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ABSTRACT

Georgia Papastavrou, M.Sc. in Computer Science, Department of Computer Science
and Engineering, University of loannina, Greece, February 2017.
Distance Oracles For Time-Dependent Road Networks.

Advisor: Spyros Kontogiannis, Assistant Professor.

Urban road networks are represented as directed graphs, accompanied by a metric
which assigns cost functions (rather than scalars) to the arcs, e.g. representing time-
dependent arc-traversal-times. In this work, we present oracles for providing time-
dependent min-cost route plans, and conduct their experimental evaluation in two
real-world data sets of large-scale, in particular the road network for the metropoli-
tan area of Berlin, and the national road network of Germany. Our oracles provably
achieve two unique features: (i) subquadratic preprocessing time and space; (ii) sub-
linear query time, in either the network size or the actual Dijkstra-Rank of the query
at hand.

The first step towards a landmark-based oracle is the selection of a subset of
vertices in the graph as landmarks. Then, our oracles are based on precomputing
all landmark-to-vertex shortest travel-time functions, for properly selected landmark
sets. The core of this preprocessing phase is based on a novel, quite efficient and simple
one-to-all approximation method for creating approximations of shortest travel-time
functions, called the Trapezoidal approximation method (TRAP). We then propose
the FLAT oracle and three appropriate query algorithms, to efficiently provide min-
cost route plan responses to arbitrary queries. Apart from the purely algorithmic
challenges, we deal also with several implementation details concerning the digestion
of raw traffic data, and we provide heuristic improvements of both the preprocessing
phase and the query algorithms. We exploit parallelism and lossless compression to
severely reduce preprocessing space and time requirements. We conduct an exten-

sive, comparative experimental study. Our results are quite encouraging, achieving

vi



remarkable speedups (at least by two orders of magnitude) and quite small approx-
imation guarantees, over the time-dependent variant of Dijkstra’s algorithm.

We also implement and experimentally evaluate a novel oracle (HORN), based on a
landmark hierarchy. The implementation and experimental evaluation of HORN is based
on a hierarchy of landmarks, from a few “global” landmarks possessing knowledge
of the entire network towards (many more) “local” landmarks whose knowledge of
the network is restricted to small neighborhoods around them. The advantage of HORN
over FLAT is that it achieves query times sublinear, not just in the size of the network,
but in the actual Dijkstra rank of the query at hand, be it long-range, mid-range, or
short-range, while requiring asymptotically similar preprocessing space and time.

We present a third landmark-based oracle (CFLAT) for providing route plans in
time-dependent road networks, which preprocesses time-varying combinatorial struc-
tures (collections of time-stamped shortest-path trees). Its main novelty is exactly that
it preprocesses only shortest-path trees, ignoring entirely the actual travel-time values,
except for assessing the quality of the currently achieved approximation guarantee
(a.k.a. stretch) ensured by the preprocessed information. We further exploit the repet-
itive appearance of only a few patterns in the preprocessed information, in order to
avoid duplicate records of the same data. This leads to a significant space reduction,
compared with our previous oracles.

For this new kind of time-varying data structure, we also need a novel query
algorithm (CFCA) that will exploit it.

As shown by our experimental evaluation, CFLAT achieves a significant improve-
ment in preprocessing time and space requirements, better approximation guarantees
and also comparable (if not better) query-response times, in comparison to previ-
ous state-of-art landmark-based oracles for time-dependent shortest paths. It also
achieves comparable query-time performance and approximation guarantees, on both
instances, compared to state-of-art speedup heuristic techniques for time-dependent
road networks.

Finally, we implement and experimentally test a dynamic scheme to provide re-
sponsiveness to live-traffic reports of incidents with a small timelife (e.g., a temporary
blockage of a road segment due to an accident). Our experiments also indicate that

traffic information can be updated in seconds.
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EXTETAMENH IIEPIAHWH

l'ewpyio [Maractavpov, M.AE. oty [TAnpopoptxy), Tunuo Myyoavixody H/Y xow TTAn-
popopxg, [lavemiotiuLo lwavvivwy, OePBpovdaprog 2017.
Xpnop.ol Edpeorng Bértiotwy Atadpopwy oe XpovoeEaptwpevo Oduxd Aixtuo.

EmpBAénwy: Zndpog Kovroyiavvne, Enixovpog Kabnyntig.

Mo Ty ovamopaoTaoy Ty doTIXOY 03LXWY OLXTOWY YENOLLOTTOLOVUE Xatevbu-
VOULEVO Y POVOEERPTWUEVO YOOPNULOT, O %xAbE oxp] TwV OTOLwY OVTLOTOLYXEL (Lol
oLYAPTNOY 1 ool avafETEL BTN axpy] TO xO0TOG TNG, ONAXST TO YPOVO TTOL YPELE-
Cetal yior 0 SLAOKLON TNG. TNV TOPOVOO EQYATLN, TTOPOVOLALOVUE YENOUOVE YLOL TNY
eVPEON YPOVOEERPTWOUEVWY PBEATIOTWY SLadpopwy oe odxd dixtua. H ouvtopdtepn
dtadpopn amd évay xouLo-apetnolo TEOS Eva xOpBo-Tpooploud ata SixTuor VT
OAANGLEL OVAAOYOL [LE TN XQOVIXY] OTLYLY] OVAYWENONG OTTO TNV opeTnpia. AELoAoyoVuE
TELPOAUATLXE TOVG YEPNOUOVS TTOL TPOTEIVOLUE OE SV0 PERALOTIXG OTLYULOTUTTOL UE-
YOANG HALLOKOG, OUYKEXPLULEVOL YEYOLLOTIOLOOUE TO AOTLXO JIXTLO TNG TOANG TOL
BepoAivou xow to €Bvind 0dtxd dixtvo tng I'eppaviac.

Ot ypmopol Tov TEOTE(VOLYE ETLTLYYAVOLY VO ONUAVTLXE YOLEOXTNELOTLXE: 1)
TO OTAOLO TNG TPOETEEEPYAOLOG ATTOLTEL TTOAVTTAOXOTYTOL XWPEOL XAL Y POVOU XKATEL
NG TETPOYWVLXAG, i) 0 YPOVOC amtdrpLomg TV ahyopiBuwy edpeong tng BértioTng
Stadpourng yiow xabe yonouod eivorl amodoTixGTEPOG TOL YPAULLXOV, TOCO WS TTPOS TO
ueéyebog tov duxtdoL, 6GO XAl WG TTPOG TO UEYEDHOC NG EXAoTOTE SLASPOUNG.

To o6 cLETUTIXG TWV XPENOWUWY TTOL LEAETOVUE Elvat 1 ETTLAOYY] EVOG LTTOCLYO-
AOUL TV xOLBY TOL YPXPNUOTOG, Tor oTtolor ovopalovtor landmarks. Tow GOvoAo v Té
TWY *XOUPBWY ETUAEYOVTOL UE XATAAANAO TPOTO Wote vo aELtomoinfody amotereopa-
TIXE AT TOLG XENOWUOVG. 2TV GLUYVEXELX, OL Ypnouol Baaotlovtal oty mpoemeEspyo-
ol TWY CLYOPTNOEWY TTOL ATTOTLLOVY TY] CLYTOUOTEEN Stadpout] ortd xabe landmark
P0G OAOLG TOLG TTLHAYOVE TTPOOPELGP.OVE TOL SLXTVOV. Y'TTOAOYILOVE TTPOCEYYLOTLXA

TLG OCLUVOPTNOELG AUTEG, APOV O oXPLPNG LTTOAOYLOUOG TOVG ELVOL ATTOYOPEVTLXOG OF
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OTTOLTNOELG XWEOL XL XPOVOL OE 0OLXA BIXTL UEYAANG XALLOKAG UE EXATOURLVOLOL
x0pPoug xow axpés. Xpnotpomorovpe Ty Tpameloedn mpooeyytotixnn nébodo, v
otola ev ovvtoulor ovopalovpe TRAP, xow mov TpooeyyLotixd vTOAOYILEL TLG TLVOE-
TNOELS ATTOOTAONG LETAED €VOS *OUBoL TOL BLXTOOL TTPOG HAOVE TOLG VTTOAOLTTOVGE, [LE
eQxTO TPOTO. 'ETtELTa, M epyocion ToupoLaLALEL TOV TTRPWTO XENOWKO, TTOL OVORLALOLUE
FLAT oracle, xau tpelg xatdAAnAovg adyopibpovg, ot omoiol pe Bdon tor landmarks
XOL TNV TTANPOQOPLO TNG TTPOETEEEPYUTLOG, TTOPEYOLY aTOXPLom o avbaipeta epw-
roto BEATLOTNG SLadEouNg LETOED XOUPWY TOL YOOPNUOTOG.

H epyaoio dev avtipetwnilel povo tig Bewpntixnéc xor ahyoplbuixnéc mpoxAnoetc,
OAAG TTOPOLOLALEL TLG OLAPOPES AETTTOUEPELEG LAOTIOINONG %O TLS EVPLOTLXES LeBO-
doug mov ypnotpwoTodnxay oty TEAEN Yiow T Otayeipton xot T PeATiworn Tov
XWEOL 1oL YPOVoL TNg TpoeTeEepyaalog. [leptAaufavetal, emtiong, extevig TeLpoo-
T AELOAGYNON OAWY TwY LEHOSWY Xo TEXYLXWY TTOL UEAETWOVTOL. XTNV TOOYULOTL-
XOTYTOL, T ATTOTEAECULOTO ELvaL OPXETA EVOOPPLVTLXA, OOV ETTLTLYYAVOVTOL TOGO 7|
ETILTAYLYON TOL YPOVOL NG ATTOXPLONG TWV OAYoplOuwy 600 xot 1 aElomiotion Twv
TPOOEYYLOTLXWY ADOEWY, OTOY OVTES GUYXPLYOVTAL [LE TOV OVTLOTOLYO aAY6pLOpo Tov
Dijkstra o€ ypovoeEapTduevo YOUPNUOTA.

Emirpdobeta, vAomolobpe xar aELOAOYOVUE TELpOUATIXG €var VEO YPNOUO, TO
HORN oracle, o omoiog akLtomolel To vtoobvoro Twy landmarks dtav awtd dnELovpE-
Yeltar tepopytxd. LUYXEXQLUEVA, N LEPOYLOL EEXLYE OTO TTPWTO ETTITESO PE XATTOLOL
Ayo (xaBoAxd) landmarks, TOL «YVWEILOLY» TG TTPOOEYYLOTIXES CUVOPTHOELS ATTO-
OTOOYG TPOG OAO TO LTTOAOLTIO SLXTLO XAL XATOANYEL 0TO TEAeLTALO ETiTTESO, OTTOV
neptoodtepa oe TANHog (tomtxd) landmarks «yvwpeilovy» xatd TEOGEYYLOT TLS OTTO-
OTAOELS TOLG ATO TTPOOPLOOVGS TTOL BPLoXoVTOL OE ULo ULXEY YELTOVLE YUPW TOUG.
To mAcovéxtua Tov HORN évavtt tov FLAT eivar 1o yeyovog ot metuyaiver p0-
YOUG OTTOXQLOYG UE TTOAVTTAOXOTNTO XOADTEQY] TNG YOAUULYNG, OYL LOVO WS TTPOG TO
TTAN00G TV *xOULwY ToL SLUTOOoL, OAAG WS TTPOG TO axPLPRES Léyebog Tng Stadpoung,
E(TE TO EPWTNUO OLPOPE SLASPOWES LEYAAOD, LEGOLLOV 1] ULXPOD UMUOVG, EVE) OLTTOLLTEL
OLOLUTITWTLXA TTOLPOUOLO. TTOAVTTAOXOTYTOL YWPEOL XAL YPOVOL TTPOETEEEQYAOLOG LE TO
FLAT.

[Mopovatalovpe Eva TPLTO XENORO, TTOL AELOTTOLEL OTTWE XAL OL TTOLPOTTAVW, EVOL KO-
TAAMNAQ ETUAEYLEVO LTTOCVVOAO xOUPwv-landmarks, Tov omoio ovopdlovpe CFLAT
oracle. O ypnouodg avtds Paciletol oTNY TPOETEEEPYXOLN Y POVOEEXPTWUEVWY O€-

VTPWY CLVTOUOTEPWY SLASPOULY, XL OYL CUVORPTNOEWY, YOPOXTNOLOTIXO TTOV ATTOTE-
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Agl TNV TTPWTOTLTLOL TOL YENOKOD CTOV.

[Mo ™y LAOTTOINGY TOV, XKATAUPEPYOVIE VO UELWCOVUE TOY ATTOLTOVUEVO YWPEO TNG
TPOETEEEPYUTLOG, LE TN YOO ELPLOTIXWY TEYVLXWY, OTIWS YL TOHPADELYLO N VO~
{nnom xo avoxdALPN ETOVOARUBOVOUEVLY LOTIBWY OTN LOPPYN TWY CUVAOTNOEWY
TOL «xPATOVY» Tow landmarks (tic omoieg dpwe dev amobnxedovpe Lo, TOES To
avtioToryo dEvTpa), e TEAKG OXOTO TNV EEOLXOVOUNOY] XWEOL, aPOD 1 TTOATTAOKS-
TNTO TWY CUVOPTNOEWY 7] OEVTPWY UELWVETOLL.

[Mo 0wt TO VEO TOTTO Y PNOLOV, 0 0TTOLOG TTPOETEEEPYALETOL X POVO-UETOBUANOUEVES
dopég dedopévwy (dévtpa oLVTOUOTEPWY SLaSPOUKY), YEELALOUAOTE EVOL XOTTAAANAO
oAyopLpo amdxptoneg, tov CFCA, o omolog xol aELomoLel Tov xpnorod yio Ty edpeon
g (pooeYYLoTixd) cLVTOUGTEPNS SLadPOU i OE OTIOLOSATIOTE EQWTNUAL APETNPLOG-
TTPOOPLOLOD OTO YOOPNUOL.

O1twg emidetxvieL 1 TELPAUOTLXY] AELOAGYNOY TTOL SLEEAYOLUE GTNY TToLPOLOA EQ-
yooto, o yonopog CFLAT emituyydvel onuovtixy BeAtinwoyn 6cov apopd aTtov YwEo
%o Ypovo g mpoeneEgpyaoiog, Eexdbopa xaAOTEQES TTPOCEYYLOELS KoL ETTLONG OL-
T*ELOLLOVG — ay Ol XOAADTEQPOLG — XPOVOLG ATTOXPLOMG OE OYXEOM WLE AVTLOTOLYOVG
oY YE0VOULS YENOKOVS BEATLOTWY SLASPOUKY OE YPOVOEEQPTWUEVO SiXTLO.

H epyaoio axdpn peAetd Ty avtamdxplon twy oiyopibuwy oe (wvtavég, ov-
VO oTTPOOOOUNTES, AAXYESG OTLS XUXAOQPOPLOXES oLVONKES TV 0dLXWY dLXTOWY, OL
omoieg oLVHBWC €xovy PixpEN Stbpxeta (TT.Y. ULa TEOCWELYY SLOXOTY] TNG XKLXAOPO-
ptoc og ®xEmoLoY dPOPRO AGY® OTUYALOTOC). XTLC TEPLTTTWOELS QTEC, N TTANEOPOELa
NG TPOETEEEPYOOLOG TTPETEL VO EVNILEPWDEL (YOTE VU EVOWUATWOEL TLG OTTALTOVUE-
VEG OAAALYEG OTLG OLVOTAOELS atdoTaoTg Twy landmarks (1 ot avtiototyo dévtpa
OLYTOROTEPWY BLASPOUWY) TTPOG TO LTTOAOLTO B{XTVLO. XTA TELPAUOTO. TTOV TTOPOV-
oLélel M epyooion QalveTal OTL Ol EVNUEPWOELS OUTES TTOPOVY Vo YIVOUY OE LEQLUE

devTtepOAETTTOL.



CHAPTER 1

INTRODUCTION

1.1 Motivation and Problem Statement
1.2 Related Work
1.3 Obijectives and Contribution

1.4 Structure of Thesis

1.1 Motivation and Problem Statement

Computing shortest paths in graphs is a core task in many real-world applications,
such as route planning in transportation networks, routing in communication in-
frastructures, etc. Typically the underlying graph is accompanied with an arc-cost
function, assigning a fixed cost value to every arc, representing average travel-time,
distance, fuel consumption, etc. The path of a particular cost is then the aggrega-
tion of arc costs along it. The large-scale and real-time response challenges have
been addressed in the last 15 years by means of a new algorithmic trend: the pro-
vision of distance oracles. That is, succinct data structures encoding shortest path
information among a carefully selected subset of pairs of vertices in a graph, which
we call landmarks. The encoding is done in such a way that the oracle can effi-
ciently answer shortest path queries for arbitrary origin-destination pairs, exploiting
the preprocessed data and/or local shortest path searches. A distance oracle is exact

(resp. approximate) if the returned distances by the accompanying query algorithm



are exact (resp. approximate). The quality of an oracle is assessed by its preprocess-
ing space and time requirements, the time-complexity of the query algorithm and the
approximation guarantee (stretch).

A bulk of important work is devoted to constructing distance oracles for static
G.e., time—independent), mostly undirected networks in which the arc-costs are fixed,
providing trade-offs between the oracle’s space and query time and, in case of ap-
proximate oracles, also of the stretch (maximum ratio, over all origin-destination
pairs, between the distance returned by the oracle and the actual distance). For an
overview of distance oracles for static networks, the reader is referred to [1] and
references therein. Considerable experimental work on routing in large-scale road
networks has also appeared in recent years, with remarkable achievements that have
been demonstrated on continental-size road-network instances. The goal is again to
preprocess the distance metric and then propose query algorithms (known as speedup
techniques in this framework) for responding to shortest path queries in time that
is several orders of magnitude faster than a conventional Dijkstra run. An excel-
lent overview of this line of research is provided in [2]. Once more, the bulk of the
literature concerns static distance metrics, with only a few exceptions (e.g., [3, 4, 5]).

