Finally, when all node splits are processed, the node set of H reflects the current V', and
we can delete the edge (u,v) from H by deleting it from the heap it is contained in. If
(u,v) was equal to Qxu x».MINELEM, and (X*, X") € T, we delete it from 7" and insert
XV into Q.

We then rebuild our certificate T": we take the node Y from @ with the smallest distance
estimate dist(X",Y’) until @ is empty or the smallest distance estimate co. Now, let j
be the largest integer such that dist(X",Y) is divisible by [27 - ¢1. We then check if
there exists a node X € B<;(Y’) such that

(ii;t(XT’,X) + Qxy-MINVALUE < (gt(X”, Y).

In this case, the edge (z,y) = Qx,y.MINELEM serves as a certificate that the distance

from X" to Y is at most dist(X",Y) and therefore we add (z,y) to T'. If there exists no
such vertex X, then we increase the value dist(X",Y") by one or to oo if it is currently
at least 04, and reinsert Y and children Z1, Zs, ..., Z, of Y in T into @ (after deleting
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the edges (Y, Z;) from T'). This completes the description of the algorithm. Again, we
refer the reader interested in the proof of Theorem 4.4.1 to [BGW20].

4.4.2 Bootstrapping an Algorithm for Unrestricted Depth

Next, let us prove the following theorem which show is a detailed version of Theorem 4.2.2.
Combined with Corollary 4.4.3 (where we set the depth threshold parameter 6 to Wn),
this immediately implies our main result, Theorem 1.5.2.

Theorem 4.4.4. For any 0 < i < lg(Wn), given a decremental digraph G = (V, E,w),
we can maintain a hierarchy S = {S;}; where each S; is a ATO(G,2%, 40clogn)-
bundle of expected quality O~(n/2l) The algorithm runs in total expected update time
O(c®n? log'” nlg5(Wn)) against a non-adaptive adversary and is correct with probability
at least 1 — n~°2 for any failure probability parameter ¢ > 2.

Proof. In order to prove our theorem formally, we need to fix the constants hidden by the
big-O notation in some of our statements. We therefore henceforth denote the constant
hidden by Corollary 4.4.3 to maintain the SSSP data structure by cggsp, the constant
hidden in Theorem 4.3.4 to obtain an AT O-bundle from an SSSP data structure by
csssp—aro and finally, we denote the constant hidden in the theorem that we want to
prove by croa Where we require that crora; > (€ss5P—sATO - Cs55P)° - 249,

Without further due, let us prove the theorem by induction on n, the number of vertices
in graph G. The base case with n < 1 is easily established since there are no paths in a
graph of only one vertex thus we obtain arbitrarily good quality and the running time
is a small constant (at least smaller than cpyq;)-

Let us now give the inductive step n — n + 1: for each i, we iteratively construct an
AT O(G,2¢,40clogn)-bundle S; as described in Theorem 4.3.4. Thus, we have to show
how to implement a 2-approximate 2~ 2-restricted SSSP data structure required in the
reduction (note that for i < 2 this task is trivial, so we omit handling it as special levels).

Note that each data structure SSSP that we are asked to implement for an A7 O-bundle
S; at level ¢ is run on a different graph H C G. To obtain an efficent algorithm, we will
implement the data structure differently depending on the size of such H. If H has at
least n/27 vertices for some v = O(lglog Wn) that we fix later, we call H a large graph.
Otherwise, we say H is small. Now, we implement SSSP as follows:

o if H is small, then we use the induction hypothesis, find a AT O-bundle &’ for H
and and invoke Corollary 4.4.3 on 8’. We note that we need to set the parameter
that controls the failure probability for S’ to ¢ - 4logn to ensure that it succeeds
with high probability (this is since S’ only succeeds with probability polynomial
in |V(H)| which might be very small).

o if H is large, we exploit Remark 4.3.5 which states that when the reduction asks to
maintain approximate distances on some graph H C G, it is sufficient to maintain
distance estimates on any graph F' such that H C F' C G and in particular, it is ok
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to simply run on the entire graph G. Therefore, we simply use S;_1 in combination
with Corollary 4.4.3 and maintain distances in G.

Let us now analyze the total running time. We start by calculating the running time
required by each level i separately. For some fixed i, we have that by Theorem 4.3.4 we
have running time

[lg2:=2] 29+3clog?n o
csssp—aro | Y > Tsssp(mjr,n/?,2°7%,2) + n’log’ n (4.8)
i=0 k=0

where ;i mj < 16¢- mlog?n for all k, to maintain S;.

Let us analyze the terms Tsssp(m; kg, n/27, 20=22) based on whether j < v or not (i.e.
depending on how the SSSP data structure was implemented):

e if j < ~: then, by the induction hypothesis, we require time at most

2
n _ .
CTotal(c410g n)5 . <2j> 10g17(n) lg5(Wn)2 2j

< Crotar - 28 - ®n?log??(n)1g°(Wn)279277

to maintain the new AT O-bundle 8’ on the graph H and again by the induction
(4log nc+2)40000n log® n2—7
2i—3

hypothesis we have that the bundle has quality log® n.

Thus, maintaining SSSP on H using S’ as described in Corollary 4.4.3 can be done
in time
csssp((c-4logn 4+ 2)40000 - 23)(n?log® n2=%) < cggsp - ¢ - 222 (n?log? n277277).

Combined, we obtain that we can implement the entire SSSP data structure with
total running time at most

CTotal - 2° - &n?log?%(n)1g°(Wn)279277 + cgs5p - ¢ - 222 (n?log” n277277)
< Crotal - CsssP - € - 277277227 n? log™ (n) 1g” (Wn).

Combining these bounds and summing over all small graph terms in equation 4.8,
we obtain that the total contribution is at most

csssp—aro - 1g(nW) - (2%clog® n) (CTotal “cgggp - 277222 . n?log®(n) 1g5(W”)>
< 8 c3$SP—ATO * CTotal - CSSSP (222 -n*log*! (n) 1g6(Wn)2_7> :
This completes the analysis of the small graph data structures.

o otherwise (j > 7): then, we run the SSSP structure from Corollary 4.4.3 on S;_;
which gives running time at most

2)40000n log®
CSSSP ("QZ e 2i—3n % M og? n> < csssp - ¢(2% - n*log®n)
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where we used ¢ > 2. Since there are at most csssp—ato - C- (23 lg(nW) log2 n27)
terms for large graphs, where j > v, we have that the total cost of all SSSP data
structures on large graphs is at most

CSSSP—ATO * C - (23 lg(nW) log2(n)27) . (cssgp . 0(220 -n? log8 n))

= C§SSPATO - C* - CS5SP - (223 -n?log'%(n) lg("W)T)

It now only remains to choose v and combine the two bounds. We set v = 24[lg(c? -
csssP—ATO - csssp -1g2(Wn)log”(n))], and obtain that the total running time summed
over large and small graphs is at most

Cos5pATO - Cossp - ¢ - 2% (n*log' T nlg!(Wn)))
C4CTotal (’I’L2 10g17 n lgS(Wn>)
2
S C4CTotal (n2 10g17 n lg4(Wn))

where we used our initial assumption on the size of crotq;-

Finally, we point out that there are at most lg(nW) levels i and therefore, the total
update time is at most
CTotal (C4n2 10g17 n 1g5 (WTL))

as required.

Further, we point out that every AT O-bundle S; that was constructed runs correctly
with high probability at least 1—n~¢, while every AT O-bundle &’ is maintained correctly
with probability at least 1 —n~4¢ (recall that we set the failure parameter of these data
structures to ¢ - 4logn). Noting that we only have lg(nW) instances of the former
bundles, and at most n® of the latter, taking a simple union bound over the events that
any bundle instance fails gives a total failure probability of at most n=¢*2. O
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Chapter 5

Deterministic Algorithms for
Decremental SSR, SCC and SSSP

In this chapter, we are concerned with obtaining the first deterministic data structures
that improve upon the classic ES-trees in decremental graphs.

Theorem 1.5.3. [see [BPS20]] Given a decremental, directed graph G = (V, E), we
can deterministically maintain the strongly-connected components of G in total update
time mn2/31°W) - Burther the data structure allows for constant time queries which upon
inputting two vertices u,v € V, outputs whether they are strongly-connected or not.

The data structure can also, given a dedicated source vertex v € V., maintain within the
same update time the set of vertices reachable from r and offers a constant time query
which upon inputting a vertex v € V', returns whether r reaches v.

Theorem 1.5.4. [see [BPS20]] Given a decremental dynamic input graph G = (V, E, w),
a dedicated source v € V' and € > 0, there is a deterministic algorithm that maintains a
distance estimate dist(r,x), for every x € V, such that

diste(r,z) < dist(r,z) < (1 4 €)distg(r, z)

at any stage of the graph. The algorithm has total update time n?>+2/3+°() log W /poly (e).
Distance queries are answered in O(1) time, and a corresponding path P can be returned
in |P|n°M) time.

While we will touch on the expander techniques developed in the article that this section
is based on, we emphasize the above theorems as the main results in the context of this
thesis and refer readers that are mostly interested in the expander tools to [GW20b].

5.1 Overview

We now give an overview of the data structures. We first focus on the problem of
obtaining a data structure for the decremental SCC problem and only in the latter part
of this overview show how to obtain a decremental SSSP data structure.
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Directed Expanders. We start with the definition of directed expanders.

Definition 5.1.1 (Expanders). A directed graph G is a ¢-vertex expander if it has no
¢-vertex-sparse vertex-cut. Similarly, G is ¢-(edge) expander if it has no ¢-sparse cut.!

Intuitively, expanders are graphs that are “robustly connected” and, in particular, they
are strongly connected. It is well-known that many problems become much easier on
expanders. So, given a problem on general graph, we would like to reduce the problem
to expanders.

It is further well-known that every undirected graph admits the following expander de-
composition: for any ¢ > 0, a O(¢)-fraction of vertices/edges can be removed so that
the remaining is a set of vertex-disjoint ¢-vertex/edge expander. Unfortunately, this is
impossible in directed graphs. Consider, for example, a DAG. However, a DAG is the
only obstacle; for any ¢ > 0, we can remove a O(¢)-fraetion of vertices/edges, so that the
remaining part can be partitioned into a DAG and a set of vertex-disjoint ¢-vertex/edge
expanders. This observation can be made precise as follows.

Fact 5.1.1 (Directed ¢-Expander Decomposition). Let G = (V, E) be any directed n-
vertex graph and ¢ > 0 be a parameter. There is a partition {R, X1,...,Xr} of V such
that

1. |R| < O(¢nlogn);
2. G[X;] is a ¢p-vertex expander for each i;

3. Let D be obtained from G by deleting R and contracting each X;. Then, D is a
DAG.

The edge version of Fact 5.1.1 can be stated as follows: for any unweighted m-edge graph
G = (V, E), there is a partition {X,..., X3} of V and R C E where |R| < O(¢mlogm),
each G[X;] is a ¢-expander, and D is a DAG (where D is defined as above). It can be
generalized to weighted graphs as well.

High-level Framework. This decomposition motivates the framework of our algo-
rithm, although for the sake of efficiency we only maintain an approximate version. The
decomposition suggests that we need four main ingredients:

1. a dynamic expander decomposition in directed graphs,
2. a fast algorithm on vertex-expanders,

3. a fast algorithm on DAGs, and

4. a way to deal with the small remaining part R.

We point out however that component 3. will only be required by the SSSP data struc-
ture.

!Note that an isolated vertex is an expander (in both edge and vertex versions).
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The High-Level Algorithm for decremental SCC. In order to develop some in-
tuition for the above framework, let us derive our data structure for decremental SCC.

First, let us state the following Theorem which is an idealized version of our main
technical result. We will pretend for the first part of the overview that we can indeed
prove this Theorem but we stress that we obtain a considerably weaker guarantees in
our algorithm.

Theorem 5.1.2 (Idealized Expander Decomposition). There is a deterministic algo-
rithm A that given an unweighted, directed, decremental graph G and a parameter
¢ € (0,1), maintains a directed ¢-expander decomposition, such that R is an incre-
mental set of final size é(gb_l). The algorithm to maintain the expander decomposition
runs in time O(mg¢~2).

Observe that every set X in G, that forms a ¢-expander (for any ¢) is part of an SCC
in GG. Thus, given the above Theorem, the graph G where expanders X1, Xs, ..., X} are
contracted, forms a condensation of G \ R.

To this end, we note that in [Che'16b] (which we explained in some detail in Chapter 3),
a data structure by Lacki was used to deal with separator vertices set .S to restore SCCs
in G given the set R and the condensation of G \ S. We state his result below (here
the result is stated as a reduction which is straight-forward to obtain and is proven in
[BPS20]).

Theorem 5.1.2 (see [Facll, CheT16b]). Let G = (V, E) be a decremental graph. Let
A be a data structure that 1) maintains a monotonically growing set S C V' and after
every adversarial update reports any additions made to S and 2) maintains the SCCs in
G\ S explicitly in total update time T'(m,n) and supports SCC path queries in G\ S in
almost-path-length query time.

Then, there exists a data structure B that maintains the SCCs of G explicitly and supports
SCC path-queries in G (in almost-path-length query time). The total update time is
O(T(m,n) +ml|S|logn), where |S| refers to the final size of the set S.

Using these two Theorems in conjunction, it is not hard to see that setting ¢ = n=1/3,

we can obtain a data structure that maintains SCCs in a decremental graph in total
update time O(mn?/3).

Certifying Directed Expanders. In order to maintain an expander decomposition
as described in Theorem 5.1.2 (which we cannot do! We obtain a considerable weaker
guarantee), a basic procedure that is required to even compute an expander decomposi-
tion is an algorithm to efficiently certify that G is a ¢-expander or outputs a ¢-vertex-
sparse vertex-cut.

We introduce the notion of embeddings which has been used heavily in the static setting
to certify expanders [KRV09, Ore™ 08, Loul0]:
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Definition 5.1.3 (Embedding and Embedded Graph). Let G = (V| E) be a directed
graph. An embedding P in G is a collection of simple directed paths in G where each
path P € P has associated value val(P) > 0. We say that P has length len if every
path P € P contains at most len edges. We say that P has vertex-congestion cong if, for
every vertex v € V, 3 pep, val(P) < cong where P, is the set of paths in P containing v.
We say that P has edge-congestion cong if, for every edge e € E, 3" pep, val(P) < cong
where P, is the set of paths in P containing e.

Given an embedding P, there is a corresponding weighted directed graph W where, for
each path P € P from u to v, there is a directed edge (u,v) with weight val(P). We call
W an embedded graph corresponding to P and say that P embeds W into G.

The following fact shows that, to certify that G is a vertex expander, it is enough to
embed an (edge)-expander W into G with small congestion.

Fact 5.1.3. Let G = (V,E) be a graph. Let W = (V,E',w) be a ¢-expander with
minimum weighted degree 1. If W can be embedded into G with vertex congestion cong,
then G is a (¢/cong)-vertex expander.

Proof. Consider a vertex cut (L, S, R) in G where |L| < |R|. Suppose that F(L, R) =
(), otherwise E(R,L) = () and the proof is symmetric. Observe that each edge e €
Ew(L,V \ L) in W corresponds to a path in G that goes out of L and, hence, must
contain some vertex from S. So the total weight of these edges in W can be at most
S%U(L) < |S|-cong. At the same time, §34* (L) > ¢voly (L) > @|L| as W is a ¢-expander
with minimum weighted degree 1. So |S| > =2-|L| as desired. O

cong

In our actual algorithm, instead of certifying that G is a vertex expander (i.e. G has no
sparse vertex-cut), we relax to the task to only certifying that G has no balanced sparse
vertex-cut. This, in turn, motivates the definition of ¢-witness:

Definition 5.1.4 (Witness). We say that W is a ¢-witness of G if V(W) C V(G), W
is a Q(1)-(edge)-expander where 9/10-fraction of vertices have weighted degree at least
1/2, and there is an embedding of W into G with vertex-congestion 1/¢. (Note that
E(W) does not have to be a subset of E(G).) We say that W is a ¢-short-witness if it
is a ¢-witness and the embedding has length 5(1 /®). We say that W is a large witness
if [V(W)|>9|V(G)|/10.2

We sometimes informally refer to a graph that contains a large witness as an almost
vertex-expander. This is because of the below fact whose proof is similar to Fact 5.1.3.

Fact 5.1.4. Let G = (V, E) be a graph that contains a large ¢-witness W. Then G has
no 1/3-vertez-balanced (¢/n°M)-vertez-sparse vertex cut.

We can now finally state the result we obtain for certifying an expander.

2The constant 9/10 is somewhat arbitrary.
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Theorem 5.1.5. There is a deterministic algorithm CERTIFY-WITNESS(G, ¢,¢€) that
takes as input a directed n-vertex graph G = (V, E), ¢ € (0,1/1og?(n)], and € € (0,1) in
O(m/) time, either

e finds a O(¢)-vertez-sparse Q(e/n°V)-vertez-balanced cut S, or

e certifies that there exists a ¢p-witness W of G such that |V (W)| > (1—€)n and every
edge in W has weight at least 1. Let ey = l/no(l) be the precise expansion factor
of W guaranteed by this lemma (we will use this parameter in other lemmas).

(Almost) Expander Decomposition using Certification. Note that finding large
¢-vertex-sparse vertex-cuts in expander certification allows us not only to add these
cuts to the set R and then recurse on the remaining strongly-connected subgraph but
also to do so efficiently (since both sides of the cut are roughly of equal size so each
vertex only participates a polylogarithmic number of times in such a recursion). It is
straight-forward to show that adding sparse cuts and recursing leads to the bound on R
as described in Theorem 5.1.2 and certainly has R as an incremental set.

However, certifying ¢-expanders is a static procedure. Therefore a second procedure is
required: essentially, once a ¢-expander X with induced graph G’ = G[X] is certified,
we have that for Q(|X|¢) updates, a subset X’ of X still forms a ¢-expander and that
X' is of size | X|/2 during this period. In fact, we can maintain efficiently a set P that
comes fairly close to X':

Theorem 5.1.6 (Directed Expander Pruning). There is a deterministic algorithm that
given a directed unweighted decremental multi-graph G’ with n wvertices and m edges
that is initially a ¢-expander and a parameter L > 1. The algorithm maintains an

incremental set P C V using O (:L”E;))L) total update time such that for P =V (G')\ P,
L

we have that G'[P] is a vy, (¢)-expander and volg (P) < O (f{”l(/;)) after t updates, where
L

7,(6) = 7.

Now, observe that the ¢ dependency of the above algorithm is fairly bad. However
for very large ¢ (say ~ 1/nV18" = 1/n°M) and using L = O(loglogn), the above
guarantees are only off from the optimal case by a subpolynomial factor.

Luckily, given a graph G’ that is a ¢-expander, we can use the witness graph W that we
used to certify that G’ is a ¢-expander in-place of G’ at the expense that whenever we
remove an edge from W, we have to remove up to (3(¢*1) vertices from the expander.
Using that W is a ¢’-expander for ¢’ very large, it follows that we can maintain a set
that comes close to X’ for (| X |¢) updates even for G’ in total time O(mg¢~1) (we note

that while the running time for Theorem 5.1.6 is only O(m), with every update it might
cause us to remove O(¢~1) vertices from X’ explicitly).

Expander Set Maintenance. Let us now address the problem of the last paragraph:
we might have some vertices in X \ X', i.e. vertices that were removed in Theorem 5.1.6
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from our graph G’ that was a ¢-expander at the first stage and was slightly decomposed
during the last updates. We next have to determine what to do with vertices in X \ X".
We resort again to an idea from Chechik et al. [Chet16b]: We maintain an ES-tree in
the graph G’/X’ from X' to depth § = ¢~ ! in the graph G where X’ is a single node
obtained from contraction. Technically, X’ is a decremental set and thus not remain the
same over time, we can use the augmented ES-tree from Lemma 3.2.3 to deal with this
technicality.

Then, we implement the following procedure: whenever a vertex v € X \ X' is a distance
larger than ¢!, we find a balanced separator from v (see for example Section 3.4), add
separator vertices to R as well, and recurse on the SCCs that do not contain X’ by
trying to certify that they are expanders again. By basic balanced separator arguments
we can bound the number of vertices we add to R in this way again by O(¢~'). Instead
of refering to the set X’ however, we will henceforth simply refer to the (pruned) witness
W. We summarize this in the somehow technical Theorem below which also bounds the
running (which we need in all of its explicity to derive our SSSP data structure).

Theorem 5.1.7. There is a data structure FOREST-FROM-WITNESS(G, W, ¢) that takes
as input an n-vertex m-edge graph G = (V, E), a set W C V with |[W| > |V|/2 and a
parameter ¢ > 0. The algorithm must process two kinds of updates. The first deletes
any edge e from E; the second removes a vertex from W (but the vertex remains in V),
while always obeying the promise that |W| > |V|/2. The data structure must maintain a
forest of trees Four such that every tree T € Four has the following properties: all edges
of T are in E(G); T is rooted at a vertex of W; every edge in T is directed away from
the root; and T has depth O(1/¢). The data structure also maintains a forest F, with
the same properties, except each edge in T is directed towards the root.

At any time, the data structure may perform the following operation: it finds a 6(¢)-
sparse vertex cut (L, S, R) with WN(LUS) = 0 and replace G with G[R]. (This operation
is NOT an adversarial update, but is rather the responsibility of the data structure.) The
data structure maintains the invariant that every v € V is present in exactly one tree
from Four and exactly one from Fiy; given any v, the data structure can report the roots
of these trees in O(log(n)) time. (Note that as V' may shrink over time, this property
only needs to hold for vertex v in the current set V.) The total time spent processing
updates and performing sparse-cut operations is 5(m/¢)

Although the data structure works for any set W, W will always correspond to a ¢-
witness in the higher-level algorithm. The adversarial update that removes a vertex
from W corresponds to the event that the witness shrinks in the higher-level algorithm.
The forests F;;, and Foy allow the algorithm to return paths of length 5(1 /¢) from any
v € V(G) to/from W: find the tree that contains v and follow the path to the root,
which is always in W. The requirement that each tree has low-depth will be necessary
to reduce the update time. But once we add this requirement, we encounter the issue
that some vertices may be very far from W, so we need to give the data structure a
way to remove them from V(G). This is the role of the sparse-cut operation: we will
show in the proof that if v is far from W, it is always possible to find a sparse vertex
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cut (L, S, R) such that v is in L and hence removed from G. (The higher-level algorithm

will process this operation by adding S to S, so that L becomes part of a different SCC
in G*[V*\ 5].)

To summarize this paragraph, while we do not get the guarantees of an idealized ex-
pander decomposition, we can ensure that the expander sets computed at some stage
are maintained such that their diameter is bound by 6((;5_1) quite efficiently. This turns
out to be enough for our applications.

Maintaining Shortest Paths in Expander Sets. We also point out that since we
would like to return the shortest paths in our SSSP data structure, Theorem 5.1.7 is not
sufficient since it only allows us to find shortest paths that do not cross the witness graph
G. However, we also require a second data structure that explicitly maintains approxi-
mate shortest paths between all pairs of vertices in an expander (here the approximation
factor will be subpolynomial, that is quite huge). The input W will always correspond
to a large ¢-witness, and will thus have expansion 1/ n°). This data structure is not
new to our paper, as it is essentially identical to an analogous structure for undirected
graphs in [CS20]. The only major difference is that we need to plug in our new expander
pruning algorithm for directed graphs (Theorem 5.1.6). Note that the theorem below
will only allow us to find paths in E(W), not E(G’), the graph of interest. However it
is possible to use the embedding of W to recover the correspond short paths in E(G).

Theorem 5.1.8. There is a deterministic data structure PATH-INSIDE-EXPANDER (W)
that takes as input an n-vertex m-edge 1/n°(1)—empander W subject to decremental updates.
Fach update can delete an arbitrary batch of vertices and edges from W, but must obey
the promise that the resulting graph remains a ¢-expander. Given any query u,v € V (W),
the algorithm returns in n°Y) time a directed simple path Py, from u to v and a directed
simple path Py, of v to u, both of length at most n°Y). The total update time of the data
structure is O(m).

This completes our overview of components on witness graphs that certify that some
graph G’ is a ¢-expander. It remains to address a central problem.

Sparse Witnesses in Dense Graphs. In the previous paragraphs, we have reduced
the problem of certifying an almost vertex-expander to maintaining a large witness (and
then maintaining the witness using pruning) and sketched the ideas to maintain low-
diameter components and a small set R of removed vertices. However, although finding
a low congestion embeddings in vertex expanders can be done very efficiently in the
static setting (using the well known cut-matching game), there is one crucial obstacle in
the dynamic setting:

Consider the following simple scenario. We start with a complete graph G and parameter
¢ = Q(1). A standard (static) construction of a large ¢-witness runs in O(m) time and
gives an unweighted Q(1)-expander W where all vertex degrees are ©(logn). Let P be
the embedding of W. Observe that each path from P has value 1 and |P| = O(nlogn).
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Unfortunately, once the adversary knows P, he can destroy each embedding path P € P
by deleting any edge in P. In total, he can delete only O(nlogn) edges in G to destroy
the whole embedding of W. The algorithm would then have to construct a new witness,
which the adversary could again destroy with O(nlogn) deletions. This process continues
until G has a balanced, sparse vertex-cut, which might not happen until (n?) deletions.
That is, this standard approach requires the algorithm to re-embed a new witness Q(n)
times, which is not only slow, but requires too many changes to the witness.

Congestion Balancing. To overcome this obstacle, we introduce a technique that we
call congestion balancing to maintain a witness W that only needs to be re-embedded

O(1/¢) times.

Theorem 5.1.9 (Robust Witness Maintenance). There is a deterministic algorithm
ROBUST-WITNESS(G, ¢) that takes as input a directed decremental n-vertex graph G
and a parameter ¢ € (0, 1/10g (n)]. The algorithm maintains a large (weighted) ¢-short-
witness W of G using O(m/¢2) total update time such that every edge weight in W 1is
a positive multiple of 1/d, for some number d < 2dg.g, where dgyg is the initial average
degree of G. The total edge weight in W is O(nlogn). After every edge deletion, the
algorithm either updates W or outputs a (¢n°M))-vertez-sparse (1/n°M)-vertez-balanced
vertex-cut and terminates.

Let W9 be W after the i-th update. There exists a set R of reset indices where ]R|
O(¢Y), such that for each i ¢ R, WO 2 WD That is, the algorithm has O(¢1)
phases such that, within each phase, W is a decremental graph. The algorithm reports
when each phase begins. It explicitly maintains the embedding P of W into G and reports
all changes made to W and P.

To obtain the above result, we observe that an arbitrary embedding P might not be
robust to adversarial deletions, because a small number of edges might have most of the
flow. To balance the edge-congestion, we introduce a capacity x(e) on each edge. Initially
we set k(e) = 1/d, where d is the average degree in the input graph. At each step, the
algorithms uses approximate flows and the cut-matching game to try to find a witness
with vertex congestion O(1/¢) and edge-congestions r(e). If it fails, the subroutine finds
a low-capacity cut C; it then doubles capacities in C' and tries again. Since we assume a
witness does exist, the algorithm will eventually find a witness once the edge-capacities
are high enough.