However, in real-world applications the cost of each arc should not be considered
as a fixed value, since it undergoes frequent updates. These updates may be instanta-
neous, unpredictable changes (e.g., due to a sudden change of weather conditions, or
a car accident that blocks a road segment or junction), or anticipated updates due to
periodic changes of the network characteristics over time. For example, the traversal-
time of a road segment may depend on the real-time congestion upon traversal, and
thus on the departure time from its tail: In rush hours it is anticipated that it will be
much longer than the free-ride traversal-time which is usually valid only for partic-
ular departure times (e.g., during the weekend, or at night). Such networks in which
the characteristics of the network change in a predictable fashion over time, are called
time-dependent networks.

The temporality of the network characteristics is often depicted by some kind of
predetermined dependence of the metric on the actual time that each resource is used
(e. g., traversal speed in road networks, packet-loss rate in I'T networks, arc availability
in social networks, etc). Perhaps the most typical application scenario, motivating also
our work, is route planning in road networks where the travel-time for traversing an

arc a = uwv (modeling a road segment) depends on the temporal traffic conditions



while traversing uv, and thus on the departure-time from its tail u.

In the present work we focus on such networks in which it is the behavior of
the arc-cost functions that are described by time-dependent functions, whose exact
shape comes from statistical analysis of historical traffic information. For example,
the traversal time of a particular road segment may be sampled at particular times
during a day from the historical traffic information, say per 5 minutes during rush
hours and more rarely for the remaining periods of the day; the corresponding
arc-cost function is then considered to be the (continuous) interpolant of all these
sample points. So, we assume that the cost variation of each arc a is determined by
a continuous, piecewise linear (pwl) and periodic function D|a| of the time at which
a is actually being traversed, as in [6, 7, 8, 9]. Simply taking a snapshot of the entire
network (if possible) and solving the corresponding Static Shortest Path problem is
clearly not the proper way to provide a route plan in this case. In the following we
shall consider as arc-cost functions the traversal-time (or delay) functions when we
start traversing them at particular times.

When providing route plans in time-dependent road networks, arc-costs are con-
sidered as arc-travel-times, and time-dependent shortest paths as minimum-travel-
time paths. The goal is then to determine the cost (minimum-travel-time) of a shortest
path from an origin o to a destination d, as a function of the departure-time t, from
o. Due to the time-dependence of the arc-cost metric, the actual arc-cost value of an
arc a = uv is unknown until the exact time ¢, > ¢, at which uv starts being traversed.
In a time-dependent network model, every arc uv comes with an arc-traversal-time
function D[uv], whereas each path-traversal-time function is simply the composition
of the corresponding arc-traversal-time functions of its constituent arcs.

Thus, to compute a truly shortest path between an origin-vertex and a destination
vertex in the network one has to take into account not only the departure time from
the origin, but also the consequent departure time of any other arc that is to be used
by a shortest path towards the destination. The problem was introduced in [10].

Formally, the Time Dependent Shortest Path (TDSP) problem concerns computing
an o — d path attaining the earliest arrival time at d, for an arbitrary triple (o,d,t,) of
an origin-destination pair of vertices (0,d) € V x V and departure-time ¢, € R from
the origin, in a time-dependent network model (G = (V, A), (Dla] : R — R.y)aea) -

The shape of arc-travel-time functions and the waiting policy at vertices may

considerably affect the tractability of the problem [9]. Regarding the waiting policy, a



crucial property that makes TDSP(o,d,t,) tractable (indeed quasilinear) is that each
arc obeys the FIFO (a.k.a. non-overtaking) property, according to which the earliest-
arrival-time function of an arc wv is an increasing function of its departure time ¢,
from the tail u, that is delaying the departure-time from the tail of an arc cannot
possibly cause an earlier arrival at its head (i.e., the arcs behave as FIFO queues).
Without the FIFO property the problem can become extremely hard [9]. Non-FIFO
policies may lead to NP—hard cases [11]. On the other hand, in FIFO network models
in which all the arc-travel-time functions possess the FIFO property, there is no need
for waiting at either the origin or at intermediate nodes of the chosen path. Then, the
problem can be solved in polynomial time by a straightforward variant of Dijkstra’s
algorithm (we call it TDD), which relaxes arcs by computing the arc costs “on the fly”,
when settling their tails [12].

For these reasons, we focus here on instances for which the FIFO property holds,
as indeed is the case with most of past and recent works on T'"DSP(o,d,t,).

Two variants of the time-dependent shortest path problem have been consid-
ered in the literature: TDSP(o,d,t,) (resp. TDSP(o0,*,t,)) focuses on the one-to-
one (resp. one-to-all) determination of the scalar cost of a minimum-travel-time
path to d (resp. for all d), when departing from the origin o at time t,. TDSP(o,d)
(resp. TDSP(o,x)) focuses on the one-to-one (resp., one-to-all) succinct representa-
tion of the time-dependent minimum-travel-time path function(s) Do, d] from o to d
(resp. towards all reachable d), and all departure-times from o (for future instanta-
neous evaluations).

The FIFO property may seem unreasonable in some application scenarios, e.g.,
when travellers at the dock of a train station wonder whether to take the very next
slow train towards destination, or wait for a subsequent but faster train. However,
our motivation in this work stems from route planning in urban-traffic road networks
where the FIFO property seems much more natural, since all cars are assumed to
travel according to the same (possibly time-dependent) average speed in each road
segment, and overtaking is not considered as an option when choosing a route plan.

The classical shortest-path techniques (Dijkstra and Bellman-Ford) have their
time-dependent variants [12, 9], in networks were the FIFO property is preserved on
all arcs. However, these are not the choices one should consider as query algorithms,
in case of a route planning service that has to reply in real-time to several dozens, or

even hundreds, of queries within a large-scale road network, providing the customers



with fast route plans within milliseconds. In fact, apart from the challenge of scale,
time-dependence is by itself also a quite important degree of complexity, both in space

and in query-time requirements.

1.2 Related Work

In case of huge networks, as is the case for either continental road networks, metropoli-
tan size urban networks, or social networks, it is rather impractical to use Dijkstra or
a label-setting algorithm for every individual shortest path query, even in the stricter
case of planar embedded graphs. For the time-independent case the issue has been
tackled quite successfully both theoretically (using distance oracles) and in practice
(using speed-up techniques). The main idea in both cases is to afford a costly pre-
processing phase, that is nevertheless polynomial-time tractable, space efficient and
amenable to relatively fast updates in case of dynamic changes in the graph, so that
in real-time one can support extremely fast (in sub-linear / polylogarithmic / constant
time theoretically, within microseconds in practice) arbitrary shortest path queries.

Both the theoretical and the practical approaches precompute distance-related
information from / to specific subsets of nodes in the network. This precomputed
information is stored and then used either as part of the direct shortest path calcu-
lations between arbitrary pairs of vertices, or in order to provide good lower bounds
that are used to direct the search of a shortest path in a Dijkstra-like query algo-
rithm. When applied to time-dependent instances, rather than storing shortest-path
distances, one has to keep in memory the earliest-arrival-time / latest-departure-time
functions from / to these particular nodes.

Until recently, most of the previous work on the time-dependent shortest path
problem concentrated on computing an optimal origin-destination path providing the
earliest-arrival time at destination when departing at a given time from the origin, and
neglected the computational complexity of providing succinct representations of the
entire earliest-arrival-time functions, for all departure-times from the origin. Such
representations, apart from allowing rapid answers to several queries for selected
origin-destination pairs but for varying departure times, would also be valuable for
the construction of distance summaries (a.k.a. route planning maps, or search profiles)

from central vertices (e.g., landmarks or hubs) towards other vertices in the network,



providing a crucial ingredient for the construction of distance oracles to support
real-time responses to arbitrary queries (o0,d,t,) € V x V x R.

The complexity of succinctly representing earliest-arrival-time functions was first
questioned in [13, 14, 6], but was solved only recently by a seminal work [8] which,
for FIFO-abiding pwl arc-travel-time functions, showed that the problem of succinctly
representing such a function for a single origin-destination pair has space-complexity
(1+ K)-n®Uosn) where n is the number of vertices and K is the total number of break-
points (or legs) of all the arc-travel-time functions. Polynomial-time algorithms for
constructing point-to-point (1 + ¢)-approximate distance functions are provided in
[7, 8], delivering point-to-point travel-time values at most 1 + ¢ times the true values.
Such approximate distance functions possess succinct representations, since they re-
quire only O(1 + K) breakpoints per origin-destination pair. It is also easy to verify
that K could be substituted by the number K* of concavity-spoiling breakpoints
of the arc-travel-time functions (i.e., breakpoints at which the arc-travel-time slopes
increase).

Providing distance oracles for time-dependent networks with provably good ap-
proximation guarantees, small preprocessing-space complexity and sublinear query
time complexity, has only been recently investigated in [15, 16]. In particular, the
first approximate distance oracle for sparse directed graphs with time-dependent
arc-travel-times was presented in [16], providing (1 + o )—approximate travel-times in
query-time that is sublinear in the network size, and preprocessing time and space
that are subquadratic in the network size, when the total number of concavity-spoiling
breakpoints in the instance is sufficiently small, e.g. when K* € O(polylog(n)).
The oracle uses a novel one-to-all method (called Bisection — BIS) to produce
(1 4+ ¢)—approximate landmark-to-vertex travel-time summaries, for a randomly se-

lected landmark set. It also guarantees either constant approximation ratio (a.k.a

(L4e/p)r+t
(Lre/u) 11

the RQA query algorithm, where 9 is a fixed constant depending on the characteristics

stretch) via the FCA query algorithm, or stretch at most 1 + 0 =1+¢ via
of the arc-travel-time functions but is independent of the network size, and r € O(1)
is the recursion depth of RQA. In [15], another oracle is proposed, providing both
constant and (1 + o)—approximate travel-times in query-time that is sublinear in the
network size, and preprocessing time and space that are subquadratic in the net-
work size, independently of the amount of disconcavity K™ in the network instance

at hand. This is achieved by combining BIS with another one-to-all method (called



Trapezoidal — TRAP) to produce (1 + ¢)—approximate landmark-to-vertex travel-time
summaries.

A few time-dependent variants of well-known speedup techniques for road net-
works have also appeared in the literature (e.g., [3, 4, 5]). All of them were ex-
perimentally evaluated on synthetic time-dependent instances of the European and
German road networks, with impressive performances. For example, in [3] meth-
ods are provided that respond to arbitrary queries of the German road network (4.7
million vertices and 10.8 million arcs) in less than 1.5ms and preprocessing space
requirements of less than 1GB. A point-to-point travel-time summary (a.k.a. search
profile) can also be constructed in less than 40ms, when the departure times in-
terval is a single day. For point-to-point approximate travel-time summaries, with
experimentally observed stretch at most 1%, the construction time is less than 3.2ms.
Their approach is based on the so-called time-dependent Contraction Hierarchies
[17], along with several heuristic improvements both on the preprocessing step and

on the query method.

1.3 Objectives and Contribution

The main challenge considered in this work is to provide TD-oracles that achieve:
(i) subquadratic preprocessing requirements, for succinctly representing travel-time
functions, (ii) query-times sublinear, not just in the network size n, but in the number
I'[o,d](t,) (a.k.a. Dijkstra-Rank) of settled vertices when executing TDD(o, x,t,) until
d is settled, and (iii) small (e.g., close to 1) approximation guarantee (stretch factor).

We engineer and experimentally evaluate three oracles for time-dependent road
networks on two real instances corresponding to qualitatively different cases. The first
one corresponds to a typical weekday of the metropolitan road network of Berlin
(about 4.7K vertices and 1.13M arcs), while the second one corresponds to a typical
weekday of the German road network (about 4.6M vertices and 11.18M arcs).

Our main contributions are summarized as follows: We propose three time-dependent
distance oracles, whose preprocessing phase for computing landmark-to-vertex ap-
proximate travel-time summaries is based on a new approximation technique [15],
the trapezoidal (TRAP) method. We speedup the preprocessing phase of comput-

ing approximate travel-time functions, from properly selected landmarks towards all



reachable destinations, by exploiting the inherent parallelism of the entire process. We
significantly reduce the required preprocessing space, by applying advanced lossless
compression techniques.

Our experimentation is based on several carefully chosen landmark sets and more-
over on several refinements and hybrid combinations of them. We deal with the
challenge of large-scale and thus, we present several heuristic improvements towards
reducing the preprocessing space and time of our oracles. Based on TRAP, we propose
the FLAT oracle. At a high level, our approach resembles the typical ones used in
static and undirected graphs (e.g., [18, 19, 20]): Distance summaries from selected
landmarks are precomputed and stored so as to support fast responses to arbitrary
real-time queries by growing small distance balls around the origin and the destina-
tion, and then closing the gap between the prefix subpath from the origin and the
suffix subpath towards the destination. However, it is not at all straightforward how
this generic approach can be extended to time-dependent and directed graphs, since
one is confronted with two highly non-trivial challenges: (i) handling directedness,
and (ii) dealing with time-dependence, i.e., deciding the arrival-times to grow balls
around vertices in the vicinity of the destination, because we simply do not know
the earliest-arrival-time at destination — actually, this is what the original query to
the oracle asks for. A novelty of our query algorithms, contrary to other approaches,
is exactly that we achieve the approximation guarantees by growing balls only from
vertices around the origin. Managing this was a necessity for our analysis since grow-
ing balls around vertices in the vicinity of the destination at the right arrival-time
is essentially not an option. We propose three query algorithms for the FLAT oracle,
called FCA, RQA and FCA™.

Apart from FLAT we implement and experimentally evaluate the novel HORN or-
acle, which is based on a hierarchy of landmarks, from a few “global” landmarks
possessing knowledge of the entire network towards (many more) “local” landmarks
whose knowledge of the network is restricted to small neighborhoods around them.
As was proved in [15], the advantage of HORN over FLAT is that it achieves query times
sublinear, not just in the size of the network, but in the actual Dijkstra rank of the
query at hand, be it long-range, mid-range, or short-range, while requiring asymptot-
ically similar preprocessing space and time. Our experiments on the (harder) Berlin
instance indeed confirm the improved stretch factors, but also better speedups due to

sophisticated early-stopping criteria, compared to the experimentation on FLAT for the



same subsets of “global” landmarks. For the HORN oracle, we propose the HQA query
algorithm.

We propose a new approximation method, CTRAP. Its novelty is that, rather than ap-
proximating minimum travel-time functions, it samples and stores only the combina-
torial structures (shortest-path trees) of the solutions at the sampled departure-times
from carefully selected landmark vertices. We then proceed with the preprocessing
phase of our new oracle, CFLAT, which is based on CTRAP. It guarantees a significant
improvement in the space requirements, and it is much faster than the preprocessing
of FLAT. We propose CFCA(N) (Section 3.3.2), the query algorithm of CFLAT, which, for
an arbitrary query (o, d, t,), grows a time-dependent Dijkstra (TDD) ball from o at time
t, until the N closest landmarks are settled. Then, it proceeds with a second step of
marking a small subset of relevant arcs, using the N settled landmarks as “attractors”
that orient the discovery of certain paths from d back to o. This is reminiscent of
the ARCFLAGS algorithm for static metrics [21], but the choice of the relevant arcs is
doomed to be done “on the fly”, since this information is also time-dependent. A final
step keeps growing the initial TDD ball within the subgraph of marked arcs, returning
the minimum-travel-time od-path in this subgraph.

An experimental study demonstrates the excellent performance of our oracles in
practice, achieving considerable memory savings and query-times about three orders
of magnitude faster than the Time-Dependent Dijkstra TDD.

Finally, we implement and experimentally test a dynamic scheme to provide re-
sponsiveness to live-traffic reports of incidents with a small timelife (e.g., a temporary
blockage of a road segment due to an accident). Our experiments also indicate that

traffic information can be updated in seconds.