Once we have a witness W with embedding P, we use the lazy approach. Say the
adversary deletes an edge (u,v). Because our embedding obeyed capacity constraints,
this can remove at most edges from W of total weight at most k(u,v). To maintain
expansion, we feed these deletions into our expander pruning algorithm (Theorem 5.1.6)
to yield a pruned set P, and shrink our witness to W[V (W) — P]. To guarantee that W
remains a large witness, we end the phase once the pruned set P it too large. We will
show that we end a phase only after the adversary deletes Q(n) edge-capacity from the
graph.
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As with ROBUST-MATCHING, the crux of our analysis will be to show that the total of
number of doubling steps is O(1/¢). To do so, we again use costs c(e) = log(dk(e)) and
use a potential function II(G, k) which measures the min-cost embedding in G among all
very large ¢-witness. As the vertex congestion is 1/¢, this potential II(G, k) is at most
n/¢. Also, we are able to show that each doubling step increases the potential by Q(n)
using an argument that is more involved than the one for matching. Therefore, there
are at most O(1/¢) doubling steps as desired.

Given this bound, we can bound the total number of phases: each doubling step adds
at most n to the total capacity , and the initial capacity is at most 1/d-m = n. So the
final total capacity is at most é(n/ ®). As each phase must delete Q(n) capacity, there
are at most O(1/¢) phases.

Again, to highlight the strength of this result, the above theorem shows we only need to
re-embed a witness O(¢~!) times throughout the entire sequence of deletions, whereas
we showed that the standard technique might require 2(n) re-embeddings in the worst
case.

A Deterministic Data Structure for decremental SSSP. Finally, we note that
much like in Chapter 4, we can actually use a low-diameter decomposition to find an
approximate generalized topological order (ATO) which we can then use in conjunction
with the ES-tree to obtain a fast implementation of decremental SSSP. The main differ-
ence between our data structure in the deterministic setting apart from the way that the
low-diameter decomposition is maintained, is that we can also not allow a randomized
separator but have to use deterministic separator vertices when constructing the ATO.
We use the rest of this article to prove that it is indeed possible to obtain a non-trivial
ATO even under these restrictions.

5.2 Deterministic SSSP in decremental Graphs

In this section, we prove our main results: Theorem 1.5.4. Recall that our decremental
SSR/SCC result combines our new expander-based framework with earlier techniques
for decremental SCC in [Lacll, Chet16a]. Our decremental SSSP results uses the new
framework in a similar way, but now combines it with earlier tools for decremental SSSP
in [GW20a, BGW20]. In particular, we start with the following proposition, which
essentially combined Proposition 5.1.2 and Theorem 5.1.7.

Proposition 5.2.1. Let G = (V, E,w) be a weighted decremental graph, and s € V a
fized source. Let A be a data structure given some integer d > 0, that processes edge
deletions to E and after every edge deletion ensures that 1) G is strongly-connected and
has diameter at most d and 2) supports path queries between any two wvertices in G
that returns a path of length a(d) in almost-path-length query time and runs in total
update time T(m,n,d) (here we assume T'(my,n1,dy) + T(me,ne,ds) < T(m,n,d) for
all choices m,n,d and mi, ms,ni,no,d1,ds such that m = mqy + ms, n = ny + N9 and
d =dy +dy). At any time the data structure may perform the following operation: it
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finds and outputs a O(1/d)-sparse cut (L,S,R) where |L| < |R| and replaces G with
G[R]; here we only require the algorithm to output L and S explicitly. (This sparse-cut
operation is not an adversarial update, but is rather something the data structure can do
of its own accord at ay time.)

Then, there exists a deterministic data structure B that can report (1 + €)-approzimate
distance estimates and corresponding paths from s to any vertex v € V in the graph G
in almost-path-length query time and has total update time O((T(m,n,8) +n>/6 +n25 +
mn?/3)log W/e) for any choice of 6,€ > 0. (Note that the data structure can cause V(G)
to shrink over time via sparse-cut operations, so it only has to answer queries for vertices
u,v in the current graph.)

It is straight-forward to obtain Theorem 1.5.4 from the proposition, and Theorem 5.1.9.

Proof of Theorem 1.5.4. We now show how to implement the data structure A required
by the setup of Proposition 5.2.1, with T'(m,n, §) = O(mé?) as follows. Given the graph
G, we can invoke the algorithm descrlbed in Theorem 5.1.9 with parameter ¢ = 9(1 /9),
such that the algorithm maintains a ¢-short-witness W that restarts up to O(1/¢) = O(4)
times. Whenever W starts a new phase, we use the data structures from Theorem 5.1.7
and Theorem 5.1.8 on G and W until the phase ends. We forward the sparse cuts
(L,S,R) found in the algorithm from Theorem 5.1.7 and Theorem 5.1.9 and update
G accordingly. Thus after the algorithm from Theorem 5.1.9 terminates, the graph G
contains only a constant fraction of the vertices that the algorithm in Theorem 5.1.9
was initialized upon. We then repeat the above construction and note that after at most
O(logn) times, the graph G is the empty graph.

We note that to obtain a path between any two vertices in the current graph G, we can
query the data structures from Theorem 5.1.7 and Theorem 5.1.8 to obtain such a path
of length 0(5) in almost-path-length time. We further observe that if we set ¢ to 0(1) ,
for a large enough subpolynomial factor n°!), then we can ensure that vertices in G \W
are at all times at most §/3 away from some vertex in W by Theorem 5.1.7, have that
any two vertices in W are at distance at most d/3 to each other in G by Theorem 5.1.8
and Theorem 5.1.9, and again, that there exists a path to every vertex in G\ W to a
vertex in W of length at most §/3. But this implies that any two vertices in G are at all
times at distance at most ¢ and therefore the diameter of GG is upper bounded by 4, as
required.

The total update time of the data structure A is at most O(m/¢?) = O(md?) by adding
the running time of Theorem 5.1.9 with the running time induced by the algorithms in
Theorem 5.1.7 and Theorem 5.1.8 which are restarted in O(§) phases.

We thus derive an algorithm B as specified in Proposition 5.2.1, where we use the above
data structure A and where we set § = n'/3 which gives total update time

O((T(m,n,8) +n>/8 +n26 + mn?3) log W/e) = n>+2/3+°W) Jog W /e.

73



The rest of this section is dedicated to prove Proposition 5.2.1. We refer the reader to
the additional preliminaries from last chapter in Section 4.1 for notation used in the next
section. We then again use the abstraction of approximate topological orders which we
reduce the problem to and finally prove that an approximate topological order can be
maintained efficiently.

5.2.1 SSSP via Approximate Topological Orders

Let us briefly restate the concept of an approximate topological order which we define
slightly different but still quite similar to Chapter 4 and which we implement similar to
[GW20a]. Recall that the main idea of an approximate topological order is as follow:
consider the generalized topological order (V, ) of a graph G. Then G/V is a directed
acyclic graph by definition. But this implies that for any (shortest) s-to-t path ms; in
G we have that every edge (X,Y) on 7s¢/V in G/V has 7(X) < 7(Y'). Since further 7
maps to numbers between 1 and n, we have thus that summing along the topological
difference of the edges of ms,/V, we that T (7, (V, 7)) is at most n.

Next, let us assume that the sum of diameters of all SCCs in V is at most €d, then for
any shortest path 7, we can upper bound the difference in weight between 75 /G path
in G/V as opposed to ms; in G by an additive term of €d. So, if 7y, is of weight at least
J, the additive term can be subsumed in a multiplicative error of (1 % ).

Now, the gist of this set-up is that given this upper bound on T (ms¢, (V, 7)), we can
implement a fast SSSP data structure as follows. We know that on a path of length §
in G/V there are at most 6/2° edges that have topological order difference more than
2in/§ by the pigeonhole principle for any i. But this implies that adding an additive
error of €2¢ on each such edge would only amount to an (1 + ¢) multiplicative error of
a shortest path of length §. But this allowance for a significant additive error can be
exploited to speed-up the SSSP data structure significantly because it allows for vertices
to consider the neighbors that are close in topological order difference more closely while
being more lenient when passing updates to vertices that are far in terms of topological
order difference.

Before we state a data structure from Chapter 4 that exploits this very efficiently, let
us now state more formally the construct of an approximate topological order. Here, we
point out one last issue: we cannot assume that SCCs in G have small diameter in general.
Therefore we maintain the generalized topological order on a graph G’ initialized to G
where we, additionally to adversarial edge updates to GG, also take vertex separators S
such that edges incident to S are deleted from G’. This ensures that all SCCs in G’
have small diameter. Relating back to G (where no separator was deleted) we have that
T (754, (V, 7)) might be increased by this operation since some edge (X, Y") on 7, ¢/V with
X or Y containing a separator vertex S, such that (X,Y) might now go "backwards”
in the topological order, i.e. have 7(X) > 7(Y'). This increases T (75, (V, 7)) by up to
2n — 2 for every separator vertex since we might move along (X,Y) all the way back in
the topological order and then forward again. However, by choosing small separators,

74



we can still bound T (P, (V, 7)) by a non-trivial upper bound.

Without further due, let us give the formal definition of an approximate topological
order.

Definition 5.2.2. Given a decremental weighted digraph G = (V, E, w) and parameter
n <nand v < W, wesay a dynamic tuple (V, 7) where V partitions V, and 7 : V — [1,n],
is an AT O(G,n,v) if at each stage

1. V forms a refinement of all earlier versions of V and 7 is a nesting function, i.e.
T initially assigns each set in X in the initial version of V a number 7(X), such
that no other set Y in V has 7(Y) in the interval [7(X),7(X) + | X| — 1]. If some
set Y € V is split at some stage into disjoint subsets Y7, Ys,..,Y;, then we let
7(Y1) = 7(Y) and 7(Yit1) = 7(Y;) + |Yi|. We then return a pointer to each new
subset Y; such that all vertices in Y; can be accessed in time O(|Y;|). The value
7(X) for each X €V can be read in constant time.

2. each set X in V has weak diameter diam(X,G) < @, and

3. At each stage, for any vertices s,t € V, the shortest-path m; in G satisfies
T(ryt, (v,7)) = O (2 4 - ditclon))

n v
Here, we captured in Property 1, that the vertex sets in V decompose over time, that 7
is nesting and that all sets are easily accessible. In Property 2, we capture that the sum
of diameters of the vertex sets in V is small. It is not hard to see that by summing the
upper bound on the diameter of all such sets X in V, we get that the sum of diameters
is bounded by nv. Finally, we give an upper bound for the topological order difference
for any shortest-path in G.

The main result of the next section, shows that we can maintain an A7 O using data
structure A from Proposition 5.2.1.

Lemma 5.2.1. Given a decremental weighted digraph G = (V, E,w), parameters n <
n,v < W, and a data structure A as described in Proposition 5.2.1 that can for each
SCC X in V at any point return a path between any two vertices u,v € X of length
5(@) in near-linear time. Then, we can deterministically maintain a AT O(G,n,v)

in total update time O(T(m,n,n) +mn2/3).

We now restate Theorem 4.4.1 from Chapter 4 although we present it in a slightly
modified form to adapt it to the modified definition of an A7 O that we use for this
paper. However, the adaption is obtained straight-forwardly and we refer the reader to
Theorem 4.4.1 to verify.

Theorem 5.2.2 (see Theorem 4.4.1). Given G = (V,E,w), a decremental weighted
digraph, a source r € V, an approzimation parameter ¢ > 0, and access to (V,T) an

ATO(G,n,v).

Then, there exists a deterministic data structure that maintains a distance estimate
dist(r,v) for every vertex v € V such that at each stage of G, distg(r,v) < dist(r,v)
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and if distg(r,v) € [nv/e,2nv/e), then
dist(r,v) < (1 + e)distg(r, v)

and the algorithm can for each such vertex v, report a path of length (1 + €)distg(r,v)
in the graph G/V in almost-path-length time. The total time required by this structure is

@(7’5’;."277),
ne €

We can now prove Proposition 5.2.1.

Proof of Proposition 5.2.1. For every 0 < i <lg W where W is the aspect ration of G =
(V, E,w), we maintain at level i, an AT O(G, 6,2") using Lemma 5.2.1, and then running
Theorem 5.2.2 on G and the ATO(G, 6,2%) from our source vertex s to depth 4-2¢. Thus,
each such data structure maintains for every vertex v at distance [0-2¢ /€', 21 /¢/) from
s an (1 + ¢)-approximate distance estimate. We can therefore find for every vertex v at
distances larger than §/¢’ from s a distance estimate in some of these data structures that
gives the right approximation, and since all data structures overestimate the distance,
we can find the right distance estimate by comparing all distance estimates dist(s,v).
Finally, we can maintain a simple ES-tree in time O(md/€’) to obtain exact distances
from s to every vertex at distance at most 9.

It is not hard to verify that the total update time of all data structures is

> |0 n—+-n—5 + O(T(m,n,8) +mn?/3)
o€ e

0<i<lgW
= O((T(m,n,8) + n®/8 + n26 + mn*3)log W/€).

for € to be set ¢ = ¢/n°1) which is again subsumed in the O-notation.

To answer path queries for a s-to-v path 7 ,, we query the corresponding shortest path
data structure where we found a (1 + €')-approximation. This gives us the path 75, in
G/V for some AT O (V, 7). We then identify for every vertex x on 7y, the corresponding
SCC in V and the two endpoints in G of the incident edges on 7,,. We can then query
for a path between these two vertices in the AT O data structure. Summing over all
exposed paths, by Lemma 5.2.1, we can extend the path 7, to a path in G of length
(1 + €)diste(s,v) + O(pv). But we have that distg(s,v) > §/¢. Thus, setting € to
€/2 divided by the subpolynomial factor hidden in (3(771/), we obtain a path of length
(1 + e)distg(s,v). Since each piece on the path can be obtained in almost-path-length
time, we can also construct the extension of path 7, to a path in G in almost-path-
length time. This completes the proof. O
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5.2.2 A Deterministic Algorithm to Maintain an Approximate Topo-
logical Order

Finally, let us prove the main ingredient to achieve our result.

Lemma 5.2.1. Given a decremental weighted digraph G = (V, E,w), parameters n <
n,v < W, and a data structure A as described in Proposition 5.2.1 that can for each
SCC X in V at any point return a path between any two vertices u,v € X of length
5(‘)(%) in near-linear time. Then, we can deterministically maintain a AT O(G,n,v)
in total update time O(T(m,n,n) +mn2/3).

Proof. We start the proof by partitioning the edge set E of the initial graph G into edge
set BV and E'%9h. We assign every edge e € E to E'Y if its weight w(e) is larger
than v, and to B if w(e) < v.

We now describe our algorithm where we focus on the graph G where the edge set E @y
is removed. As we will see later, there can only be few edges from E"**¥ on any shortest
path. Let us start the proof by giving an overview and then a precise implementation.
We finally analyze correctness and running time.

Algorithm. Our goal is subsequently to maintain an incremental set S C V such that
every SCC X in G’ = G\ E(S) \ E"®Y has unweighted diameter at most @ Since
each edge weight is at most v this will imply that every SCC X in the weighted version
of G’ has diameter at most ‘X%

We then maintain (V, 1) as the generalized topological order of G’ using the data struc-
ture described in Theorem 4.1.1 which is a straight-forward extension of Theorem 1.5.1
using internally the algorithm by Tarjan [Tar72] as described in [GW20a, BGW20].

To maintain G’, we initialize a data structure A on every SCC X in the initial set )V on
the graph G'[X] with parameter d = % Then, whenever such a data structure A that
currently operates on some graph G'[Y], announces a sparse cut (L, S, R) and sets its
graph to G'[R], we add S to S and then initialize a new data structure .A’ on G'[L] with
parameter d = % Further, if the data structure A was initialized on a graph with
vertex set at least twice as large as R, we delete A, and initialize a new data structure

A" on G'[R] with d = %. This completes the description of the algorithm.

Correctness of the Algorithm. We prove each property of the theorem individually:

o Property 1: It is straight-forward to see that since (V, 1) is the generalized topo-
logical order of G’ C G and since it is maintained to satisfy the nesting property,
that Property 1 follows immediately.

o Property 2: Observe that V is the set of SCCs in G’. Further, observe that we
maintain the data structures Ai,.As,... such that vertex set of all graphs that
they run on spans all vertices in V' \ S. For the vertices in S we have that each
s € § forms a trivial SCC and therefore certainly satisfies the constraint. For
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each set X that some data structure A runs upon, we have that the unweighted
diameter is at most the d that A was initialized with. Observe that we delete data
structures if the size of the initial vertex set Y is decreased by factor 2. Thus, we
have that the data structure .4 was initialized for some d = |Y|” < |X . Since the
largest edge weight in G’ is v, we thus have that for each SCC X 1n V, we have
diam(X,G") < ‘Xibn". Adding edges in E(S) and E"%Y can further only decrease
the weak diameter and therefore we finally obtain that,

X
diam(X,G) < X
n

Property 3: In order to establish the last property, let us partition the set S into

sets S1,952,...,5gn Where a vertex s is in S; if it joined S after a data struc-
ture A announced it that was initialized on a graph G'[Y] where Y was of size
[n/2it1,n/2%). Since we delete data structures after their initial vertex set has
halved in size, we have that are such data structure that added vertices to a set S;

i+1
ran with d > % = 5 1. Since each such set of vertices S that was added to S;

is @(1 /d)-sparse and we then only compute sparse cuts on the induced subgraphs
of the cut, we further have that there are at most O(n/d) = O(2!/n) vertices in S;
at the end of the algorithm. Further, we observe that every edge (u,v) that was
contained in the subgraph G'[Y] when A was initialized has both endpoints in Y
and therefore by property 1, we have |7(u) — 7(v)| < |Y] < n/207L.

Now, let us fix any shortest path 75 in G (in the current version). Instead of
analyzing T (ms, (V, 7)), let us analyze

T'(ree, V) S ST max{0,7(u) — 7(v)}.

(u,v)Ems ¢

which only considers the edges on the path that go "backwards” in the topological
order. However, it can be seen that for every path 7 (7, (V, 7)) < 2T (754, (V, 7))+
n.

For edges on 7s; in E*%% we observe that each such edge (u,v) can contribute
to T'(mst, (V,7)) at most n since 7(u) — 7(v) < n (trivially since both numbers
are taken from the interval [1,n]). Further, since each such edge adds weight at

least v to the shortest path, there are at most dlL(St) such edges. Thus, the total

contribution by all these edges is at most ndl%(s’t).

For the edges on s, in E'" we observe that each edge (u,v) that contributes
to T'(mse, (V,7)) is not in G’ since (V, 7) is a generalized topological order of G’
and therefore directed "forwards” (recall the definition in section 4.1). Thus, each
such edge is in F (S ) and therefore incident to some vertex s in some S;. But then
it adds at most n/2°"1 to T'(ms4, (V, 7)) by our previous discussion. Since a path
only visits each vertex once, and by our bound on the size of S;, we can now bound
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the total contribution by

dist(s, t)

T (ms, (V7)) < D18l /2 = O(n®/n+n )

Bounding the Running Time. Observe that for any vertex x € V, that between
any two times that it part of a graph G’[Y] that a data structure A is invoked upon and
of graph G'[X] C G'[Y], the set X is of at most half the size of Y. This follows by the
definition of data structure A which whenever a sparse cut (L, S, R) is output, contin-
ues on the graph G'[R] where R is larger than L while no data structure is thereafter
initialized on a graph containing any vertex in S.

But if the SCC that some vertex x is contained in halves in size every time between two
data structures A are initialized upon z, then we have that x participates in at most lgn
data structures over the entire course of the algorithm. Since each edge (z,y) or (y,x)
for any y € V is only present in the induced graph containing x, we have that no data
structure that is not initialized on a graph with vertex set contain x has (x,y) or (y,x)
in its graph. Thus, every edge only participates in 1lgn graphs.

Finally, we observe that the distance parameter d that each data structure A is upper
bounded by 7n/2. Thus, by the (super-)linear behavior of the function 7'(m,n,d), we
have that the total update time for all data structures in O(T(m,n,n)). Further, we
have by Theorem 4.1.1 that the data structure maintaining (V,7) can be implemented
in time 6(mn2/ 3). The time required for all remaining operations is subsumed in both
bounds.

Returning the Paths. For any SCC X in V, we have that there is a data structure
A on G'[X] that allows for SCC queries. Since by our previous discussion each such
data structure runs with d at most @ and each edge on the path has weight at most
v (recall that G’ only contains edges of small weight), we can return the path from data

structure A on query. O
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Chapter 6

A Deterministic Algorithm for
Incremental SSSP

In this chapter, we prove the second part of Theorem 1.5.2. We state the precise Theo-
rem.

Theorem 6.0.1 (Incremental Part of Theorem 1.5.2). Given a decremental input graph
G = (V,E,w) with n = |V|,m = |E| and aspect ratio W, a dedicated source r € V and
€ > 0, there is a deterministic algorithm that maintains a distance estimate &Ygt(r,x),
for every x € V, such that

diste(r,z) < dist(r,z) < (1 4 €)distg(r, z)

at any stage of G. The algorithm has total update time O(n?log W/poly(e)). Distance
queries are answered in O(1) time, and a corresponding path P can be returned in O(|P|)
time.

As opposed to previous sections, we do not start this chapter with an overview, but in-
stead present a first O(n?t2/3 /¢) total update time algorithm that is simple and captures
our main ideas. We then give an overview that explains how to extend the ideas to ob-
tain the running time stated in Theorem 6.0.1. The rest of the chapter is then concerned
with proving Theorem 6.0.1 (however, we only sketch some of the more technical proofs).
We point out that in order to avoid clutter, we first prove Theorem 6.0.1 for unweighted
graphs, and only in the last section show that in a weighted graph the dependency on
the weight ratio becomes only polylogarithmic, and therefore we can use the reduction
stated in Chapter 2 to reduce the dependency on W to log W as claimed.

6.1 Warm-up: An O(n?t%/3/¢) Time Algorithm
In this section we describe an algorithm for incremental SSSP on unweighted directed

graphs with total update time O(n?*2/3 J¢). This algorithm illustrates the main ideas
used in our O(n?log W/e) algorithm.
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Theorem 6.1.1. There is a deterministic algorithm that given an unweighted directed
graph G = (V, E) subject to _edge insertions, a verter r € V, and ¢ > 0, maintains for
every vertex v an estimate dist(r, v) such that after every update dist(r,v) < dist(r,v) <
(1 + e)dist(r,v), in total time O(n*+%/3/e).

To obtain this result, we take inspiration from a simple property of undirected graphs:
Any two vertices at distance at least 3 have disjoint neighborhoods. This observation is
crucial in several spanner/hopset constructions as well as other graph algorithms (for
example [Awe85, EP04, BW16, EN16, HKN16]), as well as partially dynamic SSSP on
undirected graphs [BC16, BC17]. In [BC16], Bernstein and Chechik exploit this property
for partially dynamic undirected SSSP in the following way. The property implies that
for any vertex v on a given shortest path from r to some ¢, the neighborhood of v is
disjoint from almost all of the other vertices on this shortest path. Thus there cannot
be too many high-degree vertices on any given shortest path, and therefore high-degree
vertices are allowed to induce large additive error which can be exploited to increase the
efficiency of the algorithm (much like in Chapter 4).

Whilst we would like to argue along the same lines, this property is unfortunately not
given in directed graphs: there could be two vertices u and v at distance 3, and a
third vertex z that only has in-coming edges from u and v. Clearly, v and v can now
still be at distance 3 whilst their out-neighborhoods overlap. We overcome this issue
by introducing forward neighborhoods FN (u) that only include vertices from the out-
neighborhood N°%(u) that are estimated to be further away from the source vertex r
than u. Now, suppose there are two vertices u and v both appear on some shortest
path from 7 to some ¢ and whose forward neighborhoods overlap. Let w be a vertex in
FN (u)NFN(v). Since w has a larger distance estimate than u and the edge (u, w) is in
the graph, the distance estimates of © and w must be close, assuming that each distance
estimate does not incur much error. Similarly, the distance estimates of v and w must
be close. But then the distance estimates of v and v must also be close. Therefore, the
forward neighborhood of each vertex on a long shortest path must only overlap with the
forward neighborhoods of few other vertices on the path. In summary, our extension of
the property to directed graphs is that if the distance estimates of u and v differ by a
lot, then u and v have disjoint forward neighborhoods.

The data structure In order to illustrate our approach, we present a data structure
that only maintains approximate distances for vertices u that are at distance dist(r, u) >
n2/3. This already improves the state of the art since we can maintain the exact distance
dist(r, u) if dist(r, u) < n?/3 simply by using a classic ES-tree to depth n?/3 which runs
in time O(mn?/3).

To understand the motivation behind our main idea, let us first consider a slightly mod-
ified version of the classic ES-trees that achieves the same running time: We maintain
for each vertex u € V' an array A, with n elements where A,[i] is the set of all vertices
v € N°(u) with dist(r,v) = i. Then, when dist(r,u) decreases, the set of vertices in
N°ut(y) whose estimated distance from 7 decreases is exactly the set of vertices stored
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in A, [distVEW (r,u) +2,n] which we call the forward neighborhood FN (u) of u. (Recall
that A,[7, j] is the subarray of A from index ¢ to index j, inclusive.) That is since each
such vertex v has at estimated distance more than dist(r,u) + 1 thus relaxing the edge
(u,v) is ensured to decrease v’s distance. Thus, we only need to scan edges with tail u
and head v € FN (u), however, we also need to update A, whenever an in-neighbor of
u decreases its distance estimate.

For our data structure which we call a “lazy” ES-tree, we relax several constraints and
use a lazy update rule. Instead of maintaining the exact value of dist(r,v) for all
v € N°(u), we only maintain an approzimate distance estimate dAis/t(r, v). Whilst we
still maintain an array for each vertex u € V, we now only update the position of v
only after dist(r,v) has decreased by at least n'/3 or if (u,v) was scanned by u. To
emphasize that this array is only updated occasionally, instead of using the notation A,,,
we use the notation Cache,. Again, we define Cacheu[&i;t(r, u) 42, n] to be the forward
neighborhood of u denoted FN (u) C N (). Further, if FN (u) is small (say of size
O(n*?)), we say u is light. Otherwise, we say that u is heavy.

Now, we distinguish two scenarios for our update rule: if u is light, then we can afford to
update the distance estimates of the vertices in FAN (u) after every decrease of dist(r, u).
However, if u is heavy, then we only update the vertices in FAN (u) after the distance
estimate dfigt(r, u) has been decreased by at least n'/3 since the last scan of FN (u).

Additionally, for each edge (u,v), every time (ﬁs/t(r, v) decreases by at least nl/3, we
update v’s position in Cache,,.