1.4 Structure of Thesis

The thesis is organized as follows:

Section 2 prepares the reader for studying the TD-oracles that we propose. It pro-
vides the necessary theoretical background, that is notation, assumptions, analysis of
the importance of the FIFO property in time-dependent networks, description of land-
marks selection and the preprocessing phase and the presentation of the trapezoidal

method that we propose for approximating travel-time functions between landmarks



and destinations in the network, which we call TRAP. The main study of the thesis
concerns sections 3 and 4, where the engineering. heuristic improvements and the
experimental evaluation of the proposed oracles are described. In particular, Section
3 presents in detail the implementation of all three oracles, FLAT, HORN and CFLAT. It
describes the appropriate query algorithms for each oracle, which provide the route
responses, and presents in detail all the heuristic improvements we made towards the
reduction of the preprocessing space and time. Section 4 is about the extensive ex-
perimentation that we performed for our oracles. The experimental effort is a strong
component of our work, which proves in practice the performance of our oracles.
Finally, in section 5 we summarize our results and we compare our work with the

most successful state-of-the-art methods.
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CHAPTER 2

THEORETICAL BACKGROUND

2.1 Preliminaries and Notation

2.2 FIFO Property in Time Dependent Networks

2.3 Assumptions on the arc-cost metric.

2.4 Landmarks Selection Policies and Preprocessing of Distance Summaries

2.5 The Trapezoidal (TRAP) Approximation Method

2.1 Preliminaries and Notation

Consider a directed graph G = (V, A), with nonnegative, continuous, piecewise linear
(pwl) arc-delay functions Va € A, B[a] : R — R, , providing the arrival time at the
destination head|a] as a function of the departure time from the origin tail[a]. Such
a function could for example be the interpolant of average arc-delays for particular
departure times from a given time period II = [0, 7], such that Vk € Z,Vt, € II,Va €
A, B [ty + k- T) B[a}(tu). Since is periodic, continuous and pwl, it can be repre-

sented succinctly by a sequence of K, breakpoints (i.e., pairs of departure-times and
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arc-cost values) defining. An example of such an arc-delay function is the following:

(

stu+1, 0<t, modT <3

5, 3<t, modT <5
Vi, € R, Dluv](t) = 2%, —5 5<t, modT <7
—%tu—|—11—733, 7<t, modT <20

1, 20<t, modT <24

\

For notational reasons we assume that V¢, € II,Vu € V,B[uu] (t,) = 0 and
Yuv ¢ A = B[uv} (tu) = +o00. Moreover, rather than defining the arc-delay functions
as functions of departure-time from the tail, we may also prefer to express them
as functions of arrival-times at the heads. We use the notation %[uv] R = Ry,
for these reverse arc-delay functions. For example, the reverse arc-delay function
corresponding to the forward arc-delay described above is the following:

,+32, 1<t, modT <8

5, 8<t, modT <10

Vt, € R, Dlw](t,) = ty—2, 10<t, modT <16

ty+ 3 16<t, modT <21

, 21<t, modT7T <24v0<t, modT <1

Note 2.1. It is mentioned that for the reverse expression of the arc-delay function to
exist, it must be the case that the original (forward) arc-delay does not have any leg
of slope less or equal to —1. In particular, when this is the case, we can invert the
(monotone in this case) arrival-time function t, = Arr{uv|(t,) = t, + B[uv] (t.) to get
Depluv] = (Arr[uv])~! and then compute g[uv](tv) = t, — Depluv|(t,) = Arrjuv](t,) —
ty, = B[uv] (t.). As we shall explain later, we indeed demand that all the slopes in
any forward arc-delay function have value strictly greater than this value, and this is

not only for the computation of the reverse arc delays.

Analogously, G = (V, <Z) where A = {vu € VXV :uv € A} is the graph produced
by G if we reverse the directions of all the arcs in it.

For an arbitrary origin-destination pair of vertices, (0,d) € V x V, let P, 4(G) be
the set of all (directed) walks from o to d in G, while P(G) = U, gyev xv Poa(G). For
arbitrary vertices u,v,z € V and any walks p € P,, and ¢ € P,., p@® q € P, is

12



the walk resulting as the concatenation of p and ¢ at vertex v. Any walk p € P(G)
that does not repeat any vertex is a (sometimes redundantly called simple) path. For
sake of simplicity, we shall skip reference to the graph, when this is clear from the
context. Any particular walk will mostly be considered as an ordered set of arcs such
that for any pair of consecutive arcs, the head of the first arc is identical to the tail of
the second arc. Occassionally we may want to declare a subwalk of p from (the first
appearance in p of) a vertex z € V to (the fist appearance in p of) a vertex y € V.
This subwalk will be denoted by p,..,,.

For a walk (path) p = (ay,---ax) € P,q and V1 <i < j <k, let p; ; be the subwalk
(subpath) of p starting with the i arc a; and ending with the j™ arc a; in the order.
We define the walk/path-delay function of p recursively as a function of the departure

time ¢, from its own origin tail(p) = tail(a;), as follows:

W, € RVL < i<k, Dlpil(ts) = Dlail(t)

(2.1)
Vi, e RVL<i<j <k, Dlp,l(ts) = Dlpiil(ts) + Dlpissy] (to + Dlpu] (t0)>

We may also express a similar recursive definition of the reverse-path-delays:

Vtg €RV1< i<k, Dlpil(ta) = Dlail(ta)
Vta RV <i<j <k Dpial(ta) = Dlpsal(ta) + Dlpisa) (ta— Dlpisl(ta)
(2.2)
Similarly, we define the arrival-time function of p at its end-vertex head(p) = head(ay,),

as a function of the departure-time ¢, € R from its start-vertex tail(p) = tail(a;):
Vt, € R, Arr(pl(t,) = to + D[pl(t,) (2.3)

It is easily seen that the path-arrival-time functions are indeed compositions of the

corresponding arc-arrival-time functions of the arcs comprising them:

Arrlpuil(ts) = to+ Dlpisl(te) = to + Dlpial(ts) + Dlparl(to + Dlpial(t,)) (2.4)

= Arr[pa] (Arrlpiil(to)) = (Arr[pag] o Arrlpia]) (to) = -+
= (Arrlag]o--- o Arrlai]) (t,)

Analogously, the path-departure-time function of p from tail(p) = tail(a,), given the

arrival-time t, € R at head(p) = head(ay), is defined as follows:

Deplp|(ta) = ta — DIp|(t) (2.5)

13



Again, the path-departure-time functions are compositions of the corresponding arc-

departure functions of the arcs comprising them:

Deplp1x)(ta) = ta— ﬁ[]W,k](td) =tlq— g[pk,k]@d) — ﬁ[pl,kfl] (td — ﬁ[pkk] (td)()Z-G)
= Dep[pyr—1] (Deplpri](ta)) = (Deplp1i—1] © Deplpis]) (ta) = ---
= (Deplai] o -0 Deplag]) (tq)

For any pair of vertices (0,d) € V x V, the earliest-arrival-time function from o
to d is defined as follows:

Vi, € R, Arrfo,d|(t,) = min {Arr{p|(t,)} (2.7)

pepo,d

The shortest-travel-time function from o to d is D[o,d|(t,) = Arr|o,d|(t,) — t,.
Finally, SP[o, d](t,) (resp. ASPJo,d](t,)) is the set of shortest (resp., with stretch-factor
at most (1 + ¢)) od—paths for a given departure-time ¢,.

For any arc a = uwv € A and any departure-times subinterval [t;,tf) C [0,T), we
consider the free-flow and maximally-congested travel-times for this arc, defined as

follows:

e Free-flow arc-travel-time:

Dyuwvl(ts, ty) := t IEI[ltiI%f) Dluv](t,) .

* Maximally-congested arc-travel-time:

D.[uv](ts, ty) = tug[lt?,)ff) Dluv](t,) .
We also denote D.[uv] := D.[uv](0,T) and D[uv] := D;[uv](0,T). When [t t;) =
[0,T), we refer to the (static) free-flow and full-congestion travel-time metrics D;
and D, respectively. These definitions also extend naturally to path-travel-times and
shortest-travel-times between arbitrary origin-destination pairs of vertices.

In case of huge networks, as is the case for either continental road networks,
metropolitan-size urban networks, or social networks, it is rather impractical to use
Dijkstra or a label-setting algorithm for every individual shortest path query, even in
the stricter case of planar embedded graphs. For the time-independent case the issue
has been tackled quite successfully both theoretically (using distance oracles) and in

practice (using speed-up techniques). The main idea in both cases is to afford a costly
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preprocessing phase, that is nevertheless polynomial-time tractable, space efficient and
amenable to relatively fast updates in case of dynamic changes in the graph, so that
in real-time one can support extremely fast (in sub-linear / polylogarithmic / constant
time theoretically, within microseconds in practice) arbitrary shortest path queries.

Both the theoretical and the practical approaches precompute distance-related
information from / to specific subsets of nodes in the network. This precomputed
information is stored and then used either as part of the direct shortest path calcu-
lations between arbitrary pairs of vertices, or in order to provide good lower bounds
that are used to direct the search of a shortest path in a Dijkstra-like query algorithm.
When applied to time-dependent instances, one has to keep in memory the shortest
travel-time function from/to particular nodes.

The succinct representation of B[a] is given by a collection (ordered list, by in-

creasing time values) of triples:

(Ne, 7o Ty cie {1, K

()

where the linear function describing the i—th leg of B[a] is Y‘} -t + 70¢ and its valid

: N 7 7
interval is [ t'¢_;, ¢ ¢] (we assume that ¢ §{ =0and t% =T).

Note 2.2. For simplicity, we shall for now on refer to any forward travel-time function

by the term Dfu,v|(t,), V u, v € V.

As already mentioned, when the (strict) FIFO property holds, subpath optimality
holds also in time-dependent instances. Simple variants of Dijkstra indeed work also
for the computation of shortest od—paths and earliest-arrival-time values (for given
departure time from origin) in any time-dependent network possessing the FIFO
property [12]. We denote such a time-dependent variant by TDD. To avoid tricky
situations in which the algorithm (even for static networks) might fail, we suppose
that all the arc-delay functions are always non-negative. Put it differently, we consider
as the actual arc-delay to be the maximum of zero and the declared arc-delay function,
for any departure time from the tail.

During the execution of TDD in a FIFO network with (non-negative) arc-delay
functions, the delay value of every arc has to be estimated upon its (unique) relaxation,
when its head is settled. When referring to the description (A\— and p— values) of
an arc-delay function for the arc a = wv that is currently being relaxed for a given

departure time ¢, = Arr|o,u|(t,), the arc-delay evaluation operation is not constant
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anymore, but costs either O(log(K,)) (e.g., by maintaining a binary search tree of
breakpoints) or even O(log(log(K,))) if one employs more advanced data structures
(e.g., fast tries of breakpoints) in order to determine the appropriate leg of the (pwl)
arc-delay function D[a] which is appropriate for ¢,. K, is the space-complexity (i.e.,
the number of breakpoints) of Dla|. Since every arc is relaxed at most once, in overall
TDD will have time-complexity O(nlog(n) + m - log(log(Kmax))) to solve TDSP, where
Kmax = maXgea K.

A pair of continuous, pwl, periodic functions D[o, d] and D]o, d)), with a (hopefully)
small number of breakpoints, are (1 + ¢)-upper-approximation and (1 + ¢)-lower-
approximation of Dlo,d], it ¥t, > 0, 2129 < Do, d](t,) < Dlo,d)(t,) < Dlo,d](t,) <
(1+¢)- Dlo,d|(t,) -

TDD Balls. For a point (o,t,) € V x[0,T) and 5 € N, let Blo|(t,; 5) be the set of the
first 5 vertices settled by TDD, when growing a ball from (o,t,). Analogously, B[o](3)
and B[o](3) are the corresponding sets under the free-flow and fully-congested metrics
D;f and D.g, respectively. When we say that we “grow a TDD ball from (o,t,)”, we
refer to the execution of TDD from o € V' at departure-time ¢, € [0,7") for solving
TDSP(o,*,t,) (resp. TDSP(o0,d,t,), for a specific destination d). Such a call, denoted
as TDD(o, , t,) (resp. TDD(o0,d, t,)), takes time O(m + nlog(n)[1 4 loglog(1l + Kmax)]) =
O(nlog(n)loglog(Kmax)]), using predecessor search for evaluating continuous pwl
functions [16]. The Dijkstra-Rank, I'[o,d|(t,) of (o,d,t,), is the number of settled

vertices up to d, when executing TDD(o, d, t,).

2.2 FIFO Property in Time Dependent Networks

A fundamental property of time-dependent networks is the FIFO (a.k.a. non-overtaking)

property [9, 12, 8], which states the following:

Vt,,t,, € R,Vuv € A t, > t., = Arrluv](t,) > Arr[uv)(t)) (2.8)

That is, all the arc-arrival-time functions in the network are non-decreasing. The
following proposition is a characterization of the FIFO property for networks with

continuous arc-delay functions:
Proposition 2.2.1. [22] Assume a graph G = (V, A) with continuous arc-delay func-
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tions, satisfying the (strict) FIFO property. Then any arc-delay function must have

left and right derivatives with values at least (greater than) —1.

It is also easy to verify that the FIFO property, only assumed for arc-arrival-time
functions, also holds for arbitrary path-arrival-time functions, and earliest-arrival-

time functions in the graph:

Proposition 2.2.2. [22] Assume a graph G = (V, A) with continuous arc-delay func-
tions, satisfying the FIFO property. Then, for any path p = (ay,...,ax) € P(G) it
holds that:

Vi, € R,V6 > 0, Arrlp|(ti) < Arrp](t1 + 0)

In case of strict FIFO property, the inequality is also strict. FIFO property holds

also for every earliest-arrival-time function in G.

When moving from an origin to a destination in a time-dependent network, a
traveler may possibly have the option to wait at a node for certain amounts of time,
prior to traversing an arc emanating from it. We consider the following cases of

waiting policies (see also [9]).

Unrestricted Waiting (UW) A traveler may wait at any node for an arbitrary amount

of time, prior to traversing an arc emanating from it.

Forbidden Intermediate Waiting (FIW) A traveler may wait only at the origin, for
an arbitrary amount of time, prior to starting the journey towards the destination

(without any other waiting at a node).

Forbidden Waiting (FW) No waiting is allowed, at any node in the network.

The TDSP(o,d) problem was proved to be NP—hard, if the FW-policy is adopted
and arc-delays are allowed not to possess the FIFO property. It may even be the
case that there is no optimal-waiting (i.e., one that minimizes the earliest-arrival-
time at the destination) at a node [9]. On the other hand, it is well known [12]
that TDSP(o,d) is polynomial-time solvable when the UW-policy is adopted and the
optimal-waiting time always exists for every node, independently of the shape of the
arc-delay functions. Indeed, such a scenario is also known [9] to be equivalent to an
appropriate FIFO network with the FW-policy.

For instances in which the FIFO property holds, the crucial property of subpath
optimality holds:
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Proposition 2.2.3. [22] Assume a graph with arc-delays satisfying the strict FIFO
property. Then, for all vertices u,v € V, any departure-time t, € R from u, and any
optimal path

p" € arg min {Arr{p|(t.)}

it holds that every subpath q* € P,, of p* is a shortest path between its endpoints
x,y for departure time from x equal to t; = Arr[p:_ .| (t.).

Therefore, both Dijkstra’s label setting algorithm TDD and label-correcting algo-
rithms for shortest uv—path computations in time-independent graphs, also work in
time-dependent strictly FIFO networks, under the usual conventions that we consider
for the static instances (positivity of arc-delays for the label setting, and inexistence

of negative-delay cycles for the label correcting approaches).

2.3 Assumptions on the arc-cost metric.

The directedness and time-dependence of the TD-instance imply an asymmetric arc-
cost metric, which also evolves with time. To achieve a smooth transition from static
and undirected graphs towards time-dependent and directed graphs, we need a quan-
tification of the degrees of asymmetry and evolution of our metric over time. These are
captured via a set of parameters depicting the steepness of the minimum-travel-time
functions, the ratio of minimum-travel-times in opposite directions, and the relation
between graph expansion and travel-times. Next, we mention some assumptions on
the values of these parameters, which seem quite natural for our main application
scenario (route planning in road networks). The reader is refered to [15], where all
assumptions were originally presented, exactly stated and validated on real-world

road networks.

Assumption 2.3.1 (Bounded Travel-Time Slopes). [23] All the minimum-travel-time
slopes are bounded in a given interval [—Amin, Amax], for given constants A, € [0, 1)

and A > 0.

Assumption 2.3.2 (Bounded Opposite Trips). [23] The ratio of minimum-travel-
times in opposite directions between two vertices, for any specific departure-time but

not necessarily via the same path, is upper bounded by a given constant ( > 1.
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Assumption 2.3.3 (Growth of Free-Flow Dijkstra Balls). [15] VF € [n], the free-
flow ball Blv; F'] blows-up by at most a polylogarithmic factor, when expanding its
(free-flow) radius up to the value of the full-congestion radius within Blv; F.

Finally, we need to quantify the correlation between the arc-cost metric and the
Dijkstra-Rank metric induced by it. For this reason, inspired by the notion of the
doubling dimension (e.g., [24] and references therein), we consider some scalar \ > 1
and functions f, g : N — [1, 00), such that the following hold: V(o, d,t,) € V xV x[0,T),
() To,d](t,) < f(n) - (Dlo,d](t,))*, and (i) D[o,d|(t,) < g(n) - (T|o,d](t,))/*. This
property trivially holds, e.g., for A = 1, f(n) = n, and ¢g(n) = max,eca {E[a]}. Of
course, our interest is for the smallest possible values of A and at the same time the
slowest-growing functions f(n), g(n). Our last assumption quantifies the boundedness

of this correlation by restricting A, f(n) and g(n).

Assumption 2.3.4. [15] There exist \ € o(%) and f(n),g(n) € polylog(n) s.t.
the following hold: (i) T'[o,d|(t,) < f(n) - (Dlo,d|(t,))", and (ii) D[o,d](t,) < g(n) -
(T[o, d](t,))'/*. Analogous inequalities hold for the free-flow and the full-congestion

metrics D and D.

Note that static oracles based on the doubling dimension demand a constant value
for A\. We relax this by allowing A to be even a (sufficiently slowly) growing function
of n. We also introduce some additional slackness, by allowing divergence from the
corresponding powers by polylogarithmic factors. In the rest of the paper we consider
sparse TD-instances (i.e., m € O(n)), compliant with Assumptions 2.3.1, 2.3.2, 2.3.3,
and 2.3.4.

2.4 Landmarks Selection Policies and Preprocessing of Distance

Summaries

Ingredients of our oracles. A typical landmark-based oracle selects a set L C V' of
landmarks and then preprocesses travel-time related information (called summaries)
between them and all (or some) reachable destinations. Consequently, a query algo-
rithm exploits these summaries, in order to efficiently respond to queries (o,d,t,),
from an origin o and departure-time ¢,, to a destination d. Typically the oracle pro-

vides also a theoretically proved approximation guarantee (stretch) of the provided
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answers. In practice though, quite frequently the observed stretch is significantly
smaller than the theoretical bound.

All our oracles start by selecting a subset L C V' of landmarks. This can be done
either randomly (e.g., by deciding for each vertex i.u.r with probability p € (0,1)
whether it belongs to L), or by exploiting the vertices in the cut sets provided by
some graph partitioning algorithm. In this work we consider the kauip partitioning
software.

After L is determined, a preprocessing phase is performed in which, V¢ € L and
Vo € V, all {-to-v (1 4 ¢)—upper-approximating travel-time functions (we call them
approximate travel-time summaries) are computed and stored, based on the TRAP
method, to be described later. Consequently, a query algorithm is used for providing
in sublinear time guaranteed approximations of the actual shortest travel time values,
for arbitrary queries (o0,d,t,) € V x V x [0,T). In a final step, a path-construction
routine is run to provide an od-path with actual path-travel-time at most equal to
the predicted one. In this section, we briefly review the above mentioned ingredients

of our oracles.

Landmark Selection Policies. We now clarify the landmark selection policies that
we consider:

o rRANDOM (R): Landmarks are chosen independently and uniformly at random, with
no repetitions.

© sPARSE-RANDOM (SR): A variant of R, where each newly chosen landmark excludes a

small (free-flow) neighborhood of vertices around it from being selected as landmarks
in the future.

© IMPORTANT-RANDOM (/ R): Another variant of R, which moves each randomly selected

landmark to its nearest important vertex within a free-flow neighborhood of size 100.
For such a policy it is important that the underlying instance possesses a characteri-
zation of the road segments’ significance. Only the instance of Berlin provides such
information and we have considered as “important” those vertices which are incident
to road segments of category at most 3.

o kauip (K): We choose either the tail or the head vertex of any boundary arc of a
partition of the graph according to kanrp partitioning algorithm. We used the KaFFPa
algorithm of the kauip partitioning software (v1.00).

o HYBRID (H): This kind of landmark set consists of about the half vertices to be
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on the boundary of the kamip partition and the remaining landmarks are chosen
independently and uniformly at random, with no repetitions.

o sparse-KAHIP (SK): We consider the boundary vertices of a kaurp partition of the
graph as candidates for landmarks. We used the KaFFPa algorithm of the kanip parti-
tioning software (v1.00), setting the parameters so that there are many more boundary
vertices than the required number of landmarks. The actual landmarks are chosen
sequentially and randomly. Each new landmark excludes from future selections a
small free-flow neighborhood around it.

¢ KAHIP-CELLs (K O). Starting with a kauip partition, one landmark per cell of the
partition is chosen uniformly at random, excluding a small neighborhood around it

from future selections.

© BETWEENESS-CENTRALITY (BC): All the vertices are ordered in decreasing approximate
betweeness centrality (ABC) values, which were computed according to [25]. Then,
we select as landmarks the best vertices w.r.t. their ABC value, excluding a small
free-flow neighborhood from each of them.

© KAHIP-BETWEENESs (K B): Starting from a kamip partition, we choose as landmark

the vertex with the highest ABC value per cell of the partition, excluding a small
free-flow neighborhood around it.

Finally, for the sake of the HORN oracle, we also construct hierarchical landmark
sets, HIERARCHICAL-RANDOM (HR) and HIERARCHICAL-sPARSE-RANDOM (HSR) of 10,443 and

20,886 landmarks.
Preprocessing Phase. In the following, we shall deal with the problem of providing

(the explicit representations of) shortest-travel-time functions in a time-dependent

instance. In particular, we shall deal with the following problem:
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Definition 2.4.1. Time Dependent Delay Approximation Functions [22]
INPUT :  Directed graph G = (V, A).

(0,d) € V x V': An origin-destination pair of vertices.

O C V: A subset of potential origin vertices.
Va € A, B[a] : R = R. . The forward arc-delay (pwl) functions.

SOTDDA : Provide (explicit representations of) approximate shortest-travel-
time (delay) functions D[o,v] for all v € V, that will assure the fol-
lowing approximation guarantee: Yv € V, Vt, € [0,T], Do, v](t,) <

Dlo,v](t,) < (1 +¢) - Dlo,v|(t,) .
Notation: The representation of the entire output will be denoted by

Do, *].

The main criteria for the quality of solutions to the above mentioned problem
are: (i) the polynomial-time construction of the required functions, and (ii) the re-
quired storage for the produced representations. Focusing only on (ii), one could
have asymptotically optimal solutions, assuming prior knowledge (or, paying for the
required computational cost and space to construct them) of the exact delay functions.
This is not the case in our setting and it would probably be prohibitively expensive
to construct the exact delay functions before space-optimally approximating them.
Therefore, we have to be based only on (polynomial-time computable) samplings
of the exact functions, in order to produce (as fast as possible) the required upper
approximations, using as little space and assuring as good approximation guarantee
as possible.

Since we wish to avoid computing the exact shape of DJo,d] for a given od-pair,
we need also a lower-bounding point-to-point approximate distance function for the

same time-window:
Vt, € [0,T],(1 —¢€) - Dlo,d|(t,) < Dlo,d|(t,) < Dlo,d|(t,) (2.9

Having two (guaranteed upper and lower) approximations D|o, d] and D|o, d] of D]o, d]

in the time-window of interest and an approximation guarantee between them:

Vt, € 0,T], Dlo,d](t,) < (1+¢)- Do, d|(t,) (2.10)

would assure us that D|o,d] < (1+¢)D]o, d] is the required upper-approximation and

Dio,d] > (1 - 1%5) Dio, d] is the required lower-approximation of D|o, d|, without even
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knowing (except for the explicitly sampled values) the actual shape of the function

that is approximated.

2.5 The Trapezoidal (TRAP) Approximation Method

We present here the novel preprocessing step of our oracles which, based on the TRAP
method, constructs (1 + ¢)—upper-approximations of shortest travel-time functions.
The method is presented in [15].

After the landmark set L is determined, a preprocessing phase is performed in
which all (1+¢)—upper-approximating travel-time functions (travel-time summaries)
from landmarks ¢ € L towards destinations Vv € V' are computed and stored, based
solely on the TRAP method.

TRAP splits the entire period [0,7") into small, consecutive subintervals of length
7>0 each. It then provides a crude approximation of the unknown shortest-travel-
time functions in each interval, solely based on Assumption 2.3.1 concecning the
boundedness of the shortest travel-time slopes in the instance. As mentioned, a slight
modification of Dijkstra that relaxes vertex labels according to the temporal arc-
travel times of their incoming arcs, depending on the departure-times from their
heads, works perfect in time-dependent networks possessing the FIFO property, for
arbitrary (but given) departure-times ¢, from the origin o. Eventually, the labels of the
vertices reachable from o denote the earliest-arrival-time values, when one departs
from o at the given departure time t,. After sampling the travel-time values (by
running TDD) of each destination v € V, for a given origin u € V, we consider each
pair of consecutive sampling times ¢, < t; and the semilines with slopes An.x from
ty and —Ap, from t;. The considered upper-approximating function D[u,v] within
[ts,t;) is then (a refinement of) the lower-envelope of these two lines. Analogously,
a lower-approximating function D[u,v] is the upper-envelope of the semilines that
pass through t, with slope —Anin. and from ¢; with slope Anax. Depending on the
value of the absolute error and the minimum possible value of D[u, v] in this interval,
we can decide whether D[u,v] is a (1 + ¢)-upper-approximating function of D]u, v].
Any destination vertex that has such a (1+¢)-upper-approximating function for each
subinterval of [0,7), clearly has a (1 +¢)-upper-approximating function for the entire

period as well.
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The problem with the trapezoidal approximation is that, by construction, it is not
possible to provide (1+¢)-approximate travel-time functions for “nearby” destination
vertices, which are too close to the origin. In [15] these “nearby” vertices of each
landmark are either handled by the BIS method [16], or are left to be handled by local
TDD searches “on the fly”. Here we resolve this issue exclusively with TRAP, starting
with a large subinterval length, and then recursively dividing by 2 the lengths of
those subintervals containing vertices which have not been sufficiently approximated
yet, until all landmark-to-vertex (1+¢)-approximate travel-time summaries have been
successfully created. This proved to be extremely space- and time-efficient in practice.

More precisely, assume having a landmark vertex ¢ € L and a departure-times
subinterval [t,, t; =t + 7) C [0,T), for some small departure-time difference value,
compared to the entire period 7" of departure times. We provide a crude approxima-
tion, which we call TRAP (the trapezoidal method), for creating distance functions from
any landmark ¢ € L towards each posible destination v € V. It is mentioned that,
contrary to the approximation method BIS proposed in [16], no assumption is made
on the shapes of the unknown distance functions to approximate within [¢st¢). In
particular, no assumption is made on them being concave. TRAP will only exploit the
fact that 7 is indeed small, along with the Bounded Travel-Time Slopes Assumption
(cf. Assumption 2.3.1). The approximation guarantee for each of these approximate
distance functions actually varies, depending on the minimum (free-flow) travel-
time from ¢ to each of the destinations. In particular, by Assumption 2.3.1, for any
departure-time from ¢, t € [t;,t;) and any destination vertex v € V, the following

inequalities hold [15]:

D¢, v](t) — D[, v](ts)

_Amin S t n S Amax
= —Amin - (t — ts5) + D[, v](ts) < D[L,v](t) < D[l,v](ts) + Amax - (t — ts)
P A - 7 + DIEVI(E) < DIOVIGD) < DIV + Amax - 7
_Amin < D[év U] (tf) - D[& U] (t) < Amax
< = <
= —Amin~ (t; — ) < DI0,0)(tg) = DI 0)(1) < Amax - (t — 1)
e T>te—t %/
= Amin - 7 + DILVI(tp) > DILVI®) > DIEVICE,) - Amax - 7
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Combining the two inequalities we get the following bounds: Vv € V,Vt € [t;, ts),

D£7 ts Amax ) Df, ts _Amin ’
min 16, 0]ts) + ! > D[¢,v](t) > max (£, 0](ts) !

D[, v](tf) + AminT D[, v](ts) — AmaxT

(2.11)

Exploiting the fact that each shortest-travel-time function from ¢ to any destination
v € V and departure time from [t,,tf) respects the above mentioned upper and lower
bounds, one could use a simple continuous, pwl approximation of D[/, v] within this
interval, which is the minimum of four linear functions:
D[, v](ts) + AmaxT,
D[, v](ts) + AminT
Amaxt + D[4, v](ts) — Amaxts,
| —Amint + D[, 0](ts) + Amints |

Vit € [ts,ty), D[¢,v](t) = min (2.12)

l.e., we consider the lines passing via the point (ts, D[(,v](t;)) with the maximum
slope Anax, until the upper bound in inequality 2.11 is reached, then follow a constant
leg up to the point at which the line passing via (¢, D[¢,v](ts)) with the minimum
possible slope of —Api, is met.

Analogously, we construct a lower-bounding approximation of D[(, v| within [, tf).

\

D[, v](ts) — AminT,

D0, v](ts) — Amax - T
Amaxt + D0, v](t5) — Amax - £,
—Amint + D[l v](ts) + Amints

Vt € [ts,ts), D[¢,v](t) = max (2.13)

Figure 2.1 shows the (upper and lower) approximate distance summaries with
respect to D[/, v] within [t,tf).
Let (¢,,, D,,) be the intersection point of the two non-constant legs involved in the

definition of D[¢,v]. Then it is easy to observe that:
D[f, ?}] (ts) — D[g, U](tf) n Amints + Amaxtf
- Amin + Amax Amin + Amax

AmaxD[£7 U] (ts) + AminD[& U] (tf) Amin : Amax

(ty —ts)

o Aumin + Amax Amin + Amax
Similarly, let (Z,,, D,,) be the intersection point of the two non-constant legs in-
volved in the definition of D[/, v]. Then:
;_ DILu(t) = DL | Amints + At
Amin + Amax Amin + Amax

=Y AmaxD[éa U] (tf) + AminD[gu U] (ts) AminAmax
D,, = -
" Amin + Arnax i Amin + Arnax (tf tS)
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Figure 2.1: The upper-approximating function D[/, v] (thic orange, upper pwl line)
of the unknown distance function D[/,v] within the interval [ts,¢;). The lower-
approximating function (thic yellow, lower pwl line), of the unknown distance func-

tion within the interval.

The worst-case maximum (additive) error guaranteed for D[/, v] within [t,, ;] is

given by the following closed form:

MAE(t.,ty) = max {D[¢,v](t) — DI¢,v](t)}
- teglai(}{ﬁ[é,v](t)— DIt,v](t)} (2.14)

The following lemma correlates the value of the maximum absolute error with the

minimum possible distance from ¢, within [t;, ;).

Lemma 2.1. [15] For a given landmark vertex { ¢ L, any destination vertex v € V

and a given departure-time subinterval [t,,t;) C [0,T), the following hold:
1. MAE[E,U](tS,tf) S Amax : (tf - ts).

2. If at least one of the following conditions hold, then the trapezoidal method
guarantees that D[(,v] is a (1 + )—approximation of D[(,v] within [t t;).

G) D[0,v](ts) > (Amin + 22ex) (tp — ).

£

(11) D[f, U](tf) Z (Amax + Amax) (tf - ts)

€
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CHAPTER 3

ENGINEERING ORACLES FOR

TiME-DEPENDENT SHORTEST PATHS

3.1 The FLAT Oracle
3.2 The HORN Oracle

3.3 The CFLAT Oracle

3.1 The FLAT Oracle

The main rationale of the FLAT oracle, presented and analysed in [15] is the following:
we somehow select a small subset of landmark vertices L. Then, we compute travel-
time summaries, i.e., (1+¢)—approximations of minimum-travel-time functions, from
landmarks towards all reachable vertices. Finally, we use properly designed query
algorithms that exploit these travel-time summaries in order to provide approximately

minimum-travel-time values for arbitrary queries (0,d.t,) € V x V x [0,T).

Preprocessing Phase. After L is determined, a preprocessing phase is performed in
which all (14 ¢)—upper-approximating travel-time functions (travel-time summaries)
from landmarks ¢ € L towards destinations Vv € IV are computed and stored, based

solely on the TRAP method.
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Query Algorithms. We consider three query algorithms FCA, RQA, andFCAT. The
first two were introduced in [16], while the third one was introduced in [26]. All
algorithms can be fine-tuned to run in o(n) time.

FCA grows a ball B, = B[o|(t,) = {x € V : Dlo,z](t,) < D[o,l,](t,)} from (o,t,),
by running TDD until either d or the closest landmark /¢, € argmin,.{D|o, {|(t,)} is
settled. It then returns either the exact travel-time value, or an (1+¢+1))-approximate
travel-time value via /,, where ¢ is a constant depending on ¢, (, and Apa.x, but not

on n.

(14e/yp)+1 b
(I+e/y)r+i-1°

exploiting carefully a number r € N (called the recursion budget) of recursive accesses

RQA is a PTAS, providing an approximation guarantee of 14-0 = 1+-¢-

to the preprocessed information, each of which produces (via calls to FCA) additional
candidate od—paths sol;. RQA works as follows. As long as the destination vertex within
the explored area around the origin has not yet been discovered, and there is still
some remaining recursion budget, it “guesses” (by exhaustively searching for it) the
next vertex wy, of the boundary set of touched vertices (i.e., still in the priority queue)
along the unknown shortest od—path. Then, it grows an outgrowing TDD ball from
the new center (wy,tx = t, + D[o,wy](t,)), until it reaches the closest landmark ¢} to
it, at travel-time Ry = D[wy, {](tx). This new landmark offers an alternative od—path
sol, by a new application of FCA.

FCAT(N) is a variant of FCA that keeps growing a TDD ball from (o,%,) until ei-
ther d, or a given number N of landmarks is settled, and then returns the smallest
via-landmark approximate travel-time value (among all N settled landmarks). The
approximation guarantee is the same as that of FCA, but its practical performance is
impressive (in most cases even better than RQA).

A more detailed presentation of FCA and RQA, along with the proofs of correctness
and their time complexities, are provided in [16]. As for the approximation guarantee
of FCAT, it is straightforward to observe that, at least theoretically, it is as small as that

of FCA, whereas its time complexity is comparable to that of RQA.

3.1.1 Constant-approximation Query Algorithm

A distance oracle needs a fast query algorithm providing constant approximation
to the shortest-travel-time values of arbitrary queries (o0,d,t,) € V x V x [0,T). The

proposed query algorithm, called Forward Constant Approximation (FCA), grows an
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outgoing ball
B, = Blo](t,) = {z € V : Dlo,](t,) < min{Dlo, d|(t,), Do, (,](to)}}

from (o, t,), by running 7DD until either d or the closest landmark ¢, € arg minsc.{D]o, (] (t,)}
is settled. We call R, = min{D|o, d|(t,), D[o,,)(t,)} the radius of B,. If d € B, then
FCA returns the exact travel-time Do, d|(t,); otherwise, it returns the approximate
travel-time value R, + DI[(,,d](t, + R,) via {,.

The algorithm was first presented and validated by S. Kontogiannis and C. Zaro-
liagis in [16].

Figure 3.1 gives an overview of the whole idea. Figure 3.2 provides the pseu-

docode.

¢ e o e

Il ASP[IO,d](’[(ﬂLRo)‘K

' Q € SP[o,lo](t)
P € SP[o,d](t,) \

G @D @

ty = t, + D[o,d](t,)

~

Figure 3.1: The rationale of FCA. The dashed (blue) path P is a shortest od—path for
(0,d,t,). The dashed-dotted (green and red) path ) eIl is the via-landmark od—path

indicated by the algorithm, if the destination vertex is out of the origin’s TDD ball.