Finally, we note that |FAN (u)| changes over time and so we need to define the rules
for when a vertex changes from light to heavy and vice versa more precisely. Initially,
the graph is empty and we define every vertex to be light. Once the size of FN (u) is
increased to v = 6n%3/e, we set u to be heavy. On the other hand, when |FN (u)]
decreases to /2, we set u to be light. Whenever u becomes light, we immediately scan
all v € FN(u) and decrease each dist(r,v) accordingly. This completes the description
of our algorithm.

Running time analysis Let us now analyze the running time of the lazy ES-tree.
For each vertex u, every time dist(r,u) decreases by n!/3, we might scan u’s entire in-
and out-neighborhoods. Since dist(r,u) can only decrease at most n times, the total
running time for this part of the algorithm is O(nm/n'/?) = O(mn?/3).

For every light vertex u, we scan FA (u) every time dist(r, u) decreases. Since dist(r, u)

can only decrease at most n times and since u is light, the total running time for all
vertices spent for this part of the algorithm is O(3",cy ny) = O(n*+2/3/e).

Whenever a vertex u changes from heavy to light, we scan FN(u). If u only changes
from heavy to light once per value of dist(r, «), then the running time is O(n?1t2/3 /¢) by
the same argument as the previous paragraph. So, we only consider the times in which u
toggles between being light and heavy whilst having the same value of dist(r,u). Since
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the position of vertices in Cache, can only decrease, the only way for u to become heavy
while keeping the same value of dist(r,u) is if an edge is inserted. Since 7/2 edges
must be inserted before u becomes heavy since it last became light, there were /2 edge
insertions with tail u. Since each inserted edge is only added to a single FN (u) (namely
to the forward neighborhood of its tail), we can amortize the cost of scanning the /2
vertices in FN (u) over the /2 insertions.

Combining everything, and since the classic ES-tree to depth n?/3 takes at most O(an/ 3)
update time when run to depth n?/3, we establish the desired running time.

Analysis of correctness Let us now argue that our distance estimates are maintained
with multiplicative error (1 + €). The idea of the argument can be roughly summarized
by the following points:

1. the light vertices do not contribute any error,

2. we can bound the error contributed by pairs of heavy vertices whose forward neigh-
borhoods overlap, and

3. the number of heavy vertices on any shortest path with pairwise disjoint forward
neighborhoods is small.

We point out that while the main idea of allowing large error in heavy parts of the graphs
is similar to [BC16], we rely on an entirely new method to prove that this incurs only
small total error. We start our proof by proving the following useful invariant.

Invariant 6.1.2. After every edge update, if v € FN (u) then |dist(r,v) — dist(r, u)| <
nt/3.

Proof. First suppose that (gt(w) < dist(r,v). Since dist(r, ) and dist(r,v) can only
decrease, we wish to show that dist(r, u) cannot decrease by too much without dist(r,v)
also decreasing. This is true simply because every time dist(r,u) decreases by at least
nl/3, dist(r,v) is set to at most dist(r,u) + 1.

Now suppose that dist(r,u) > dist(r,v). Since dist(r,u) and dist(r,v) can only de-
crease, we wish to show that C/ﬁgt(r, v) cannot decrease by too much while remaining in
FN (u). This is true simply because every time &fgt(r, v) decreases by at least n'/3, we
update v’s position in Cache,. If dAith(r7 v) < (:/ﬁs/t(r, u) + 2 and v’s position in Cache,,
is updated, then v leaves FN (u). O

Consider a shortest path m,; for any t € V, at any stage of the incremental graph G.
Let tg = s. Then, for all 7, let r; 1 be the first heavy vertex after ¢; on m,; and let ¢,
be the last vertex on m,; whose forward neighborhood intersects with the forward neigh-
borhood of ;41 (possibly t;+1 = 7i+1). Thus, we get pairs (r1,t1), (re,t2), ..., (Tk, tk)-
Additionally, let rpy; = t. Since the forward neighborhoods of all r;’s are disjoint and
of size at least 7/2 (recall that r; is heavy), we have that there are at most k < 2n/~
pairs (7, t;).
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For each i, let v; be some vertex in FN (r;) N FN(t;). Note that v; exists by definition of
t;. By Invariant 6.1.2, \dlst(r r;) —dist(r, v;)| < n'/3 and |dist(r, ;) —dist(r, v;)| < n'/3.
Thus, dist(r,#;) — dlSt(T’ ;) < 2nl/3.

Let ¢; be the vertex on succeeding ¢; (except ty =1). It e ]-"N( ;) then by
Invariant 6.1.2, dist(r,#}) — dist(r, ;) < n'/3. Otherwise, t; & FN(t;) so dist(r,t}) <
dist(r, t;) + 1. So regardless, we have dlSt(T’ ) — dist(r, t;) < n'/3 and therefore, since
dist(r, t;) — dist(r, ;) < 2n/3, we have dist(r, t}) — dist(r,r;) < 3n!/3.

We will show that if u is a light vertex and (u, v) is an edge, then dist(r, v) < dist(r, u)+1.
Consider the last of the following events that occurred: a) edge (u,v) was inserted, b)
dist(r,u) was decremented, or c) dist(r,u) became light. In case a), the algorithm
decreases dist(r,v) to be at most dist(r,u) + 1. In cases b) and c), the algorithm
updates the distance estimate of all vertices in F N (u), so if dist(r,v) > dlSt(T u) +1
then dist(r,v) is decreased to dist(r,u) + 1. Thus we have shown that dist(r,ri) —
dist(r,t)) = d(t}, 7i41).

Putting everything together, m,; can be partitioned into (possibly empty) path seg-
ments 7y ¢[t;, 7i41] and w4141, 15, 1]. Observe that by definition for each path segment
Trt[t;, riv1], the vertices of all edge tails on that segment are light. Thus, by preceding
arguments, we can now bound dAis/t(r7 t) by

k k—1
dist(r,t) < Y dist(r, 1) — dist(r,t}) + > dist(r, t},,) — dist(r, 7541)
=0 =0
k
< Zd(t;,rﬂ_l) + 3kn'/? < dist(r, t) + n?/3¢
=0

The last inequality comes from our bound on k and the definition of v. Thus, if
dist(r,t) > n?? then dist(r,t) < (1 + e)dist(r,t). Otherwise, dist(r,t) < n*? so
the classic ES-tree up to depth n2/3 finds the exact value of dist(r,t).

6.2 Overview

Let us now describe how to improve the construction above to derive an O(n?log W/e??)
algorithm. For the rest of this and the next sections, we focus on proving the theorem
below which only deals with unweighted graphs, and extend the theorem using standard
edge rounding techniques.

Theorem 6.2.1 (Unweighted version of Theorem 6.0.1). There is a deterministic al-
gorithm that given an unweighted directed graph G = (V, E) subject to edge insertions,
a vertex v € V, and € > 0, maintains for every vertex v an estimate dist(r,v) such
that after every update dist(r,v) < dist(r,v) < (1 + e)dist(r,v), and runs in total time

( 2/e). A query for the approvimate shortest path from r to any verter v can be
answered in time linear in the number of edges on the path.
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There are two main differences between our O(n?/¢) time algorithm and our warm-up
O(mn?/3 /¢) time algorithm from the previous section:

1. Recall that the warm-up algorithm consisted of 1) a classic ES-tree of bounded
depth to handle small distances, and 2) a “lazy” ES-tree (of depth n) to handle
large distances. For our O(n?/e) time algorithm we will have logn ES-trees of
varying degrees of laziness and to varying depths where each ES-tree is suited to
handle a particular range of distances. In particular, for each i from 0 to logn — 1,
we have one lazy ES-tree that handles distances between 2! and 2+, The ES-trees
that handle larger distances can tolerate more additive error, and are thus lazier.

2. Recall that in the warm-up algorithm, each vertex v was of one of two types:
light or heavy, depending the size of the forward neighborhood FN (v). For our
O(n?/¢) time algorithm, each vertex will be in one of ©(logn) heaviness levels.
Roughly speaking, a vertex has heaviness ¢ in the lazy ES-tree up to depth 7 if
| FN (u)] = 2°2.

Consider one of our logn lazy ES-trees. Let 7 be its depth and let dAis/tT(r,’U) be its
distance estimate for each vertex v. A central challenge caused by introducing logn
heaviness levels for each lazy ES-tree is handling the event that a vertex changes heav-
iness level. We describe why unlike in the warm-up algorithm, handling changes in
heaviness levels is not straightforward and requires careful treatment. In the warm-up
algorithm, whenever a vertex u changes from heavy to light, we scan all v € FN(u) and
decrease each dist(r,v) accordingly. Then, in the analysis of the warm-up algorithm,
we argued that if u only changes from heavy to light once per value of dist(r,u), we get
the desired running time. Now that we have many heaviness levels and we are aiming
for a running time of O(n?/¢), ~we can no longer allow each vertex to change heaviness
level every time we decrement dist.(r,u). In particular, suppose we are analyzing a lazy
ES-tree up to depth D. Suppose for each vertex u, every time we decrement dist.(r,u),
we change u’s heaviness level and scan FAN (u) as a result. Then since | FAN (u)| could be
Q(n), the final running time would be Q(n2D), which is too large. Thus, unlike in the
warm-up algorithm, we require that the heaviness of each vertex does not change too
often.

Without further modification of the algorithm, the heaviness level of a vertex u can
change a number of times in succession. Suppose each index of Cache, from index
dist, (r,u) — logn + 2 to index dist,(r,u) + 1 contains many vertices such that each
of the next logn times we decrement dist,(r,u), FA(u) increases by enough that u
increases heaviness level upon each decrement of d?gtT(r, u). We would like to forbid
u from changing heaviness levels so frequently. To address this issue, we change the
definition of the forward neighborhood FN (u).

In particular, if Cache,, contains many vertices in the set of indices that closely precede
Cache,[dist, (r,u)], we preemptively add these vertices to FAN (u). In the above example,
instead of increasing the heaviness of u for every single decrement of dist(r, u), we would
preemptively increase the heaviness of u by a lot to avoid increasing its heaviness again in
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the near future. Roughly speaking, vertex u has heaviness h(u) if h(u) is the maximum

value such that there are ~ & vertices in Cache,[dist,(r,u) — 2" 7]. (Note that
this definition of heaviness is an oversimplification for the sake of clarity.)

Like in the warm-up algorithm, the heaviness level of a vertex u determines how often we
scan FN (u). If a vertex u has heaviness h(u), this means that we scan FN (u) whenever
the value of dist,(r,u) becomes a multiple of 2/(®)

In summary, when we decrement dri\s/t.r(r, u), the algorithm does roughly the following:

o If the value of dist(r,u) is a multiple of 2" scan all v € FA/(u) and decrement
dist,(r,v) if necessary.

e If the value of dist,(r,u) is a multiple of 2" increase the heaviness of u if
necessary.

e Regardless of the value of &i;tT (r,u), check if u has left the forward neighborhood
of any other vertex w, and if so, decrease the heaviness of w if necessary.

6.3 The Data Structure

For each number 7 between 1 and n such that 7 is a power of 2, we maintain a “lazy
ES-tree” data structure £.. The guarantee of the data structure &, is that for each
vertex v € V with dist(r, v) € [r,27), the estimate dist,(r, v) maintained by &, satisfies
dist(r,v) < dist,(r,v) < (1 + €)d(s,v). Let Tmaz = 27(1 + €). Since & does not need
to provide a (1 + €)-approximation for distances dist(r,v) > 27, the largest distance
estimate maintained by &, is at most 7,,4.. We use the distance estimate 7,4, + 1 for
all vertices that do not have distance estimate at most 7,,4,. For all u € V, the final
distance estimate dist(r,u) is the minimum distance estimate dist,(r,u) over all data
structures &;, treating each T, + 1 as oco.

Definitions. We begin by making precise the definitions and notation from the algo-
rithm overview section. For each data structure £, and for each vertex v € V we define
the following:

. dist, (r,u) is the distance estimate maintained by the data structure &;.

e Cache, is an array of 7,4, lists of vertices whose purpose is to store (possibly
outdated) information about dist, (7, v) for all v € N (u). Every time > we update
the position of a vertex v € N°(u) in Cache,, we move v to Cache,[dist,(r,v)].

o h(u) is the heaviness of u. Intuitively, if u has large heaviness, this means that
u has a large forward neighborhood (defined later) and that we scan u’s forward
neighborhood infrequently.

« CacheIndex(u) = |dist,(r,u) — 1]on. (Recall that |z ], is the largest multiple
of y that is at most x.) The purpose of CacheIndex(u) is to define the forward
neighborhood of u, which we do next.
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o The forward neighborhood of u, denoted FN (u) is defined as the the set of vertices
in Cache,[CacheIndex(u), Tymqz|. Note that FN (u) is defined differently from the
warm-up algorithm due to reasons described in the algorithm overview section.

o Expire, is an array of 74, lists of vertices whose purpose is to ensure that u
leaves FN (v) once dist,(r,u) becomes less than CacheIndex(v). In particular,
v € Expire, [i] if u € FN(v) and CacheIndex(v) = i.

o We also define CacheIndex with a second parameter, which will be useful for
calculating the heaviness of vertices. Let CacheIndex(v,2') = |dist,(r,v) — 1]4:.
Note that CacheIndex(u,2"®) is the same as CacheIndex(u).

Initialization. We assume without loss of generality that the initial graph is the empty
graph. To initialize each &, we initialize dist,(r,7) to 0, and for each u € V' \ {r}, we
initialize dist,(r,u) t0 Tmaz + 1. Additionally, for each u € V \ {r} we initialize the
heaviness h(u) to 0, and we initialize the arrays Cache,, and Expire, by setting each of
the Timaee + 1 fields in each array to an empty list.

The edge update algorithm. The pseudocode for the edge update algorithm is given
in Algorithm 8. We also outline the algorithm in words.