3.1.2 (1+ o)—approximate Query Algorithm

The Recursive Query Algorithm (RQA) improves the approximation guarantee of the
chosen od—path provided by FCA, by exploiting carefully a number of recursive calls
of FCA, based on a given bound — called the recursion budget r — on the depth of the
recursion tree to be constructed. Each of the recursive calls accesses the preprocessed

information and produces another candidate od—path. The crux of our approach
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FCA(o,d,t,)

1. if o € L then return (Dlo,d|(t,)) /% (1 + ¢)—approximate answer x/
2. B, = TDD-ball around (o, t,) until either d or the first landmark is settled
3. if d € B, then return (Do, d|(t,)) /% exact answer */
4. L, = B,N L; R, = Dlo, l,](t,);

5. return (R, + D[l,,d|(t,+ R,)) /% (1 + & + ) —approximation =/

Figure 3.2: The pseudocode describing FCA.

is the following: We ensure that, unless the required approximation guarantee has
already been reached by a candidate solution, the recursion budget must be exhausted
and the sequence of radii of the consecutive balls that we grow from centers lying on
the unknown shortest path, is lower-bounded by a geometrically increasing sequence.
We prove that this sequence can only have a constant number of elements until the
required approximation guarantee is reached, since the sum of all these radii provides
a lower bound on the shortest-travel-time that we seek.

A similar approach was proposed for undirected and static sparse networks [18],
in which a number of recursively growing balls (up to the recursion budget) is used
in the vicinities of both the origin and the destination nodes, before eventually apply-
ing a constant-approximation algorithm to close the gap, so as to achieve improved
approximation guarantees.

In our case the network is both directed and time-dependent. Due to our ignorance
of the exact arrival time at the destination, it is difficult (if at all possible) to grow
incoming balls in the vicinity of the destination node. Hence, our only choice is to
build a recursive argument that grows outgoing balls in the vicinity of the origin,
since we only know the requested departure-time from it. This is exactly what we
do: As long as we have not discovered the destination node within the explored
area around the origin, and there is still some remaining recursion budget » — k >
0 (k € {0,...,7}), we “guess” (by exhaustively searching for it) the next node wy,
along the (unknown) shortest od—path. We then grow a new out-ball from the new
center (wy,ty = t, + D[o,wi](t,)), until we reach the closest landmark-vertex ¢, to
it, at distance Rj = D|wy, {|(tx). This new landmark offers an alternative od—path

soly, = P, @ Q. o II; by a new application of FCA, where P,; € SP[o,w|(t,), Qr €
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SPlwg, bg(ty), and 11, € ASP[{y, d|(t,+ Ry) is the approximate suffix subpath provided
by the distance oracle. Observe that sol;, uses a longer optimal prefix-subpath P, which
is then completed with a shorter approximate suffix-subpath ) e II.

The algorithm was first presented and validated by S. Kontogiannis and C. Zaro-
liagis in [16].

Figure 3.3 provides an overview of RQA’s execution.

Pox€ SPlo, wil(%)

Qk € SP[wy, Ix](tk)

'/.
.

2Ryt Rt .+ R T2 ASPLL, d)(t+Ry)

Figure 3.3: Overview of the execution of RQA.

Figure 3.4 provides the pseudocode of RQA.

3.1.3 The Path Reconstruction

Finally, we describe the Path Reconstruction method followed for the generation of
the calculated o-d path, as a sequence of arcs. In the case that the shortest path
returned by the query algorithm is exact, i.e. the destination was discovered during
the TDD-search (which is actually quite possible to occur), the path is constructed
by simply following the predecessors from the destination to the origin, which the
TDD ball provided. However, if the algorithm decides that the destination is to be
reached via an appropriate landmark ¢, we need a method to retrieve the unknown
sequence of predecessors from the destination up to the landmark, corresponding to
the approximate /-d path. For this purpose, we exploit the preprocessed information.
For every possible destination d and for any departure time from ¢, the travel-time
function contains the immediate predecessor for d, valid for a specific time interval,
where TRAP performed its sampling. Based on this information and some heuristic

ideas, the path reconstruction method works as follows.
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Let v denote every node that belongs on the path we want to construct. We start
with v = d. We then obtain the immediate (approximate) predecessor, approxPred(v),
given by the approximate travel-time function D[/,d](t), when departing from / at time
t; = Arr[o,(](t,), which denotes the arrival time set by the Dijkstra-ball. We then mark
node v as visited, we set v = approxPred(v) and repeat. The procedure terminates
when we reach the landmark-node /¢, i.e. v = {. The retrieval of all predecessors is
done by searching the preprocessed data.

In practice we observed the following phenomena which we tackled accordingly.
Firstly, as we reversely approach the landmark /, the sequence of nodes v at some
point enters the area explored by the query algorithm. We decided to collect all those
explored nodes v and calculate the total travel-time D[v,d](t,), exploiting the reverse
arc-travel-time functions on all arcs connecting all nodes v up to that point. When
the main loop of our method terminates, we check which explored node on the path
we constructed (including the landmark /) gives the minimum D[o,v](t,) + D[v,d](t,).
This means that there can be several cases in which we construct the approximate
path via an appropriate explored node v by the Dijkstra-ball rather than via the
proposed landmark /.

Next, we observed that a predecessor given by the preprocessed distance-summaries
can be already visited, which means that a cycle is created. This can be expected since
we search into different approximate functions for each vertex v, departing from /.
The TRAP method samples the exact travel-time function in different subintervals for
each destination. We choose to face this case as follows. The path reconstruction
method returns to its initial step, where v = d. Instead departing from the landmark
¢ at the exact departure time ¢;, we seek for the closest departure time to ¢;, contained
as a breakpoint in all approximate distance functions of the predecessors involved to
an approximate path up to /. This safely means that this departure time is a sampling
time for all those destinations and thus, they all belong to the very same shortest-path
tree, creted by the TRAP method during the preprocessing. To avoid the cycle (which
in practice is a rare case), we consider the sequence of vertices created, considering
the above departure time from ¢, which is usually very close to the actual.

After the sequence of predecessors has been constructed, the method simply walks
on the edges connecting them an the /-v path-travel-time value is provided by the
(actual) path-travel-time function, when departing from ¢ at its actual arrival-time,

set by the query algorithm. The resulting value is at most the approximate one. In
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practice, we obtain a much better travel-time response. The last step is to connect the
constructed ¢-v path with the exact o-¢ path, leading to a total o-d route-response,

which is actually very close to the exact one.

3.1.4 Compressing Preprocessing Space

Due to the criticality of the preprocessing space, our goal is to achieve an efficient
storage of the constructed travel-time summaries, while keeping a sufficient precision.
The key is that some specific features can be exploited in order to reduce the required

space.

Contraction of the road network. The preprocessing space and time can be reduced
if we only focus on a subgraph of the underlying graph representing the road network.
Towards this direction, we have chosen to “contract” all the vertices which do not
depict junctions of road segments (e.g., intermediate stops along a road segment). We
consider these vertices as inactive (only for the preprocessing phase), and we do not
consider them during the subsequent preprocessing of travel-time related information,
since they do not provide actual alternatives along a route using them, unless they
are indeed endpoints of the query at hand. It is emphasized though, that the queries
are conducted in the original graph, not just the contracted subgraph, meaning that
we can query also for contracted origin-destination pairs and the returned paths do
not contain shortcuts but actual road segments.

In more detail, in the instance-contraction phase we seek for maximal w.r.t. the
number of arcs (possibly bidirectional) paths which have no “vertical” intersections,
i.e., all the intermediate vertices connect only with their neighboring vertices along
the path. Each such path is substituted with a shortcut (arc) connecting its endpoints,
which is equipped with an arc-travel-time function equal to the corresponding exact
path-travel-time function. In fact, multiple paths with no intermediate intersections
may connect the same active endpoints. In that case, a single shortcut represents
more than one contracted paths, i.e. the arc-travel-time function of the shortcut is
computed by applying the minimization operator on the path-travel-time functions
corresponding to each of the contracted paths. If there exists an original arc connecting
two active endpoints, which are to be connected with a shortcut, we choose not to

insert an additional shortcut, but to update accordingly the arc-travel-time of the
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already existing arc which now plays the role of a shortcut as well. The original
arcs involved in the contracted paths are also considered as inactive. All contracted
vertices are ignored during the landmark-preprocessing and therefore the number of
reachable destinations from a landmark is smaller. At the query phase, the contracted
paths can be easily recovered, by exploiting the appropriate information kept on all

shortcuts and the corresponding contracted vertices.

Almost Constant Legs. The original TRAP approximation method [27] introduced
at least one intermediate breakpoint per interval that does not yet meet the required
approximation guarantee. This is certainly unnecessary for small intervals in which
the actual shortest-travel-time functions are constant. To avoid the blow-up of the
required preprocessing space, we heuristically make a “guess” that we have to deal
with a constant shortest-travel-time function D[¢,v] within a given interval [t,,t; =
ts + 7) with sufficiently small length 7, whenever the following holds: D[/, v](ts) =
D[¢,v](ty) = D[¢,v] (#) This is justified by the fact that D[/, v] is a continuous pwl
function and it is unlikely that three different departure times within a small interval
would give the same value, unless the function is indeed constant. Of course, one
could easily construct artificial examples for which this criterion is violated, e.g. by
providing a properly chosen periodic function with period 7/2. On the other hand,
one can easily tackle this by considering a randomly perturbed sampling period 7+,
for some arbitrarily small but positive random variable ¢. Since we engineer oracles
for real-world road-networks, having three colinear points which do not belong to a
leg of the sampled travel-time function is quite unlikely, therefore we choose not to

randomly perturb the sampling period.

Fixed Range. For a one-day time period, departure-times and arrival-times have a
bounded value range. The same also holds for travel times which are at most one-day
for any query within a country area such as Germany. Therefore, when the considered
precision of the traffic data is within seconds, we handle time-values as integers in the
range {0, 1, ..., 86,399}, for milliseconds as integers in {0, 1, ..., 86,399,999},
etc.

Any (real) time value within a single-day period, represented as a floating-point
number ¢, can thus be converted to an integer t; with fewer bytes and a given

unit of measure. For a unit measure (or scale factor) s, the resulting integer is ¢; =
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P;f-‘, requiring {M-‘ bytes for its storage. The division %f has quotient 7 and

remainder v s.t., iy = s-7+ v, and t; = [2Z] = 7+ [¥] € {7, 7 + 1}, since
0 <wv < s — 1. Therefore, by storing ¢; we actually consider the upper-approximating
time t’f = s-t; of ty, which causes an absolute error of at most s (i.e., one unit of
measure): t; —t; < s-(m+1) —s-7 = s. In our experiments, for storing the time
values involved in the approximate shortest-travel-time functions, we have considered
a 1.32sec resolution, corresponding to the appropriate scale factor s = 1.318359375

(when originally counting time in seconds), that requires 2 bytes per time-value.

Bucketing. The number of breakpoints of the arc-travel-time functions is a major
factor of space increase on the resulting minimum-travel-time functions. A way to
deal with this is by merging consecutive breakpoints having absolute difference in
travel-time values less than few seconds, in each arc travel time function. In this
manner, to preserve the upper bound error, each resulted breakpoint gets the largest
travel time among the breakpoints which take part in merge. Depending on the
bucketing parameter ¢, we can decrease the number of breakpoints, sacrificing part of
accuracy. In our experiments, the bucketing led to the highest reduction (about 86%)

in space requirements.

Piecewise Composition. Many shortest od-paths typicaly contain at least one arc
with pwl travel-time function, making D[o,d|(t) also a pwl function. To avoid the
space increase from storing breakpoints unrestrictedly, we analyse any such shortest
od-path into two subpaths o-p-d. p is selected so that the pd-subpath is the maximum
subpath with no arc having pwl travel-time function. Such pd-subpaths exist because
the number of constant arc-travel-time functions is much larger than the number of
the pwl ones. Thus, for DJo,d|(t) we only store a “predecessor” pointer to Do, p|(t)
and the constant travel-time offset D|p,d| i.e., D|o,d](t) = Do, p|(t) + D[p,d]. In our

experiments, this method lead to 40% reduction of the space requirements.

Delay Shifts. There are many shortest od-paths with travel-time D|o, d](t) with delay
variation. Thus we further reduced the required space as follows. The delay fluctuates
around a constant value. By taking the minimum delay value, the leg-delays can be
represented as small shifts from this value. Those small shifts, belonging to a smaller

value range, can be stored even in 1 byte. This conversion led to more than 5%
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reduction of space requirements.

Compression. Since there is no need for all landmarks to be concurrently active, we
can compress their data blocks. We used the library zlib for this compression, which

led to 10% reduction in space.

Hierarchy of subintervals Another improvement that we adopt is that, rather than
splitting the entire period [0,7) in a flat manner into equal-size intervals, we start
with a coarse partitioning based on a large length and then in each inteval and
for each destination vertex we check for the provided approximation guarantee by
TRAP. All the vertices which are already satisfied by this guarantee with respect to
the current interval, become inactive for this and all its subsequent subintervals. We
then proceed by splitting in the middle every subinterval that contains at least one
still active destination vertex, and repeating the check for all active vertices within the

new subintervals.

Indexing Travel-Time Summaries. For retrieving efficiently the required minimum
travel-time function DI/, d|(t) from a landmark ¢ to a destination-node d, we need
also to store an index. Depending on the oracle, we used two types of indices.

We maintain a vector of pointers per landmark, one pointer equals per destination.
The pointer of destination v provides the address of the D[/, v|(t) data. The pointers
are in ascending order of node ID. The search time is O(1) and the required space
is O(n|L|).

Required space. For Berlin, the required space was limited to an average size of
less than 14MB per landmark. For storing the time-values of approximate travel-
time summaries, we considered 2.64sec as resolution, corresponding to a scale factor

s = 1.32 (when counting time in seconds), which requires 2 bytes per time-value.
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RQA(0,d, ts, 1)

1. if o € L then return (ASPlo,d|(t,), Dlo,d|(t,)) /# (1 + £)—approximation %/
2. Blo](t,) := TDD-ball from (o, t,) until either d or a landmark is settled
3. if d € B, then return (Do, d|(t,)) / exact suffix-subpath +/

4. &y € Blo|(to) N L; Ro = Dlo, {o](to)

5. soly = (Qo ® Iy , D[solo](to) = Ro + D[lo,d](to + Rp)) / via-to spproximation +/
6. k:=0; tp = to;

7. while k£ < r do

7.1. “guess” the first vertex wyy1 € SPwy, d](tr) \ Blwk](tx)/+ exhaustive search +/
7.2. ti+1 = ti + D]wk, wri1](tr);

7.3. if wyir € L

7.4. then return (P11 @ H[wiy1,d](tkt1), ter1 — to + Dlwgt1, d)(tes1))

/* approximate answer via w1 */

7.5. Blwg11](tk41) := TDD-ball until d or a landmark is settled
7.6 if d € Blwg+1](tk+1) then
7.7. then solpy 1= _ Posrr® Prra
DIsolg11](to) = tky1 — to + D]wiy1, d](tx+1)
7.8. else
7.8.1 liy1 € LN Blwgy1)(tk41); Rev1 = D[wgs1, Cev1](tes)
Pojt1 0 Qpi1 0pqq,

7.8.2 $0le1 = | Dlsoly11](to) = thr1 — to + Rita

+ D[lgy1, d)(trg1 + Rig1)

/% approximate answer via £ 47 */

7.9. kE=k+1

8. endwhile

9. return ming<y<, {sol}

Figure 3.4: The recursive algorithm RQA providing (1 + o)—approximate time-
dependent shortest paths. @ € SP[wg, {x](t) is the shortest path connecting wy, to its
closest landmark w.r.t. departure-time t. Py € SP[o, wy|(t,) is the prefix of the short-
est od—path that has been already discovered, up to vertex wy. Iy = ASP[ly, d|(tx+ Rx)

denotes the (1 4 ¢)—approximate shortest {,d—path precomputed by the oracle.
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3.2 The HORN Oracle

The novelty of the HORN oracle [15] is to create a hierarchy of landmark sets, whose
range of “preprocessed destinations” gradually ranges from a few “nearby” vertices
up to all reachable vertices (in the last level), in order to serve each query (o,d,t,)
only with relevant landmarks with respect to its own Dijkstra rank I'[o, d|(t,). This
way, we aim at achieving speedups similar to those of FLAT for long-range queries, to
all possible ranges of queries, while increasing the space requirements only by a small
factor. Our goal is to “guess” the order of the Dijkstra Rank I'[o, d(t,) for (o,d,t,). The
guessing is achieved in a way that is typical in online algorithms that have to deal with
an unknown parameter: Starting from a small value (say, O(y/n)), we keep growing
a ball from (o,1,), increasing appropriately the value of the guess as the ball grows,
until the very first time at which a successful completion of a proper variant of RQA is
very likely to occur (exactly because we “guessed right” the actual Dijkstra rank). The
travel-time returned is that of the best possible od-path among all the successfully
discovered approximate od-paths so far, via “informed” landmarks that possess travel-
time summaries for d. The crux is in organizing the preprocessed information in such
a way that it is indeed possible for the query algorithm to successfully complete its
execution as soon as the “guess” asymptotically matches the value of I'[o, d|(t,).

The Hierarchical Query Algorithm (HQA) for (o,d,t,) proceeds as follows: a single
ball grows from (o, t,), until either d is reached, or an Early Stopping criterion (ESC)
is fulfilled, or the Appropriate Level of Hierarchy (ALH) of landmarks is reached
(whichever occurs first). If d is settled by the ball from (o,t,), an exact solution is
returned. If ESC causes HQA to terminate, then the value Do, (,)(t,) + All,, d](t, +
Do, ¢,)(t,)) is reported, because it is already a very good approximation. Otherwise,
HQA, due to ALH, considers being at the right level-i of the hierarchy and continues
executing the corresponding variant of RQA, call it RQA;, which uses as its own landmark
set M; = Uj_;L;. Observe that RQA; may now fail constructing approximate shortest
paths via certain landmarks in M, that it settles, since they may not possess a travel-
time summary for d. HQA terminates by returning the best od-path that has been
discovered so far, via all settled landmarks which are “informed” (.e., they have d
in their coverage), either by the very first ball from (o,¢,) or by RQA;. HQA uses some
parameters: a is the degree of sublinearity in the query time, compared to the targeted

Dijkstra rank; j3 is related to the approximation guarantee achieved upon exit due to
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ESC; v has to do with the number of levels that we create in the hierarchy; and ¢ is
the amount of slackness that we introduce in the size of the area of coverage. We set
these parameters here to the valuesa =1, 3 =1, v =1.88, £ =0.1. A more detailed
explanation of HQA, as well as of its parameters, is provided in [15].

In the following, we describe and analyze in detail the Hierarchical ORacle for
time-dependent Networks (HORN), whose query algorithm is highly competitive against
DD, not only for long-range queries (i.e., having Dijkstra-Rank proportional to the
network size) but also for medium- and short-range queries, while ensuring sub-
quadratic preprocessing space and time [15]. The main idea of HORN is to preprocess:
many landmarks, each possessing summaries for a few destinations around them, so
that all short-range queries can be answered using only these landmarks; fewer land-
marks possessing summaries for more (but still not all) destinations around them,
so that medium-range queries be answered by them; and so on, up to only a few
landmarks (those required by FLAT) possessing summaries for all reachable destina-
tions. The area of coverage C[¢] C V of / is the set of its nearby vertices, for which ¢
possesses summaries. / is called informed for each v € C[{], and uninformed for each
v € V' \ C[{]. The landmarks are organized in a hierarchy, according to the sizes of
their areas of coverage. Each level L; in the hierarchy is accompanied with a targeted
Dijkstra-Rank N; € [n], and the goal of HORN is to assure that L; should suffice for RQA
to successfully address queries (o, d, t,) with I'[o,d|(t,) < N;, in time o(N;). The diffi-
culty of this approach lies in the analysis of the query algorithm. We want to execute
a variant of RQA which, based on a minimal subset of landmarks, would guarantee
a (1 + o(r))-approximate solution for any query (o,d,t,) (as in TRAPONLY and FLAT),
but also time-complexity sublinear in I'|o, d|(¢,). We propose the Hierarchical Query
Algorithm (HQA) which grows an initial TDD ball from (o,¢,) that stops only when it
settles an informed landmark ¢ w.r.t. d which is at the “right distance” from o, given
the density of landmarks belonging to the same level with /. HQA essentially “guesses”
as appropriate level-i in the hierarchy the level that contains ¢, and continues with

the execution of RQA with landmarks having coverage at least equal to that of /.

Initialization of HORN. We use the following parameters for the hierarchical construc-
tion: (i) k € O(loglog(n)) determines the number of levels (minus one) comprising
the hierarchy of landmarks. (ii) v > 1 determines the actual values of the targeted

Dijkstra-Ranks, one per level of the hierarchy. For example, as v gets closer to 1,

39



the targeted Dijkstra-Ranks accumulate closer to small- and medium-rank queries.
(iii) & € (0,1) is the parameter that quantifies the sublinearity of the query algorithm
(HQA), in each level of the hierarchy, compared to the targeted Dijkstra-Rank of this
level. In particular, if N; is the targeted Dijkstra-Rank corresponding to level-i in the
hierarchy, then HQA should be executed in time O((N;)?), if only the landmarks in

this level (or in higher levels) are allowed to be used.

Preprocessing of HORN. Vi € [k], we set the targeted Dijkstra-Rank for level-i to NV; =
n'=D/7". Then, we construct a randomly chosen level-i landmark set L; Cuar(y) V,

—O/rHl) =G =D/I0+0Y] ) Rach ¢ € I acquires summaries for all

where p; = N,
(and only those) v € C[/(;], where C[(;] is the smallest free-flow ball centered at ¢;
containing ¢; = N; - né = p'=D/7'+& vertices, for a sufficiently small constant & > 0.

The summaries to the F; = ¢}

nearby vertices around /; are constructed with BIS;
the summaries to the remaining ¢; — F; faraway vertices of /; are constructed with
TRAP, where = £ = ;& € [1 -2-] is an appropriate value determined to assure the
correctness of FLAT w.r.t. the level-: of the hierarchy. An ultimate level L; 1 Cuyar(p,.,) V
of landmarks, with p; = n_ﬁ, assures that HORN is also competitive against queries
with Dijkstra-Rank greater than n0"=D/"" We choose in this case Chr1 = Ngr1 = n,

Fk+1 = nX and C[ngrl] =V, WkH S Lk+1.

Description of HQA. A TDD ball from (o,t,) is grown until d is settled, or the (ESC)-
criterion or the (ALH)-criterion is fulfilled (whichever occurs first):

o Early Stopping Criterion (ESC): /, € L = U;cp41]L; is settled, which is informed
(d € C[¢,) and, for ¢ > 1, Z[e"’dgtfo;ﬁ(%“](t")) >(1+e)-p-(r+1)+¢—1.

o Appropriate Level of Hierarchy (ALH): For some level i € [k]| of the hierarchy,

the first landmark ¢; , € L, is settled such that: (i) d € C[(;,] (¢;, is “informed”); and
(i) =—— N il I'[o, 4; 0] (t,) < In(n)- N‘S/ ) o is at the “right distance”). In that case,
HQA concludes that ¢ is the “appropriate level” of the hierarchy to consider. Observe
that the level-(k+1) landmarks are always informed. Thus, if no level-(< k) informed
landmark is discovered at the right distance, then the first level-(k+1) landmark that

will be found at distance larger than In(n) - N,f/ (r+1)

will be considered to be at the
right distance, and then HQA concludes that the appropriate level is k + 1.
If d is settled, an exact solution is returned. If (ESC) causes termination of HQA, the

value Dlo, 0,)(t,) + Ally, d](t, + Dlo, L,)(t,)) is reported. Otherwise, HQA stops the initial
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ball due to the (ALH)-criterion, considering i € [k + 1] as the appropriate level, and
then continues executing the variant of RQA, call it RQA;, which uses as its landmark
set M; = Ufiile. Observe that RQA; may fail constructing approximate solutions via
certain landmarks in M/; that it settles, since they may not be informed about d.
Eventually, HQA returns the best od-path (w.r.t. the approximate travel-times) among
the ones discovered by RQA; via all settled and informed landmarks ¢. Theorem 3.1

[15] summarizes the performance of HORN.

Theorem 3.1. [15] Consider any T D-instance with \ € o( 102)5)(;()71)) and g(n), f(n) €

polylog(n) (cf. Assumption 2.3.4). For ¢ = W& and k € O(loglog(n)), let

Tre/0) T T-T
& € ([(1 + A) - loglog(n) + Alog (1 + ﬁ)} /log(n), 1— 74),]‘01’ all i € [k]. Then,
for any query (o,d,t,) s.t. Ny_; < I'lo,d|(t,) < N; for some i* € [k + 1], any § €

(a,1), 8 >0, and r = L . ﬁ.(;f(/;’;gi)l()t;/)%d —1, HORN achieves E {Qupu} € (N )29,

Porn s Srory € 129 gnd stretch 1 +5%, with probability at least 1—O(1).

Qe

Horn Index. For each node v we maintain a vector of pointers. The number of
pointers equals to the number of landmarks, from any partition level, which have
travel time to the corresponding node v as destination. Obviously, there exist at least
one landmark from the highest partition level. The pointer of the associated landmark
¢ provides the address of the D[/, v](t) data. The pointers are stored in ascending order

of node ID. The search time is O(log(|L|)) and the required space is O(n|L|).

3.3 The CFLAT Oracle

The currently most successful oracle is FLAT [27, 15]. However, despite their remark-
able query response times, oracles suffer from high preprocessing space and time
requirements.

In this section we present our novel oracle, CFLAT, which can be considered as
the combinatorial analogue of FLAT, aiming mostly at a significant reduction in the
required space without compromising the query-time, and also achieving smaller
stretch factors.

This oracle is based on the CTRAP approximation mathod, which computes and
stores only shortest path trees at carefully sampled departure-times, rather than actual

breakpoints of the corresponding minimum-travel-time functions as TRAP does.
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We present here an overview of the main steps, as well as the major differences
compared to TRAP, which allow the significant reduction in preprocessing space (and
time) requirements. In a nutshell, CTRAP, when executed from a landmark ¢, works

as follows:

procedure CTRAP(()

STEP 1: Keep sampling departure-times from [0,7"), until all the destinations achieve a
desired approximation guarantee. Only predecessors of time-stamped shortest-path trees,
rooted at ¢, are stored per destination.

STEP 2: Cleanup each sequence of predecessors, by merging consecutive records with the
same predecessor.

STEP 3: Look for destinations with identical sequences of departure-times (time-stamps)
and write this common sequence only once, for a representative destination, whereas the
rest (non-representative) destinations keep only the sequences of the corresponding prede-

Cessors.

STEP 1 resembles TRAP, the only difference being that CTRAP keeps the immediate
predecessors (parents) per active destination v in the sampled shortest-path trees.
In particular, CTRAP maintains a pair of sequences, PRED|/,v] for predecessors and
DEPI(,v] for the corresponding sampled departure-times, per destination vertex v,
given /.

The algorithm’s pseudocode is provided below.

The CTRAP approximation algorithm (pseudocode) Now, we present a more detailed

description of CTRAP. The pseudocode is the following:
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procedure CTRAP(/)

10:

11:
12:
13:
14:
15:
16:
17:

18:
19:
20:
21:
22:
23:
24:

25:

forveV do { ACTIVE[(,v|(0,T)=TRUE }, Told = T; 7 =3200  /« initialization +/
while v € V,3k € [0,T) : ACTIVE[L,v|(kToia, (k + 1)To1q) == TRUE do
Sample (not already sampled) shortest-path trees rooted at ¢, for all departure
times
kT €[0,T) /% PREDI¢, v](kr) indicates v’s parent in the tree for (£, k7)... %/
forve VAk:kre[0,T) do /% looking for still active destinations... */
if ACTIVE[(,v](kr,(k+1)7) ==TRUE then
if DEP[(,v].NotInSequence(kt) then
position = DEP[(,v].SortedInsertion(kt);
PREDI[¢,v].Insertion(parent[{,v](kT), position)
end if
if MAE[(,v]|(kT,(k+ 1)7) == TRUE then { ACTIVE[(,v|(kT,(k +
1)7) = FALSE }
end if
end for
T="T/2; Tolg =27
end while
forveV do
repeat /+ merge intervals with the same predecessor... */
for consecutive records (PREDI[(,v](t),t) and (PREDI[{,v](t'),t") such that
PREDI[(,v](t) == PREDI[¢(,v](t') do
PREDI¢,v].Delete(PRED[¢,v](t'))
DEP|l,v].Delete(t")
end for
until PREDI/,v] does not have identical consecutive records.
end for
for u,v € V: DEP[{,v] == DEP[{,u] do
Store the departure-times sequence DEP[{,v] only once, for the (unique) repre-
sentative v, and store the sequence PRED|/,u| of corresponding predecessors for all
non-representative destinations u.

end for
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We now comment on the data types used. For a given landmark vertex ¢, a desti-
nation vertex v, and a subinterval [t,,t;) C [0,T), the flag ACTIV E[(,v](ts,ts) declares
whether the upper-approximation §[¢, v] considered by CTRAP (cf. Figure 2.1) is satis-
factory, given the required approximation guarantee that we consider. The variable
7 determines the current step of the sampled departure-times from ¢. PREDI(, v
and DEP[(,v] are the sequences of predecessors and (corresponding) departure-
times from ¢, w.r.t. the destination vertex v. We assure that DFEPI[{,v] is always
ordered in increasing departure-time values. This is done by assuming the opera-
tion DEP[(,v].SortedInsertion(z) which places z in the right position, which is then
returned by the procedure. As for DEP[(,v], we consider the insertion of a new el-
ement u at an arbitrary position pos, DEP|(,v](u, pos). It is mentioned at this point
that these operations have been implemented in a rather straightforward manner
(essentially performing linear scans on the queues), leaving for the future the consid-
eration of more sophisticated implementations. The boolean function M AE[(, v](ts,tf)
determines whether the maximum-absolute-error test is satisfied for v, in the interval
[ts,tr). In particular, since we already have sampled all the travel-times at ¢, and ¢,
for a given approximation guarantee ¢ > 0 we perform the following test, which is
a sufficient condition for [/, v] being a (1 + ¢)-upper-approximation of D[/, v] within

[t87tf):

procedure MAE[(, v](ts,t¢)

1:if min{D[(,v](ts), D[(,v](t;)} > (1+ 1) Amax then return (TRUE)
2: else return (FALSE)

3.3.1 Preprocessing space and time reduction

Next, we describe in more detail the major algorithmic improvements of CTRAP towards

a significant reduction in the required preprocessing space and time.

Omit intermediate breakpoints between consecutive sampled breakpoints. TRAP
computes “intermediate” breakpoints (Z,,, D,,) between consecutive (sampled) break-
points of D[l,v], as the intersection points of the two non-constant legs involved in
the definition of the upper-approximating function 6[¢, v](¢), for each landmark ¢ and
destination v. All these intermediate points are stored by FLAT, for each interval be-

tween consecutive sampled points where the MAE is satisfied. In CTRAP we choose not

44



to keep these intermediate breakpoints and restrict the preprocessed information only
to the actual samples. We let the query algorithm deal with the missing information,
whenever needed. This way, per landmark we avoid the storage of approximately

10M for Berlin, and 100M intermediate breakpoints for Germany.

Store trees, rather than functions. For each leg of the travel-time summary A[/, v],
we choose in CTRAP to store pairs (t,, PREDI(,v|(t;)) of departure times ¢, from ¢ and
the immediate predecessor of v in the corresponding shortest-path tree rooted at (¢, ¢,),
omitting the actual min-travel-time values D[/, v](¢,) of the sampling procedure. This
modification makes the oracle aware only of the shortest-path-tree structures created
during the repeated sampling procedure, instead of the travel-time summaries stored
by TRAP (as sequences of breakpoints).

Additionally, rather than storing repeatedly the IDs of predecessors, which would
be space consuming in a network of millions of vertices, CTRAP stores only the position
of the corresponding arc in the list of incoming arcs to a vertex v. Since the maximum
in-degree in a road network is at most 7, we only need to consume 1 byte per storage
for a predecessor. We could even consume 3 bits per predecessor which could then be
packed into only two bytes containing also the corresponding departure-time value.
E.g., by choosing a scaling factor s = 10.547sec, each departure-time value would
require 13 bits for its own representation. We prefer not to combine predecessors with
departure-times in the same bit string, because we shall exploit later the extensive
repetition of identical sequences of departure-times, which nevertheless would be
lost for strings also containing the predecessors. It was observed in both benchmark
instances that about one half of all possible destinations per landmark ¢ appear to
have a unique predecessor throughout the entire period of departure times, [0,7"). For
those nodes, we simply store their unique predecessor only once. For the remaining
destinations though, even with only two possible predecessors, we have to store the

entire sequence of predecessor-changes.

Avoid duplicate records of common departure-time sequences. We now exploit
the fact that CTRAP is a repeated-sampling method which probes (at common departure-
times for all destinations) shortest-path trees from a given landmark /, starting from
a coarse-grained sampling towards more fine-grained samples of the entire period

[0,7), until the MAE guarantee is satisfied for all reachable destinations from ¢. A
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destination v may not care for all these departure-times, because the value of MAE
may be satisfied at an early stage for it. This indeed depends on the actual mini-
mum travel-time min{ D[/, v|(¢,), D[¢,v](t;)} at the endpoints of each given subinter-
val [t,,ts). For each landmark-destination pair (¢, v), we store the sequences DEP[(, v]
of necessary departure-times and PRED[(, v] of the corresponding immediate prede-
cessors. The crucial observation is that destinations which are (roughly) at the same
distance from ¢ would be expected to have the same sequence of sampled departure-
times, possibly differing only in their sequences of predecessors. It is clearly a waste
of space to store two identical sequences DEP[(,v] = DEP[(,u] more than once,
even if the corresponding sequences of predecessors differ. Thus, we choose to store
each sequence DEP[l,v] as soon as it first appears, for some destination vertex v,
and consider v as the representative destination of all other destinations u for which
DEP[{,u] = DEP[(,v]. For each non-representative destination u, we only store
PREDI{,u] and their representative v for which it holds that DEP[(,u] = DEP[(,v).

A challenging aspect is how to efficiently compare a newly created departure-times
sequence with the already stored ones. In order to avoid a potential blow-up of the
preprocessing time, we do not compare these subsequences point-by-point, in order
to discover whether they are identical or not. Instead, we assign to every sampled
departure-time ¢, two independently and uniformly at random chosen floating-point
numbers w (ty), wy(t,) from the interval [1.0,100.0]. Each destination u adds the two
values wy(ty) - t, and wy(t,) - t, to its own hash keys, i.e., Hi[u] = Hi[u] + wq(t;) - L,
and Hylu] = Hslu] + we(ts) - ts, only when t, is indeed a necessary sample for u.
Otherwise, the hash keys of u remain intact. At the end, we sort lexicographically
the hash pairs of all destinations, in order to discover families of common departure-
times sequences. We deduce that two destinations possess the same sequence when
both their hash pairs match, in which case we verify this allegation by comparing
them point by point. We observed that, for both benchmark instances, 80% of all
destinations with at least two predecessors can be represented w.r.t departure-times

by the remaining 20% of (representative) destinations.