The procedure INSERTEDGE(u, v) begins by updating Cache, and Expire, to reflect the
new edge. Then, it calls INCREASEHEAVINESS(u) to check whether the heaviness of u
needs to increase due to the newly inserted edge. Then, it initializes a set H storing
edges.

Initially H contains only the edge (u,v). The purpose of H is to store edges (z,y) after
the distance estimate dist,(r,z) has changed. We then extract one edge at a time and
check whether the decrease in z’s distance estimate also translates to a decrease of y’s
distance estimate by checking whether dist(r,y) > dist(r,z)+1. If so, then dist(r, y)
can be decremented and we keep the edge in H. Otherwise, we learned that (z,y) cannot
be used to decrease dist.(r,y) and we remove (z,y) from H. We point out that in our
implementation a decrease of A is handled in the form of A decrements where the edge
is A + 1 times extracted from H until it is removed from H.

The procedure DECREMENT(u,v) begins by decrementing &EtT(r,v). Then, it checks
whether dist,(r,v) is a multiple of 2", If so, it calls INCREASEHEAVINESS(v) to
check whether the recent decrements of dist,(r,v) have caused FA(v) to increase by
enough that the heaviness h(v) has increased. Also, if dAis/tT(r, v) is a multiple of 2/(v),
CacheIndex(v) and thus FN (v) have changed. Thus, we scan each vertex w € FN (v)
and update the position of w in Cache,. Then, we insert for each such vertex w € FN (v)
the edge (v, w) into H which has the eventual effect of decreasing dist.(r, w) to value at
most &fgtT(r, v)+1. Since we perform these actions every 2"(*) decrements of (ii;tT(r, v),

as we show later, we incur roughly 2"(*) additive error on each out-going edge of v.

Additionally, the procedure DECREMENT(u, v) checks whether decrementing dist., (7, v)
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Algorithm 8: Algorithm for handling edge updates.

Procedure INSERTEDGE(u, v)

Add v to Cache,[dist,(r,v)]

if dist,(r,v) > CacheIndex(u) then

| Add u to Expire,[CacheIndex(u)]

INCREASEHEAVINESS(u)

if dist,(r,v) > dist,(r,u) + 1 then

Let H be a set storing edges (z,y)

H.INSERT(u, v)

while H # () do
Let tuple (x,y) be any tuple in H
if dist,(r,y) > dist,(r,2) +1 then

| DECREMENT(z,%)

else
| H.REMOVE(z,y)

Procedure DECREMENT(u, v)
dist, (r,v) = dist.(r,v) — 1

if cii\s/tT(r, v) is a multiple of 2"(*) then
INCREASEHEAVINESS(v)
foreach w € FN (v) do

Move w to Cachev[&isvtT(r, w)]
Move v to Expire, [CacheIndex(v)]
H.INSERT (v, w)

foreach w € Expire, [dist,(r,v) + 1] do
Move v to Cache,,[dist,(r,v)]
Remove w from Expire,
DECREASEHEAVINESS(w)

Procedure INCREASEHEAVINESS(u)
i’ + arg max,y{|Cache,[CacheIndex(u,2%), Timas]| > (20 — 1)
if #/ > h(u) then
foreach v € Cache,[CacheIndex(u, 2" ), Tyqx] do
L Move v to Cacheu[(fi\thT(r, v)]
Remove u from Expire,,

12nlogn }
€T

h(u) < arg max, ., {|Cache,[CacheIndex(u,2"), Tymaz)| > (2 — 1)%%'”}
foreach v € FN(u) do
| Add u to Expire [CacheIndex(u)]

Procedure DECREASEHEAVINESS(u)
i’ «+ arg max,y{|Cache,[CacheIndex(u,2"), Tpmaz]| > (2 — 1)6"2#}
if 7/ < h(u) then
foreach v € FN(u) do
Move v to Cache,[dist,(r,v)]
Remove u from Expire,

h(u) + arg max;cy{|Cache,[CacheIndex(u,2), Tmaz]| > (27 — 1)%#}
foreach v € FN (u) do

Add u to Expire [CacheIndex(u)]
L H.INSERT(u, v)
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has caused v to expire from any of the forward neighborhoods that contain v. The
vertices whose forward neighborhood v needs to leave are stored in Expirev[(i/igtT(r, v)+
1]. For each w € Expire,[dist,(r,v)+ 1], we update v’s position in Cache,, which causes
v to leave FN (w). Then, we call DECREASEHEAVINESS(u) to check whether removing
v from FN (w) has caused the heaviness of w to decrease.

The procedures INCREASEHEAVINESS(u) and DECREASEHEAVINESS(u) are similar. We
first describe DECREASEHEAVINESS(u). On line 42 in DECREASEHEAVINESS(u), h(u)
is set to arg max,cy{|Cache,[CacheIndex(u,2'), Tymas]| > (20 — 1)%}. We note that
Cache, may contain out-of-date information when DECREASEHEAVINESS(u) is called,
however, we wish to update h(u) based on up-to-date information. Thus, before line 42,
we update Cache,. However, we do not have time to update every index of Cache,, so
instead we only update the relevant indices. To do so, it suffices to first calculate the
value ¢/, which is the expression for h(u) but using the out-of-date version of Cache,,
and then scan all v € Cache,[CacheIndex(u,2"), Timaz), updating the position of each
such v in Cache,,.

Recall that a smaller value of h(u) means that we scan FN (u) more often. Thus, after
we decrease h(u) in DECREASEHEAVINESS(u), the vertices v € FA (u) might not have
been scanned recently enough according to the new value of h(u). Thus, to conclude the
procedure DECREASEHEAVINESS(u), we scan each v € FAN (u) and add (u,v) to the set
H so that DECREMENT(u, v) is called later.

The main difference between INCREASEHEAVINESS(u) and DECREASEHEAVINESS(u) is
that the constants in the expressions for calculating i’ and h(u) are different from each
other, which ensures that u does not change heaviness levels too often. Additionally,
the last step of DECREASEHEAVINESS(u) where we insert into H is not necessary for
INCREASEHEAVINESS (u).

6.4 Analysis of correctness

For each vertex t, the algorithm obtains the distance estimate (Ifgt(r, t) by taking the
minimum dist,(r,t) over all 7 (excluding when dist,(r,t) = Tjaz+1). The goal of this
section, is to prove that

dist(r, t) < dist(r,t) < (1 4 €)dist(r,?)

for dist(r,t) € [r,27]. We prove this statement in two steps starting by giving a lower

bound on dist(r, ).
Lemma 6.4.1. At all times, for all T, for any t € V, we have dist(r,t) < dAis/tT(r, t).

Proof. 1t suffices to show that we only decrement dist,(r,v) if v has an in-coming
edge from a vertex with distance estimate more than 1 below dist.(r,v). We only
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invoke the procedure DECREMENI;(E,U) from line 12, and we invoke it under the con-
dition that (u,v) is an edge and dist,(r,v) > dist,(r,u) + 1. Therefore after running
DECREMENT (u, v) we still have dist,(r,v) > dist,(r,u) + 1. O

Let us next prove a small, but helpful lemma.

Lemma 6.4.2. For all vertices u,v € V, the index of Cache, containing v can only
decrease over time.

Proof. Whenever we insert v into to Cache, or move v to a new index in Cache,, v is
placed in Cache,[dist(r,v)]. Since dist,(r,v) is monotonically decreasing over time,
the lemma follows. ]

Now, before giving an upper bound on the stretch of the distance estimate, we prove the
following invariant which is analogous to Invariant 6.1.2 from the warm-up algorithm.

Invariant 6.4.3. For allu,v € V, after processing each edge update, if v € FN (u) then
|dist(r,v) — dist,(r,u)| < 2M®),

Proof. We first note that the invariant is initially satisfied since FN (u) is initially empty.
First we prove that there is no v € FN (u) with dist,(r, u) —dist.(r,v) > oMW We first
note that if v € Cache,[dist,(r, v)], then this inequality holds simply from the definitions
of FN and CacheIndex. Thus, it suffices to show that if an event occurs that could
potentially cause the inequality to be violated, then we have v € Cache, [dist,(r,v)]. We
point out that the inequality could only be violated due to three events:

1. v € FN(u) and dist,(r,v) decreases: We observe that when dist,(r,v) decre-
ments, we iterate through each vertex w € Expirev[d/igt.r(r,v) + 1] (line 23).
Since we update Expire, immediately after v is moved in Cache,, we have that
if dist,(r,v) = CacheIndex(u) — 1 then u € Expirev[(if;tT(r,v) + 1]. Thus, if
dist,(r,v) decrements to CacheIndex(u) — 1, then the loop on line 23 moves v to
Cache, [dist,(r, v)].

2. h(u) decreases: We note that only the procedure DECREASEHEAVINESS(u) can
decrease h(u). (In particular, h(u) cannot decrease in INCREASEHEAVINESS(u)
by Lemma 6.4.4.) In DECREASEHEAVINESS(u), i’ and h(u) are each set to the
expression

arg max{|Cache,[CacheIndex(u,2"), Tmaz|| > (2' — 1)&
€N €T

}

on lines 37 and 42, respectively. Between these two lines, (gtT(r, u) remains fixed,
and thus CacheIndex(u,2%) also remains fixed for all i. Between the lines 37 and 42,
we move each vertex y in Cache,[CacheIndex(u, Qi,),TmM] to Cacheu[(fi\s/tT(r, v)].
By Lemma 6.4.2 this can only decrease the indices of vertices in Cache, and there-
fore the size of Cache,[CacheIndex(u,2"), Tias] can only decrease. Thus, when
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we pick the new h(u), it satisfies h(u) < i'. It follows that each vertex y € FN (u)
has been moved to Cache,[dist,(r,y)].

3. vis added to FN (u): A vertex v can be added to FN (u) if either the edge (u,v) is
inserted, the distance dist, (r,u) decreases to a multiple ofA2/h(“), or h(u) increases.
If the edge (u,v) is inserted then v is added to Cache,[dist,(r,v)] on line 2. If
dist(r,u) decreases to a multiple of 2/%) then in the loop on line 19, if y € FN (u)
then y is moved to Cache,[dist,(r,y)]. It remains to argue about the last case,
where h(u) is increased: we observe that in procedure INCREASEHEAVINESS(u),
we first pick a new potential heaviness i’ on line 28 and then scan all vertices
in Cache,[CacheIndex(u,2"), Tyaz], moving each vertex y to Cache,[dist,(r, y)].
Then, we take the new value h(u) < 4’ in line 33 and since we choose h(u) among val-
ues smaller than ¢/, each vertex y € FN (u) has been moved to Cache,[dist (7, y)].

It remains to prove that there is no v € FAN (u) with dist,(r,v) — dist,(r,u) > 2.
Again, we point out that the inequality could only be violated due to three events:

1. h(u) decreases: Again, only the procedure DECREASEHEAVINESS(u) can decrease
h(u). In line 45 in DECREASEHEAVINESS(u), for every vertex v € FN (u) that
could potentially have its distance estimate decreased, (u,v) is inserted into the
set H, which has the eventual effect that dist,(r,v) < dist,(r,u) + 1, once H is
empty.

2. dist,(r,u) is decremented: Let AVEW (u) be the value of h(u) at the point in
time when we have just decremented dist,(r,u). Let ¢ be the smallest multiple of
oWV (W) that is at least dist,(r,u). Let hy(u) be the value of h(u) at the point
in time when dist, (r,u) was decremented to £. We note that if he(u) < AVEW (u)
then ¢ is a multiple of 27 Thus, when dAis/tT(r, u) was decremented to ¢, if
dist,(r,v) > dist,(r,u) + 1 then we added (u,v) to H, which has the effect of
decreasing dAis/tT(r, v) to £ 4+ 1. Thus, once we finish processing the current edge
update, we have oﬁs/tT(r,v) — ¢ < 1. By definition, £ — dAis/tT(r7 u) < oh(u) _ 1 g0
we have dist,(r,v) — dist, (r,u) < 20,

3. v is added to FAN(u): Since we are assuming that dist,(r,v) > dist,(r,u), the
only way v can be added to FN (u) is if the edge (u,v) is inserted. In this case, if
dist,(r,v) > dist,(r,u)+1, then the algorithm inserts (u,v) into the set H, which
has the eventual effect that dist,(r,v) < dist,(r,u) + 1.

O

Next, we prove a lower bound on the size of the forward neighborhoods.

Lemma 6.4.4. For allu €V, |FN(u)| > (2"® — I)G"i% at all times except lines 2/
to 26 and during DECREASEHEAVINESS(u).

Proof. The inequality in the lemma statement could be violated due to two events:
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e h(u) increases: INCREASEHEAVINESS(u) is the only procedure that can increase

h(u). INCREASEHEAVINESS(u) specifically sets h(u) so that it satisfies | FN (u)| >
(zh(U) — 1)%.

o FN(u) shrinks: There are two scenarios that could cause FAN (u) to shrink. Either,
1) h(u) decreases, in which case it is set so that |FAN (u)] > (2M® — 1)@7 or
2) a vertex v € FA(u) has its distance estimate dist,(r,v) decremented causing
v to leave FA(u). In this case, v leaves FN (u) only if dist,(r,v) decrements to
CacheIndex(u) — 1 and v’s position in Cache, is updated to Cache,[dist,(r,v)].
We observe that when dist, (r,v) decrements, we iterate through each vertex w €
Expire,[dist,(r,v)+1] (line 23). Since we update Expire, immediately every time

v is moved to a new index in Cache,, we have that if dist,(r,v) = CacheIndex(u)—
1 then u € Expire,[dist,(r,v) + 1]. Thus, if v has left FN(u), then the loop
on line 23 calls DECREASEHEAVINESS(u), which specifically sets h(u) so that it
satisfies | FN (u)| > (20w — 1)0nlan,

O]

We are now ready to prove the final lemma, establishing the correctness of the algorithm.