Merge sequences of breakpoints with identical predecessors. Our next algorith-
mic intervention in CTRAP is based on our observation that the vast majority of all
destinations appear to have on average 2 alternating predecessors throughout the

entire period [0,7"). To save space, we choose to merge consecutive sampled break-
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points for v of the form (t,,x = PRED[(,v](t;)) and (t,,x = PREDI[(, v|(t})), i.e.,
possessing the same predecessor. This leads to a significant reduction in the number
of breakpoints to store, but also has a negative influence (reduction of similarities) on
the departure-times sequences, and thus on the amount of repetitions that we could
exploit. However, there is still a significant gain by applying both the aforementioned
heuristic and that of Section 3.3.1.

In overall, all the above mentioned algorithmic improvements resulted in a re-
duction of 88% in the preprocessing space requirements of CFLAT, compared to the

requirements of FLAT reported in [27].

Indexing preprocessed information. For retrieving efficiently the required prepro-
cessed information (summary) from a landmark ¢ to each destination v, we maintain
a vector of pointers per landmark, one pointer per destination, providing the address
for the starting location of the summary for v. The pointers are in ascending order of
vertex ID. The lookup time is O(1) and the required space for this indexing scheme

consumes O(n - L) additional bytes.

Speeding up preprocessing time. Handling shortest-path trees, rather than minimum-
travel-time functions, also has a collateral effect of speeding up the required prepro-
cessing time. The reason for this is that we do not compute explicitly, each and every
time that we sample travel-time values from /¢, the exact shapes of the corresponding
minimum-travel-time functions per destination. The travel-time summaries provided
by FLAT were created based on this explicit computation of all the earliest-arrival
functions per destination v, from each landmark /. In contrast, the shortest-path
summaries of CTRAP are created without having to compute earliest-arrival functions.
This leads to a reduction in the preprocessing time of approximately 35%, compared

to FLAT.

3.3.2 The Query Algorithm

We now present our novel query algorithm CFCA(N) for responding to arbitrary
queries (o, d,t,) € VxV x|[0,T), which efficiently exploits the time-dependent shortest-
path trees data structure computed during the preprocessing phase. The algorithm
is based on FCAT (V) presented in [27], but is fundamentally different from it in the

sense that it now has to exploit shortest-path trees (rather than travel-time functions)
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and also considers the construction of the proposed od-path to be part of it, which was
not accounted for in the performance of FCA™ (), and indeed of most of the shortest-
path query algorithms in the literature. The parameter N indicates the number of
landmarks to be settled by the query algorithm around the origin o, before specitying
the particular od-path to recommend. In particular, CFCA(/V) consists of three main

steps:

procedure CFCA(NV)

STEP 1: A 70D ball is grown from (o, ,), until N landmarks are settled.

STEP 2: Starting from d, recursively mark arcs from their predecessors to all the intermedi-
ate vertices, along od-paths indicated per pair of a settled landmark and its corresponding
arrival-time at it, until explored (but not necessarily settled, yet) vertices from STEP 1 are
reached.

STEP 3: Return an od-path by running TDD on the subgraph induced by all the marked

arcs.

Recall that, at the end of STEP 1, we do not have at our disposal travel-time sum-
maries, from a settled landmark ¢ towards d, or any other vertex. As a consequence,
we are not able to compare (v-paths based on their (approximate) lengths. We only
possess time-dependent information about predecessors in the appropriate shortest-
path trees from these landmarks. On the other hand, for each departure-time ¢, from
¢, and any vertex v, we can tell the predecessor(s) of v in the (at most two) most

relevant shortest-path trees.

3.3.3 Detailed description of the actual path construction

In case that the destination was discovered in the first step, the resulting (exact) od-
path can be computed by a simple backtracking towards the origin, following the
pointers to all predecessors. Otherwise, the algorithm takes into account the prepro-
cessed information provided by the NV settled landmarks as follows. Given a settled
landmark ¢, for which we already have a shortest o/-path that guarantees arrival-
time ¢, = DJo, {|(t,) at ¢, we repeatedly ask the oracle for predecessors of intermediate
vertices v in the most relevant preprocessed shortest-path tree(s) determined at the
endpoints of the corresponding to the leg containing t,, starting with v = d. The

goal is to eventually mark a small subset of vertices that contain some od-path, not
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necessarily passing by ¢, but being “oriented” towards /.

Clearly, the predecessor of a vertex v, w.r.t. £ may vary with time. Since the
departure-time ¢, from ¢ is a continuous variable in [0,7"), at most two different
predecessors of v may be proposed by the oracle w.r.t. (¢,¢,), depending on the
subinterval [t,,t;) to which ¢, belongs.

CFCA(N) marks (per landmark) the connecting arcs from the most relevant (one
or two) predecessor(s) of v to v. All the discovered predecessors w.r.t. the N settled
landmarks are inserted in a FIFO queue, which was initiated with d, so that, upon
their extraction from the queue, they can provide in turn their own predecessors (to
be added to the queue, if they have not been processed already).

The recursive search for predecessors stops as soon as a vertex z in the explored
area of the initial TDD ball of STEP 1 is reached. CFCA marks then also the arcs of
the corresponding short (not necessarily the shortest though, since = is explored but
not necessarily settled) oz-path. This way we are guaranteed that in the subgraph of
marked arcs there is already an od-path which has been oriented by (¢,t,) and passes
by x. STEP 2 of CFCA(V) terminates when the FIFO queue becomes empty, i.e., we
no longer have to process intermediate vertices which are unexplored by STEP1.

The path construction takes place in STEP 3, which considers the subgraph in-
duced by the marked arcs and grows a TDD ball from (o, ?,) in this subgraph. Indeed,
we continue growing the TDD ball from STEP 1, which already possesses all the ex-
plored nodes reached so far, but only considering the marked arcs from now on.
This path construction indeed leads to significantly smaller relative errors, since the
resulting shortest-path is not only the best choice among a given set of N paths in-
duced by the N settled landmarks (as in FLAT), but the actual shortest od-path within

the induced sugbgraph.
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CHAPTER 4

EXPERIMENTAL EVALUATION

4.1 Experimental Setup
4.2 Benchmark Instances
4.3 Experimental Evaluation of FLAT and HORN.

4.4 Experimental Evaluation of CFLAT.

4.1 Experimental Setup

All algorithms were implemented using C++ (gcc version 4.8.2).

To support graph-operations we used the PGL library [28]. This graph structure
consists of three packed-memory arrays, one for the nodes and two for the edges of
the graph (viewed as either outgoing or incoming) with pointers associating them.
The two edge arrays are copies of each other, with the edges sorted as outgoing or
incoming in each case. PGL supports the following features: i) Compactness: ability
to efficiently access adjacent nodes or edges, a requirement of all speed-up techniques
based on Dijkstra’s algorithm, ii) Agility: ability to change and reconfigure its internal
layout in order to improve the locality of the elements, according to a given algorithm,
and iii) Dynamicity: ability to efficiently insert or delete nodes and edges.

The experiments were executed on an Intel(R) Xeon(R) CPU E5-2643v3 3.40GHz
using 128GB of RAM and Ubuntu 14.04 LTS. We used 6 threads for the parallelization
of the preprocessing phase and the adaptation of the preprocessed information to live

traffic incidents. The query algorithms were executed on a single thread.
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The experimental evaluation of FLAT, HORN and CFLAT was conducted on two real-
world instances, one concerning the metropolitan area of the city of Berlin, and the

other concerning the road network in Germany.

4.2 Benchmark Instances

We report here the details of the instances of Berlin and Germany, on which we have

conducted the experimental evaluation of our oracles.

Berlin Instance The instance of Berlin consists of 473,253 nodes and 1,126,468
arcs. The contraction of the road network created 183, 468 shortcuts. Whenever more
than one contracted paths shared the same endpoints, we added only one shortcut
representing all these contracted paths. There were 914 such cases in the Berlin
instance. The contracted paths that could be represented by an original arc in the
graph, are 11,398 in total. In overall, the contraction of Berlin led to a graph of

292, 356 active vertices and 752, 362 active arcs.

Germany Instance The instance of Germany consists of 4,692, 091 nodes and 11, 183, 060
arcs. After the instance-preprocessing phase we got an instance with 3,431, 213 active
vertices and 11,554,840 active arcs. The total number of the added shortcuts was
4,595, 148. We avoided the insertion of additional shortcuts in 106, 464 cases, where
6,816 of them correspond to “parallel” shortcuts and the 99,648 correspond to the

existence of actual arcs connecting the endpoints of contracted paths.

4.3 Experimental Evaluation of FLAT and HORN.

We report here the outcome of our experiments on the instance of Berlin.

4.3.1 FLAT @ Berlin.

Tables 4.1 and 4.2 summarize the performance of the basic query algorithms of
FLAT with respect to absolute running times and Dijkstra rank values, respectively,

for landmark sets of various sizes. The best performance is indicated by highlighted
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table cells. The last four lines in each table are for the sake of comparison of FLAT
with HORN (see Section 4.3.2). As for the query algorithms, we used recursion budget
1 for RQA and we let FCA™ settle the 6 closest landmarks, which is roughly the average

number of settled landmarks by RQA as well.

Landmark Selection Policies.

R is for uniform and random landmark selection. K is for selecting the boundary
vertices of a kaHIp partition as landmarks. We have used the version v0.71 of the kan1p
partitioning software, exploiting the KaFFPa algorithm, with the following parameters:
The number of blocks to partition the graph was set to 178, so that we get (slightly
more than) 2,000 landmarks. H is for a hybrid partition that initially creates a KaHip
partition (with half the landmarks) and then randomly chooses additional landmarks
within each cell of the partition. I R indicates a variant of R that moves each randomly
selected landmark to its closest important node. We have considered as “important”
those nodes in the Berlin instance which are incident to road segments of category
at most 3. SR indicates another variant of randomly selected landmarks, where each
newly chosen random landmark excludes its closest 300 nodes (under the free-flow

metric) from being landmarks in the future.

4.3.2 HORN @ Berlin.

Due to large space requirements, we could handle landmark hierarchies with up
to 21,000 landmarks for the Berlin instance, which seems to be harder than that
of Germany!. The average size per landmark in the hierarchy is 2.1MBytes. For a
hierarchy of 10,443 landmarks the preprocessing of HORN took 5.1 hours, for 20, 886
landmarks it took 10.3 hours, or at most 1.8sec per landmark in either case. The
landmarks in each level of the hierarchy were chosen by the raxpom (HR) and sparsE-
ranDoM (HSR) methods. We consider 4 levels of the hierarchy, according to the sizes
of the landmarks’ areas of coverage, i.e. the number of “nearby” destinations for

which they possess travel-time summaries. The area of coverage for landmarks of

'We observed that the speedups are significantly better in Germany, despite the fact that we consider
the same number of landmarks in a larger, by an order of magnitude, network. This is probably due
to stronger correlation of time-dependence among different road segments in an urban environment,

rather than in a nationwide road network.
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level 4 is actually the entire graph. These are exactly the “global” landmarks which
the corresponding variant of FLAT would also consider. The landmarks of the other
levels have significantly smaller areas of coverage.

In overall, we created four distinct hierarchies, with 10, 443 and 20, 886 landmarks,
based on HR and HSR landmark selection methods (cf. Table 4.5). The corresponding
variants for FLAT possess the same (274 and 548, respectively) “global” landmarks. We
created travel-time summaries using only the TRAP approximation method, within the
subgraph induced by each landmark’s area of coverage (extended, as in Assump-
tion 2.3.3).

The experimental results of FCA for Ry7s, SRazs, Rsss and SRsus are shown in
Tables 4.1 and 4.2. Table 4.4 summarises the experimental evaluation of HQA. Inter-
estingly,its performance with HR-landmarks is better than that with HSR-landmarks,
probably because the ESC criterion seems more effective in the former case. Table 4.6
summarizes the comparison of HORN with FLAT. The results for HRjpsu3, HSRi0443,
H Ryogse and H S Rypsss are compared with the corresponding results of FCA for Ry,
Hoyzy, Rsis and Hsys (ice., with the same number of global landmarks), respectively.
There is a significant improvement in query performance (e.g., more than 41% w.r.t.
Dijkstra ranks), but also in quality of the produced solution (by more than 29%), at

the cost of increasing the space requirements by a factor of 6.34 at most.
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4.3.3 Detailed Experimental Results

TDD FCA FCAT(6) RQA
Time | Rel.Error | Time | Rel.Error | Time | Rel.Error | Time | Rel.Error
(msec) % (msec) % (msec) % (msec) %
Ro000 0.130 0.964 0.692 0.448 0.677 0.669
Kao00 75402 ! 0.158 1.076 0.513 0.361 0.410 0.554
Hag00 0.154 0.907 0.714 0.331 0.636 0.631
1 R2000 0.105 0.894 0.583 0.346 0.561 0.585
S Ranoo B o [ oo [N o446 | 004
Rsus 0.384 1.838 2.365 0.736 2.348 1.629
SRsas 0.553 1.545 2.456 0.562 2.498 1.529
Rozy 0.943 2.309 4.008 0.843 4.929 2.348
SRor74 0.729 2.091 4.288 0.747 4.271 2.256

Table 4.1: Performance of FCA, FCAT(6) and RQA, w.r.t. the running times and relative

errors, at 2.64sec resolution, for a query set of 10,000 random queries in Berlin.

TDD FCA FCAT(6) RQA
Rank | Speedup | Rank | Speedup | Rank | Speedup | Rank | Speedup
R000 147, 904 ) 155 954.219 904 | 163.610 971 | 152.321
K00 191 774.366 858 | 172.382 665 | 222.412
Hjo00 168 880.381 880 | 168.072 829 | 178.413
T R2000 135 | 1,095.585 830 | 178.197 851 | 173.800
SRa000 121 957 | 154.549 788 | 187.695
Rsys 548 269.898 | 3,250 45.509 | 3,449 42.883
S Rs48 604 244.874 | 3,670 40.300 | 3,843 38.486
Rory 1,174 125.983 | 6,367 23.229 | 6,835 21.639
SRoza 1,184 124.919 | 7,045 20.994 | 7,359 20.098

Table 4.2: Performance of FCA, FCAT(6) and RQA, w.r.t. Dijkstra ranks, at 2.64sec

resolution, for a query set of 10,000 random queries in Berlin.
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Level Size of Levels Area of coverage | Excluded Ball Size (for HSR)
IL| = 10,443 | |L| = 20,886 |L| = 10,443 |L| = 20,886

Ly 7,832 15,664 1,292 35 15
Ly 1,630 3,260 29, 841 150 80
Ls 707 1,414 158,535 350 180
L, 274 548 299, 693 800 400

Table 4.3: Landmark hierarchies for HORN, based on HR and HSR landmark selection

methods, for the Berlin instance.

TDD HQA

Time | Rel.Error Rank | Speedup | Time | Rel.Error | Rank | Speedup

(msec) % (msec) %
HRi0443 0.532 1.606 664 222.747

73.402 0 147,904 1

HSRi0443 0.550 1.432 686 215.603
H Ropss6 0.241 1.179 314 471.032
H S Ropsss 0.304 1.096 355 | 416.631

Table 4.4: Performance of HQA, w.r.t. the running times, relative errors and Dijkstra

ranks, at 2.64sec resolution, for a query set of 10,000 random queries in Berlin.

Level Size of Levels Area of coverage | Excluded Ball Size (for HSR)
IL| = 10,443 | |L| = 20,886 IL| = 10,443 |  |L| = 20,886

Ly 7,832 15,664 1,292 35 15
Ly 1,630 3,260 29,841 150 80
Ls 707 1,414 158,535 350 180
Ly 274 548 299, 693 800 400

Table 4.5: Landmark hierarchies for HORN, based on HR and HSR landmark selection

methods, for the Berlin instance.

Table 4.6: Comparison

Change in: | Query Time | Error | Dijkstra Rank Space

(%) (%) (%) (in times)
Ro74 vs HRy0443 43.58 30.44 43.44 6.057
Ho7q vs HSRya43 24.55 31.51 42.06 6.333
Rs48 vs H Ryogse 37.23 35.85 42.70 6.298
Hsag vs HSRaogs6 45.02 29.06 41.22 6.283
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4.3.4 Live Traffic Reporting with FLAT.

In a server-side routing service that responds to several queries in real-time, various
disruptions may occur “on the fly” (e.g., the abrupt and unforeseen congestion, or
even blockage of a road segment for half an hour due to a car accident) and have to be
taken into account for the affected route plans that have already been suggested or will
be suggested in the near future. We thus consider dynamic scenarios where there is a
stream of live-traffic reports about abnormal delays on certain road segments (arcs),
along with a time-window [r, 7], of typically small duration, in which the disruption
occurs.

Our update step involves the recomputation of travel-time summaries for a subset
of landmarks in the vicinity of the disruption. In particular, for a disrupted arc
a = wv of disruption duration [rs, 7|, we run a Backward-Dijkstra from u under the
free-flow metric, with travel time radius of at most r. — ;. The limited travel time
radius is used to trace only the nearest landmarks that may actually be affected by
the disruption, leaving unaffected all the “faraway” landmarks. The goal is to update
as soon as possible the recommendations for the drivers who are close to the area
of disruption. For each affected landmark ¢, we consider a disruption-times window
[ts,t.], containing the latest departure times from ¢ for arriving at the tail u at any
time in the interval [r,, .| in which the disruption occurs. We then compute temporal
travel-time summaries for each affected landmark and disruption-times window. This
computation is conducted as in the preprocessing phase. Using a 15min radius for
the disruptions, we ran 1, 000 live-traffic updates for the instance of Berlin, with 2,000
SR-landmarks, using 6 threads. The average number of affected landmarks was 86

and the corresponding update time for their preprocessed data was 32.376sec.