Lemma 6.4.5. After processing each edge update, for eacht € V and each 7, dist(r,t) <
dist-(r,t) and if dist(r,t) € [7,27) then dist (r,t) < (1 + €)dist(r,t).

Proof. Our main argument is a generalization of the proof of correctness from the warm-
up algorithm. Fix a heaviness level A > 0. Let r = tg. Then, we define r;;1 be the
first vertex with heaviness h after t; on m,; and let ¢;;1 be the last vertex on m,; of
heaviness h whose forward neighborhood intersects with the forward neighborhood of
rit1 (possibly t;y1 = 7i+1). Thus, we get pairs (r1,t1), (r2,t2), ..., (Tk, tx). Additionally,
let rp41 =t.

By definition, the forward neighborhoods of all r;’s are disjoint. By Lemma 6.4.4, for
each r;, | FN(r;)] > (2" — 1)@ and since all r;’s have disjoint forward neighborhoods,
we have at most k pairs (r;,t;) with

€T

n
< .
(2h _ 1)6nlogn - 6(2h _ 1) logn

€T

k<

For any i, let v; be a vertex in FAN (r;) N FN(t;) (which exists by definition of ;). By
Invariant 6.4.3, we have |dist.(r,r;) —dist,(r, v;)| < 2" and |dist, (1, v;) — dist,(r, ;)| <
2", Thus, dist,(r,t;) — dist,(r,7;) < 2h*1.

Let t; be the vertex on 7, ; succeeding t; (except tj = s). If t; € FN(t;) then by Invariant
6.4.3, we have dist,(r, t}) — dist,(r, t;) < 2" and otherwise, t; & FN (t;) so dist,(r,]) <
CachelIndex(t;) < cﬁs/tT(r, t;). So regardless, we have (ﬁgtT(r, th) — (/ﬁs/tT(r, t;) < 2h
Combining this with the previous paragraph, we have dist.(r, t) — dAis/tT(r, i) < 3% 2"
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Now, let hy,qe = logn be the maximum heaviness level. We handle heaviness level b’/
(initially hpeq) by finding the pairs (r;,¢;) for heaviness h’ on the path 7’ (initially 7, ;).
This partitions the path 7’ into segments 7'[t], 7;41] and 7'[r;41,t;,,]. We observe that
all arc tails in these path segments have heaviness less than h’/. We contract the path
segments 7'[r;11,t;, 1] to obtain the new path 7/, decrement h’ and recurse. We continue
this scheme until A’ is 0. By the previous analysis for each heaviness level ', summing

over the distance estimate difference of vertex endpoints of each contracted segment we
3(2h,)€7' < €T

6(2" —1)logn — logn

level larger than 0 contributes at most 1o€ng additive error and overall they only induce

additive error er.

obtain at most (since B’ > 0) total error. Thus, each heaviness

For b’ = 0, we argue that the algorithm induces no error on edges on 7’ where each
arc tail is of heaviness 0. We will show that if u is vertex of heaviness 0 and (u,v)
is an edge, then dist,(r,v) < dist-(r,u) + 1. This is straightforward to see from the
algorithm description, but we describe the argument in detail for completeness. Consider
the last of the following events that occurred: a) edge (u,v) was inserted, b) dist,(r, u)
was decremented, or c) the heaviness of dist,(r,u) became 0. Case a occurs in the
INSERTEDGE(u, v) procedure where the algorithm decreases dist,(r,v) to be at most
dist,(r,u) + 1. Case b occurs in the DECREMENT(v) procedure. Here, the algorithm
checks whether dist,(r,v) is a multiple of 2"(*), which is true since h(v) = 0. Then
the algorithm updates the distance estimate of all vertices in FN (u), so if dist,(r,v) >
dist,(r,u) + 1 then dist,(r,v) is decreased to dist,(r,u) + 1. Case ¢ occurs in the
DECREASEHEAVINESS(u) procedure where again the algorithm updates the distance
estimate of all vertices in FA (u).

By definition, the path 7" above is of length at most dist(r,t) and therefore we obtain
an upper bound on dist,(r,t) of dist(r,¢) + er. Then, when dist(r,t) > 7, the additive
error of e7 is subsumed in the multiplicative (1 4 €)-approximation, as required. ]

6.5 Running time analysis

We will show that the total running time of each data structure &, is O(n?/e). Since
there are O(logn) values of 7, this implies that the total running time of the algorithm
is O(n?/e). For the rest of this section we fix a value of 7.

We crucially rely on the following invariant, which guarantees that the heaviness of each
vertex u is chosen to be maximal, in the sense that if h(u) were larger then we would
have an upper bound on the size of FN (u).

Invariant 6.5.1. At all times, for allu € V and all integers i such that h(u) < i < logn,

; ; 12n1
|Cache,[CacheIndex(u,2"), Tmae]| < (2 — 1)w'
€T

Proof. We note that the invariant is satisfied on initialization since Cache,, is initially
empty. Let us now consider the events that could cause the invariant to be violated for
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some fixed :

1. h(u)is decreased: We note that h(u) is only decreased in line 42 of DECREASEHEAVINESS(u),
where it is set to a value that satisfies the invariant. (In particular, h(u) cannot
decrease in INCREASEHEAVINESS(u) by Lemma 6.4.4.)

2. A vertex v is added to Cache,: This scenario could only occur due to an insertion
of an edge (u,v). However, after adding v to Cache, (and u to Expire,), we
directly invoke the procedure INCREASEHEAVINESS(u), which we analyze below.

3. CacheIndex(u,?2') is decreased: Here, we note that CacheIndex(u,2%) decreases
only if dist. (7, u) decreases to a multiple of 2¢, in which case also call INCREASEHEAVINESS (u).

For the last two cases, it remains to prove that the procedure INCREASEHEAVINESS(u)
indeed resolves a violation of the invariant. If we do not enter the if statement on line 29,
then by the definition of 4/, the invariant is satisfied. If we do enter the if statement,
then invariant is satisfied for all ¢ > /. By Lemma 6.4.2 the indices of vertices in Cache,
can only decrease and therefore during the course of INCREASEHEAVINESS(u), the size of
Cache, [CacheIndex(u, 2" ), Tyaz] can only decrease. Thus, when INCREASEHEAVINESS (u)
terminates, it is still the case that the invariant holds for all 7 > /. On the other hand,
if i <4', then we set h(u) on line 33 so that the invariant is satisfied.

O]

We can now prove the most important lemma of this section bounding the time spent
in the loops starting at lines 19, 30, 34, 39 and 43.

Lemma 6.5.2. The total time spent in the loops starting in lines 19, 30, 54, 39 and 453
is O(n%log*n/e).

Proof. We start our proof by pointing out that the time spent in the loop starting in
line 34 is subsumed by the time spent by the loop in line 30 for the following reason. On
line 33 the heaviness is chosen so that the forward neighborhood is over a more narrow
range of indices that in loop on line 30. Furthermore, By Lemma 6.4.2 the indices of
vertices in Cache, can only decrease and therefore between lines 30 and 34, for all ¢ the
size of Cache,[CacheIndex(u,2"), Timaz] can only decrease.

Similarly, the running time spent in the loop starting in line 43 is subsumed by the
running time of the loop starting in line 39. Thus, we only need to bound the running
times of the loops starting in lines 19, 30, and 39.

To bound their running times, we define the concept of i-scanning: we henceforth refer
to the event of iterating through Cache, [CacheIndex(u,2%), Tynaz] by i-scanning Cache,,
for any 0 < i <logmn, choosing the largest ¢ applicable.

Lines 19, 30 and 39 all correspond to i-scanning Cache,,: the loop on line 19 h(u)-scans
Cache,, the loop on line 30 ¢’-scans Cache,, for i’ chosen on line 28, and the loop at line
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39 h(u)-scans Cache,. We now want to bound the total number of i-scans in order to
bound the total running time.

Claim 6.5.3. For allu € V and all integers 0 < i < logn, the algorithm i-scans Cache,
at most O(1log?n/2") times over the course of the entire update sequence.

Proof. We first observe that we i-scan Cache, on line 19 only if we are in the procedure
DECREMENT(u/,u) for some ', and d, is decreased to a value that is a multiple of
2¢. Since each invocation of DECREMENT(u/, u), decreases dAis/tT(r, u) by 1 and since
dAiS/tT(r, u) is monotonically decreasing, starting at 7,4, +1, we conclude that the number
of i-scans on line 19 is bound by O(7/2%).

Next, let us bound the number of i-scans executed in the loop starting on line 30 in
procedure INCREASEHEAVINESS(u). We claim that between any two i-scans of Cache,
on line 30, either dist,(r,u) becomes a multiple of 2¢ or at least (2! — 1)% edges
emanating from wu are inserted into the graph. Observe that this claim immediately

implies that there can be at most 7/2¢ + 21"+g" = O(rlogn/2%) i-scans on line 30.

€T

To prove this claim, let ¢; and to be two points in time at which i-scans occur. We will
prove that if (iigtT(r, u) did not become a multiple of 2¢ between times ¢ and ¢ then there
were many edge insertions between times t; and t2. Observe first, that CacheIndex(u, 2?)
only changes when dfigtT(r, u) decreases to become a multiple of 2°. Thus, we assume
for the rest of the proof that CacheIndex(u,2’) remains fixed between times ¢; and ts.
Therefore, the size of Cache,[CacheIndex(u,2%), Tqz] can only be increased if a new

edge (u,v) is inserted with v at distance dist,(r,v) > CacheIndex(u,2¢).

Now, let ¢’ be such that at time 1, we i-scan with ¢ = 7 was selected in line 28. However,
observe that since at t9, we only #'-scan with ¢/ = 4, if ¢/ > h(u). Thus, at some point
t such that t; <t < t9, we either decreased the heaviness to below 7' on line 37, or we
already set h(u) to a smaller value than ¢’ at time ¢; in line 33. In either case we certified
that

6nlogn

|Cache, [CacheIndex(u,2"), Tmaz]| < (2° — 1) -

Since again, at time to, we picked ¢’ = 7, we certified on line 28 that,

- - 12nlogn
|Cache, [CacheIndex(u,2"), Tmaz]| > (2° — 1)7g
€T
We have shown that between times ¢; and t2, the size of Cache,[CacheIndex(u,2°), Tmaz)
can only increase due to edge insertions. Thus, we conclude that at least 6(2¢ — 1)%

€T
edges with tail v must have been inserted between times ¢; and ts.

Finally, we prove that the number of i-scans in the loop starting on line 39 is bounded.
We first observe that each time an h(u)-scan is executed, we afterwards decrease the heav-
iness by at least one: By Lemma 6.4.2 the indices of vertices in Cache,, can only decrease
and therefore between lines 39 and 42 for any i the size of Cache, [CacheIndex(u, 2i/), Tmaz)
can only decrease. Thus, when we pick the new h(u), it satisfies h(u) < ¢'.
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Now, we use the fact that there are at most logn heaviness values to bound the number
of i-scans in the loop starting on line 39. Since the number of vertices scanned when we
increase h(u) is more than the number of vertices scanned on line 39 when we decrease
h(u), the total number of vertices scanned in the loop on line 39 is at most logn times the
number of vertices scanned in the loop on line 34. Thus, there are at most O(7 log? n/2?)
i-scans on line 39. O
Now, the running time of each of these i-scans can be bound by O(Qi@)
6.5.1, so we obtain the claimed running time of

ZO ((7‘ log® n/2%) (Qinlogn)> = O(nlog*n/e).

€T

by Invariant

O]

We can now reuse claim 6.5.3 to bound the total time spent in the loop on line 9 in the
procedure INSERTEDGE(u, v).

Lemma 6.5.4. The total running time spent in the loop starting on line 9 excluding
calls to DECREMENT (u, v) is bounded by O(n®log* n/e).

Proof. We first observe that on line 8 we only add newly inserted edges into H. Thus,
we add a total of at most n? edges to H during line 8. The remaining edges are only
inserted into H during é-scans in the lines 22 and 45. Since by claim 6.5.3 there are at
most O(7log?n/2%) i-scans of Cache, for any u € V, and each i-scan is over at most
O(2'nlogn/et) elements, similarly to the preceding lemma, we conclude that we iterate
over at most O(nlog?n/e) elements in all i-scans of Cache, over all values of 4, for a
fixed u € V. Since each element that we iterate over in each i-scan can only result
in the insertion of a single edge into H, we can bound the total number of insertions
into H over the entire course of the algorithm by O(n?log®n/e). Further, we observe
that each iteration of the loop in line 9 either removes an edge from the set H, or
decrements a distance estimate, we can bound the total number of iterations of the
loop by O(n?log?n/e) + ntmae = O(n*log? n/e). Since each iteration takes O(1) time,
ignoring calls to DECREMENT(u, v), the lemma follows. O

We are now ready to finish the running time analysis.

Lemma 6.5.5. The total running time of a data structure & is O(n?log® n/e).

Proof. We begin with the procedure INSERTEDGE(u,v). We note that this procedure
takes constant time except for the while loop, if we ignore the calls to INCREASEHEAVINESS (u).
Since there are at most n? edge insertions, the running time can be bounded by O(n?).

Further, the total running time spend in the while loop starting in line 9 excluding calls
to DECREMENT(u, v) is bounded by O(n?log® n/e) by lemma 6.5.4.
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Next, let us bound the total time spent in procedure DECREMENT (u, v). We first observe
that the loop on line 23 iterates through each vertex w in Expireu[d/i;tf(r,u) + 1]
removing each w from Expire,. Clearly, the number of iterations over the course of the
entire algorithm can be bounded by the total number of times a vertex is inserted into
Expire, over all v. Since these insertions occur in the loops starting in lines 34 and 43,
we have by lemma 6.5.2, that the time spend on the loop starting in line 23 is bound by
O(n?log*n/e). Further, ignoring subcalls, each remaining operation in the procedure
DECREMENT(u, v) takes constant time. We further observe that since each invocation of
the procedure DECREMENT (u, v) decreases a distance estimate, the procedure is invoked
at most NTne: = O(n?) times. Thus, we can bound the total time spent in procedure
DECREMENT (u, v) by O(n?log* n/e).

For the remaining procedures INCREASEHEAVINESS(u) and DECREASEHEAVINESS(u), we
note that the calculations of ' and h(u) on lines 28, 33, 37, and 42 can be implemented
in O(logn) time using a binary tree over the elements of array Cache, for each u € V.
We observe that both procedures receive at most O(n?log* n/e) invocations and since
we already bounded the running times of the loops that call them. Thus, the total
update time excluding loops can be bound by O(n?log® n/¢). The loops take total time
O(n%log*n/e) by Lemma 6.5.2. This concludes the proof. O

Using logn data structures, one for each distance threshold 7, we obtain the following
result.

Theorem 6.5.6. There is a deterministic algorithm that given an unweighted directed
graph G = (V, E), subject to edge insertions, a vertex r € V, and € > 0, maintains for
every vertex v an estimate dist(r,v) such that after every update dist(r,v) < dist(r,v) <
(1 4 €)dist(r,v), and runs in total time O(n*log®n/e). A query for the approvimate
shortest path from r to any vertex v can be answered in time linear in the number of
edges on the path.

6.6 Weighted graphs

Finally, we show how to extend our data structure to deal with weights [1,TW]. We
first show how to handle edge weights with a linear dependency in the running time on
W. Then, we employ a standard edge-rounding technique [RT8&7, Coh98, Zwi02, Ber(9,
Mad10a, Ber16] that decreases the dependency in W to log W (we will use a set-up most
similar to [Berl6]).

Lemma 6.6.1. There is a deterministic algorithm that given a weighted directed graph
G = (V,E,w), subject to edge insertions and weight changes, with weights in [1, W],
a vertex r € V, and € > 0, maintains for every vertex v an estimate dAis/t(T,v) such
that after every update dist(r,v) < dist(r,v) < (1 + €)dist(r,v) if dist(r,v) € [r,27)
for some T < n, and runs in total time O(n*log®n/e'?). A query for the approzimate
shortest path from r to any verter v can be answered in time linear in the number of
edges on the path.
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Proof. Let us first describe an almost correct approach to modify the data structure &,
for unweighted graphs to handle edge weights and maintains shortest-paths of weight at
MOst Tyna as follows: we change the if-condition in line 6 from dist.(r,v) > dist,(r,u)+1
to dist,(r,v) > dist,(r, u) + w(u, v) and similarly in line 11 to dist,(r,y) > dist,(r,z) +
w(x,y). Further, we need to adapt indices in Cache, and Expire, accordingly to reflect
the additional offset which is straightforward.

Unfortunately, whilst the running time can still be bound as before, the correctness
of the algorithm could no longer be guaranteed since invariant 6.4.3 is no longer true.
Recall that the invariant states that if v € FA(u) then |dist,(r, v) — dist,(r, u)| < 2P
However, a vertex u might now have a vertex v in its forward-neighborhood at large
distance but have a large edge weight on (u, v) so it can not decrease its distance estimate.

However, a rather simple fix suffices: whenever we compute the heaviness i by setting it

to
. - 6nl
arg max{|Cache,[CacheIndex(u,2"), Tmaz|| > (2° — 1)m
i€N €T

}

we now no longer want to take all vertices in Cache,[CacheIndex(u,2%), Tiaz] into ac-
count but only all neighbors v such that the edge (u,v) is of edge weight less than 2¢ (ob-
serve that heaviness levels now depend on different sets). Similarly, we use the restriction
on the neighbors for reducing heaviness, and it is only these edges that we then consider
to be in the forward neighborhood. Tt is straightforward to conclude that invariant 6.4.3
can be restored to guarantee that v € FAN (u) implies |dist, (r, v) —dist, (r, u)| < 2x2"®),

However, this change alone is not enough to get good running time. We also stipulate
that each edge (u,v) is scanned only every ew(u,v) levels if v & FN (u). It is straight-
forward to verify that this might induce a multiplicative error of (1 + €) on every edge.
However, by rescaling € by a constant factor, we can still conclude that by the restored
invariant 6.4.3, the proof 6.4.5 works as before and guarantees a (1 + €) multiplicative
error on distances in [T, 27).

Now let us bound the running time where we only bound the running time induced
by scanning the weighted edges as described above since the bounds on the remaining
running time carry seamlessly over from lemma 6.5.5. It can be verified that invariant
6.5.1 is still enforced for our new definition. Thus, if the heaviness is h(u) = i for
some vertex u, then the number of edges of weight in (27,2/%1] for j > i is at most
(29 — 1)12nloen Gince we scan these edges only every €2/ decrements of dist, (7, u), we

€T
obtain that the total running time required for all edge scans can be bound by

Z Z 0 (<2jn1:fn> <T;n2?w)> = O(n*log®n/é?).

veV j€(0,logn]

We point out that rebalancing terms slightly, we can reduce the e dependency to 1/el-.
O

We now prove the following lemma which implies Theorem 6.0.1 as a corollary by main-

taining a data structure &, r,. ., With parameters 740, = 2¢ and Tdepth = 27, for every
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i € [0,logn) and j € [0,lognW). We point out that we define length subsequently as
the number of edges on a path and weight as the sum over all edge weights on a path.

Lemma 6.6.2. There is a deterministic data structure &, 7,..,, that given a weighted
directed graph G = (V, E,w), subject to edge insertions and weight changes, with weights
in [1,W], that takes parameters Thop and Tgepth > Thop, @ verter v € V, and € > 0,
and maintains for every vertex v with some shortest path in G' consisting of [Thop, 2Thop)
edges and of weight in [Tgepth, 2Tdeptn), an estimate dAis/t(r7 v) such that after every update
dist(r,v) < dist(r,v) < (1 + e)dist(r,v) and runs in total time O(n?log®n/e). A
query for the approximate shortest path from r to any vertex v can be answered in time
linear in the number of edges on the path.

€Tdepth

Proof. Let us start by defining some constant o = (we assume that « is integer

by slightly perturbing €). Then, we let G, be the graplf G after rounding each edge up
to the nearest multiple of @. We claim that for every vertex t € V', for which we have a
shortest path m,.; from 7 to ¢ of length in [Thop, 27hep) and weight in [Tgepin, 27deptn], We
have

we (M) < we(meg) < (14 26w, (mry).

To see this observe that each edge incurs additive error at most a. However, since
the path is of length at most 273,,, the additive error has to be bound by 2aT7h,, =
Q%Thop = 2€Tgepth- But since the path m,; is of weight at least 7gepn, We have overall
at most a (1 4 3¢)-approximation and therefore by rescaling € by a constant factor, the

claim follows.

Next, we let G, be the graph G, where each edge is scaled down by factor o and note
that weights are all integral and positive. We next claim that for every vertex t € V,
for which we have a shortest path m,; from r to t of length in [7j,0p, 27hop) and weight in
[Tdeptha QTdepth]a we have

wax (7Tr7t) < Thop/6

To see this, observe that the path 7., in G, has weight at most (1 + 2€)274¢p, by our
preceding claim. Thus, scaling it down by «, the path has weight at most

.
(1 + 26)27gepin/a = (1 + 2€)27gepn — 2L~ = (1 + 2€)27hop/€ < 8Thop/€.
€Tdepth

in G,. It now remains to run a data structure & on G, with 7 = 75, as described
in Theorem 6.6.1, however run to depth 87j.p/€ (instead of 7j,q, Which increases the
running time by an 1/e factor. We then forward for each vertex ¢, the distance estimate
dist(r,t) scaled up by a. This concludes the lemma. O
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Chapter 7

Conclusion

In this thesis, we make substantial progress on the partially dynamic SSR, SCC and
SSSP problems in various settings.

In particular, we gave the first near-optimal algorithms for decremental SSR and SCC
in general graphs, and the first near-optimal algorithms for partially dynamic (1 + ¢€)-
approximate SSSP in very dense graphs.

Further, we also give the first deterministic data structures to improve upon the O(mn)
total update barrier in the hardest of all settings: partially dynamic SSSP. For the
incremental setting, our data structure is even near-optimal for very dense graphs. In
the decremental setting, where a o(mn) total update time data structure was not even
known for SSR and SCC, we give total update time mn2/3t°() for the decremental SSR
and SCC and n?+2/3+e(1) ypdate time for decremental SSSP?.

These significant improvements of the state-of-the-art data structures also motivates the
following questions and open problems:

Near-Linear Time Algorithms for Sparse Graphs. While we give the first algo-
rithms that are near-optimal for very dense graphs for partially dynamic SSSP meaning
that there total update time is O(n?), this gives no improvement on very sparse graphs,
i.e. graphs where m = O(n). Even though [BGW20] and [HKN14hb] also present data
structures for sparse graphs with moderate improvements over the O(mn)-barrier, both
data structures leave much to desire and designing data structures that are near-optimal
for any graph density is a major open problem.

We point out that even beating the O(m+/n) barrier is a major open problem since
all partially dynamic SSSP data structures designed for sparse graphs rely on hopset
techniques such that the input graph G is augmented by weighted graph H where in
G U H, every pair of vertices u,v € V, have a path consisting of a sublinear number h of
edges that (1+ €)-approximates the shortest path from u to v in G. While in undirected

"Much like in Chapter 1, we assume in this discussion that W is polynomial and e is constant
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graphs, a hopset is given and maintained that has h = n°®) which is then exploited to
derive a m*T°() total update time algorithm, such a bound on h in directed graphs is
not possible. Currently, the best lower bounds for directed graphs achieve h = Q(nl/ 17
[Hes03]. On the other hand, the best existential upper bound on h in directed graphs
is ©(y/n) achieved by a rather trivial hopset construction (for an efficient construction
of such a hopset we refer the reader to [Finl8, LJS19, CFR20]). Thus, breaking the
O(m+/n) barrier for partially dynamic SSSP in directed graphs would either require a
departure from the hopset approach or an improvement on the existential properties of

hopsets in directed graphs.

We also point out that there exists no near-linear time algorithm for the incremental
SCC problem. Especially after learning that such an algorithm exists for the decre-
mental version of the problem, it seems likely that such an algorithm exists. However,
considerable effort was spend by a large number of researchers on the problem and any
progress over the recent O(min{m*3 m,/n}) total update time data structures [BC18,
BK20] would receive enormous attention in the field.

Deterministic/ Adaptive Algorithms. The current state of the art leaves a fun-
damental gap between the current state-of-the-art non-adaptive randomized data struc-
tures for partially dynamic SSR, SCC and SSSP and their deterministic/adaptive coun-
terparts. Resolving this gap most likely requires major new techniques and might serve
as a test bed to developing more general approaches to derandomize dynamic (directed)
graph algorithms.

We believe that the problem of obtain deterministic/ adaptive decremental SSR and
SCC data structures with near-linear update time might be the most natural direction
to pursue since the randomized setting is understood. However, we point out that the
techniques given in Chapter 3 and Chapter 5 seem rather incompatible and most likely,
a completely new approach is required to achieve this goal.

The second of these problems that we want to emphasize is the decremental SSSP prob-
lem. As shown recently in the decremental setting [CK19], decremental SSSP might be
a feasible approach to solve complex flow problems. Obtaining a deterministic/ adaptive
data structure that matches the update time of the randomized decremental SSSP data
structure given in Chapter 4 would most likely give an O(nQ) time algorithm to solve
the static Exact Maximum Flow problem. This would be a major breakthrough. Even
under the consideration that other approaches (for example [Bra®20]) might achieve this
running time before, it might still be of considerable interest since the reductions given
in [CK19] might allow for various more generalizations of the maximum flow problem to
be solved efficiently.

All-Pairs Shortest Paths. Another problem of major interest is the partially dy-
namic (1 + €)-approximate All-Pairs Shortest Path problem. Here, the decremental
APSP problem is solved in [Berl6] with O(mn) total update time which is almost opti-
mal since it matches the best running time for static "combinatorial” APSP algorithms
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up to subpolynomial factors. The incremental version of the problem is still not fully
understood but was recently considered in [KL19].

Both algorithms are however heavily randomized. In [KT.20], a folklore result for decre-
mental APSP was given with total update time O(n3) But for very sparse graphs, no
improvement over an almost trivial O(mn?) total update time bound has been given (for
example using [DI04]). Matching the O(mn) near-optimal total update time bound in
the deterministic setting thus remains a major open problem.

Deterministic/ Adaptive Data Structures for Undirected Graphs. Finally,
there has been a long line of research [BC16, BC17, Berl7, CK19, GW20b, Bert2(]
that aims at obtaining a deterministic/ adpative near-linear mite®) total update time
algorithm for the partially dynamic SSSP problem in undirected graphs. For very dense
graphs, such a data structure that works against an adaptive adversary was first given
by [CK19] and is currently used in state-of-the-art algorithms to compute various flow
problems in undirected graphs to an (1 + €)-approximation. However, as pointed out in
[BC17, GW20b] breaking the O(m+/n) barrier for sparse graphs likely requires a new
set of techniques.
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