4.4 Experimental Evaluation of CFLAT.

In the following, we present the extensive experimental evaluation of the improved

distance oracle CFLAT.
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4.4.1 Evaluation of CFLAT @ Berlin
Landmark Selection Policies.

We start with a systematic naming of the chosen landmark sets that we consider. Each
set is encoded as XY, where X € {R,SR,IR,SK, KC, BC, KB} determines the type
of landmark set, and Y € {250,500, 1K,2K,4K,8K,16K} determines its size. For all
types we have considered Y = 4K meaning that we chose 4, 000 landmarks. Especially
for R we have tried all possible values for Y, in order to showcase the scalability of
CFLAT and its smooth trade-off of preprocessing requirements, query-times and stretch
factors. We now proceed with a clarification of the considered types of landmark
sets. {R, SR, IR,SK} were also considered in [27], whereas { KC, BC, K B} are new
landmark types. Additionally, we set the sizes of the excluded free-flow ball per
selected landmark to 150 vertices for SR, 100 for IR, 50 for SK, 20 for KC, 150 for
BC, and 20 for KB. For the SK, KC and KB landmark sets we used the following
parameters for kauip: The number of cells to partition the graph was set to 4,000,
having 13, 256 boundary vertices in total. For SK we chose randomly 4, 000 boundary
vertices as landmarks. For KC and KB we chose, either randomly or according to

importance, one landmark per cell.

Preprocessing Requirements.

We start with the presentation of the preprocessing requirements for the construction
of shortest-path summaries for CFLAT, for various sizes of random (R) landmark sets
(cf. Figure 4.1). The requirements for other landmark types are analogous. For this
preprocessing, we have used 6 parallel threads. It is worth mentioning that FLAT [27]
required uncompressed preprocessing space 43GB, or equivalently, compressed size of
14MB per landmark, and 33h to preprocess R2K. CFLAT preprocesses 16K in 26h
consuming 41.4GB, and R2K in 3.5h consuming only 5.2GB.

Performance of CFCA(NV).

We measured the performance of CFCA(N), for N € {1,2,4,6}, on a set of 50,000
queries (0,d.t,) generated independently and uniformly at random from V xV x [0, T).
We first conducted an experiment with various sizes of R-landmark sets, to test

the scalability of our oracle’s query-time and relative error, as a function of the

57



Preprocessing requirements @ BERLIN

45

[ |

40

35
3
s
£ 30
kS
& 25
g
< 20 n
o
©
&
& 15
5
[
2 10 |
E

5 [ ]
0
R250 R500 R1K R2K RAK R8K R16K
—4=—Time (hours)| 0.5 0.9 1.8 35 7 15 26
B Space (GB) 0.7 1.3 2.6 5.2 10.4 20.8 41.4

Figure 4.1: Preprocessing requirements for Berlin.

number of landmarks. Figure 4.2 demonstrates the results of this experiment. As is
evident from this figure, the relative errors decrease linearly and the running times
decrease quadratically, as we double the number of landmarks. It is also mentioned
that remarkable relative errors of less than 0.142% are achieved for CFCA(6) even
with only 250 landmarks which require only 700MB, with running time less than
4.346msec. Moreover, a “quick-and-dirty” answer of average error at most 2.341%
is returned in only 0.814msec. The minimum query-times and relative errors are
achieved for R16K, where CFCA(1) has running time 0.103msec and relative error
0.291%, whereas CFCA(6) has running time 0.247msec and relative error 0.059%.

Our next experiment compared different types of landmark sets. We chose various
landmark sets of size 4, 000, and tried 50,000 random queries. Figure 4.3 summarizes
the performance of CFCA(/NV) w.r.t. average query-times and relative errors. The average
query-time for TDD was 131.873msec, implying (e.g., for BC4K) a speedup of more
than 1, 030 with average stretch 0.536%. That is, the query-time is only slightly worse
(0.128msec instead of 0.083msec) even though the measurement in this work includes
also the path construction, but the corresponding average error is clearly better than
the average error of 0.781% for FCA(N) [27]. Note that TDD is executed here on the

original instance (even before the vertex contraction), whereas in [27] it was executed
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Figure 4.2: Average query time (in msec) and relative error of CFCA(N), at 1.32sec

resolution, for a query set of 50,000 random queries in Berlin.

on the contracted graph, hence the slightly smaller execution times of 7DD in that work.

Nevertheless, we believe that this is the appropriate measurement to make for TDD,

for sake of comparison with other works, and also since the contraction of degree-2

vertices is part of the preprocessing phase. Concerning running times, the best curve

is provided by SK4K, but only SR4K seems to be really worse than the others.

As for relative errors, SR4K and BC4K are clear winners. Further experiments are

reported in Section 4.4.4.
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Figure 4.3: Performance of CFCA(N), w.r.t. the average query times (in msec) and

relative errors, at 1.32sec resolution, for a query set of 50,000 random queries in

Berlin.
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4.4.2 Evaluation of CFLAT @ Germany
Landmark Selection Policies.

CFLAT was tested with the landmark sets R3K, SR3K with excluded neighborhood
size 1,200, SK3K with excluded neighborhood size 350, and BC3K with excluded
neighborhood size 1, 000.

Preprocessing Requirements for Germany

The preprocessing requirements for the shortest-path summaries of CFLAT in Germany,
for various sizes of R-landmark sets, are shown in Figure 4.4. The requirements for
other landmark types are analogous. CFLAT creates the preprocessed data in 32.2h
requiring (uncompressed) space 53.6GB. This indeed made it possible to consider

landmark sets of size up to 4,000 in this work.
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Figure 4.4: Preprocessing requirements of Germany.

Performance of CFCA(NV).

We started with an experiment on various sizes of R-landmark sets, to test the scalabil-

ity of CFCA(IV)’s query-time and relative error, as a function of N. Figure 4.5 demon-
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strates the results of this experiment. Once more, the relative errors decrease linearly
and the running times decrease quadratically, as we double the number of land-
marks. Remarkable relative errors of less than 0.072% are achieved for CFCA(6) even
with 1,000 landmarks which require 26.8GB, with running time less than 17.105msec.
Moreover, a “quick-and-dirty” answer of average error at most 1.562% is returned in
only 2.87msec. The best query-times and relative errors are achieved for R4K, where
CFCA(1) has running time 1.036msec and relative error 0.912%, whereas CFCA(6) has
running time 4.766msec and relative error 0.053%.

We proceed next with comparing various types of landmark sets, w.r.t. the perfor-
mance of CFCA(N) in absolute times and relative errors (cf. Figure 4.6). For Germany
we have a clear winner, BC3K, w.r.t. both running times and relative errors. Since the
average running time of TDD is 1, 421.12msec, we get for CFCA(1) an average query-time
of 0.959msec (i.e., speedup by more than 1,481) with average relative error 0.911%,
and for CFCA(6) a query-time of 5.506msec (i.e., speedup by more than 258) with

relative error 0.032%. Further experiments are reported in Section 4.4.4.
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Figure 4.5: Average query time (in msec) and relative error of CFCA(N), at 1.32sec

resolution, for a query set of 50,000 random queries in Germany.
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Figure 4.6: Performance of CFCA(N), w.r.t. average query times (in msec) and relative

errors, at 1.32sec resolution, for a query set of 50,000 random queries in Germany.
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4.4.3 Preprocessing Statistics for Berlin and Germany

Table 4.7 reports some significant preprocessing statistics. In particular, the measure-
ments are the following: (i) the average number of vertices per landmark whose
predecessor remains constant on the shortest-path tree throughout the whole time
period, (ii) the remaining vertices with pwl behaviour w.r.t. their predecessor, (iii)
the average number of unique departure-time sequences stored, instead keeping one

sequence per destination with pwl predecessor, and (iv) the average number of in-

termediate points of TRAP per landmark, which we now avoid to store.

Ryx
SRux
IRy
SK,k

KCyk
BCyk
K By

Vertices with | Vertices with | Unique Departure | [ntermediate

Unique Pred pwl Pred Time Sequences | Points of TRAP
272,286 20,070 5,963 10,663, 125
272,287 20, 069 5,831 10,688,275
272,284 20,072 5,781 10,672, 869
272,282 20, 074 6,011 10,934, 712
272,287 20, 069 5,857 10,758,955
272,293 20,063 5, 858 10,728,776
272,300 20, 056 5,432 10, 643, 285

Table 4.7: Preprocessing statistics for CFLAT Oracle for Berlin.

Table 4.8 provides the preprocessing statistics related to Germany, in the same

format as in the case of Berlin.

R3K
SR3K
SK3K
BC3K

Vertices with | Vertices with | Unique Departure | [ntermediate
Unique Pred pwl Pred Time Sequences | Points of TRAP
3,201,577 229,636 38,102 112,137,488
3,201,642 229,571 37,212 112,081, 032
3,201,503 229,710 38,068 113,536,811
3,201,637 229,576 37,207 112,067, 442

Table 4.8: Preprocessing statistics for CFLAT in Germany.

4.4.4 Detailed auditing of CFCA(N)’s computational effort

We also study how the total amount of computational effort is split among the major

steps of the query algorithm. In particular, we measured the total number of touched
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ins for Relaxation by Initial Ball

arcs (for relaxation or marking) per step.
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Figure 4.7: Per step performance of CFCA(N), at 1.32sec resolution, for a query set of

50,000 random queries in Berlin.

Figure 4.7 gives these measurements of CFCA(N) in Berlin, i.e. the number of
arcs checked for relaxation by the initial TDD-ball from (o,t,) in step 1, the number
of marked arcs connecting predecessors to intermediate vertices in step 2, and the
number of arcs checked for relaxation during the extension of the TdD-ball within the
marked subgraph, in order to provide the resulting od-path. It is clear from Figure 4.7
that only step 1 depends on the type of landmarks that we consider. Observe also
that step 3 is essentially independent of the value of N, whereas the other two steps
depend linearly on it. For sake of comparison, it is mentioned that the number of
arcs checked for relaxation by TDD for the set of 50,000 random queries in Berlin
is 235,880. This for example implies a speed-up, w.r.t. the machine-independent
measure of “touched” vertices, of more than 588 for CFCA(1) and SK4K. Recall that the
measurement does not only concern the estimation of an upper-bound on the earliest
arrival-time at (or equivalently, the shortest travel-time towards) the destination, but
also the explicit construction of the corresponding od-path that guarantees this bound.
Observe also that in absolute running times the speed-up is almost double, because the
computationally most demanding step 2 only concerns accesses to the preprocessed
data and there is no need for handling priority queues. Moreover, step 3 only concerns
a very limited subgraph, containing only a few hundreds of arcs in overall.

Figure 4.8 demonstrates this measurement for Germany. Again we observe the
remarkable stability (and independence of the landmark set) for steps 2 and 3, as
well as the linear dependence of steps 1 and 2, and the independence of step 3 on the
value of N. Since the average number of touched arcs for TDD was 2,351,697 vertices,

the overall speedup of CFCA(1) for BC3K is more than 1,666 w.r.t. the machine
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Figure 4.8: Per step performance of CFCA(N), at 1.32sec resolution, for a query set of

50,000 random queries in Germany.

independent measure of number of “touched” arcs.

Observe finally that for Germany the speedups within the two measures (absolute
running times, and “touched” arcs) are analogous. This is due to the fact that, since
we have a quite small landmark set size this time, step 1 actually dominates the

computational effort in this case.

Exploring Outliers in Relative Errors

The purpose of our next experiment was to delve into the details of the relative error
of CFCA(N). We study the quantiles of the relative error for serving 50,000 random
queries with the most prominent landmark set BC4K.

In particular, taking the average error value as our baseline, we constructed buckets
corresponding to multiples of this baseline, and then measured the percentage of
queries resulting in a relative error belonging to each bucket. We chose BC4K because
this is the landmark set that results in the best trade-off of query time and relative
error. Figure 4.9 demonstrates the results of this analysis for CFCA(1), CFCA(2), CFCA(4)
and CFCA(6). We observe the following: CFCA(1) has an average relative error for is
0.536%, whereas 81.6% of total responses are below this average value. CFCA(2) has
an average relative error 0.142%, and 90.7% of total responses are below this average
value, and 94.2% of queries have relative error up to 0.568%. CFCA(4) has an average
relative error 0.057%, and 97.3% of queries have relative error at most 0.456%. CFCA(6)
has an average relative error 0.043%, and 97.6% of queries have relative error at most
0.344%. It is finally mentioned that for all values of N we faced the same worst-case

error of 71.558%, which appeared for only one short-range query.
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Figure 4.9: Tails of error percentages of CFCA(V) for 50, 000 randomly chosen queries

in the instance of Berlin, with the BC4K landmark set.

Exploring Outliers in Relative Errors.

We conducted the same statistical analysis on the relative error of CFCA(V) in Germany,
as we did for Berlin. Figure 4.10 demonstrates the results of this analysis for CFCA(1),
CFCA(2), CFCA(4) and CFCA(6). The outcome is slightly different compared to the Berlin
instance. In particular, the vast majority of the queries result in relative errors below
the average value, as we observed for Berlin, while some of them (but not most
of them) provide the exact shortest-path. In more detail, for BC3K in Germany we
observe the following: The average relative error for CFCA(1) is 0.911%. The algorithm
discovers the exact shortest path in 23.4% of queries. 74.7% of total responses are
below the average value. The worst-case error was 79.315%. The average relative
error for CFCA(2) is 0.272%. The algorithm discovers the exact shortest path in 35.3%
of queries. 84.2% of total responses are below the average value. The worst-case

error was 43.179%. The average relative error for CFCA(4) is 0.071%. The algorithm
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Figure 4.10: Tails of error percentages of CFCA(V) for 50,000 randomly chosen queries

in the instance of Germany, with the BC3K landmark set.

discovers the exact shortest path in 42.0% of queries. 92.1% of total responses are
below the average value. The worst-case error was 26.840%. The average relative
error for CFCA(6) is 0.032%. The algorithm discovers the exact shortest path in 44.0%
of queries. 94.8% of total responses are below the average value. The worst-case error
was 12.860%.

4.4.5 Live Traffic Reporting with CFLAT

As was done in the case of FLAT oracle, we conducted an experiment to assess the
responsiveness of CFLAT to live-traffic updates. We remind that the goal is, when a
disruption occurs “on the fly” (e.g., the abrupt and unforeseen congestion, or even
blockage of a road segment for half an hour due to a car accident), that the oracle

can take into account, for the affected route plans that have already been suggested
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or will be suggested in the near future, the temporal traffic-related information, as
fast as possible. Using a 15-min radius for the disruptions, we executed 1,000 live-
traffic updates for the instances of Berlin and Germany, for the landmark set BC4K
and BC3K, respectively. For Berlin, the average number of affected landmarks was
82 for Berlin, and the updating procedure of the affected landmarks’ summaries
requires average time 8.7sec, using 6 threads. For Germany, the average number of
affected landmarks was only 6, and the updating procedure of the affected landmarks’

summaries requires average time l1lsec, again using 6 threads.
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CHAPTER DO

CONCLUSION

We provided an extensive experimental evaluation of landmark-based oracles for
time-dependent road networks.

Our experimentation of the FLAT oracle in the instance of Berlin has shown that
the average query time can be as small as 85usec, achieving a speedup (against the
time-dependent variant of Dijkstra) more than 863 in absolute running times, and
more than 1,222 in Dijkstra rank measures, with worst-case observed stretch less than
0.717%.

It was proved that the advantage of HORN over FLAT is that it achieves query times
sublinear, not just in the size of the network, but in the actual Dijkstra rank of the
query at hand, be it long-range, mid-range, or short-range, while requiring asymptot-
ically similar preprocessing space and time. Our experiments on the Berlin instance
indeed confirm the improved stretch factors, but also better speedups due to sophis-
ticated early-stopping criteria, compared to the experimentation on FLAT for the same
subsets of “global” landmarks.

Our main goal in this work is to demonstrate the practicality of FLAT and HORN,
which provide provable guarantees w.r.t. query times, stretch factors and preprocess-
ing requirements, for large-scale real data sets. The strong aspects of our oracles are
the simplicity of the query algorithms, the remarkably small (optimal in most cases)
observed stretches, and the achieved speedups. On the negative side, the preprocess-
ing space and time requirements are rather large.

The CFLAT oracle achieves much better preprocessing requirements, with similar
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query-times and better approximation guarantees, compared to FLAT. To the best of
our knowledge, CFCA(N) is the only query algorithm which accounts in its query-time,
apart from the estimation of the minimum travel-time along an od-path, also the
actual path construction. And yet, the achieved query times are quite competitive.
Moreover, CFLAT is totally scalable, as a typical landmark-based oracle, and it also
achieves a noticeable performance against other state-of-art speedup techniques for
time-dependent road networks.

For Berlin, the only experimentally evaluated speedup technique we are aware of,
TDCRP [29], requires 21min of preprocessing time on a 16-core machine, 31MB of pre-
processing space, and achieves 0.28msec query time and average error of 1.47%. For
an analogous amount of preprocessing work, CFLAT preprocesses 12500 in 54min on a
6-core machine, in space 1.3GB, and achieves query-times varying from 0.452msec up
to 2.186msec and relative error from 1.883% down to 0.132%, depending on the value
of N. If query-time is the main goal, then CFLAT can preprocess BC4K in 7h con-
suming 10.4GB and achieving query-times varying from 0.128msec up to 0.467msec
and average errors from 0.536% down to 0.043%, depending on the value of N. It is
also noted that CFCA(6) achieves error at most 0.043% for 95.6%, and at most 0.688%
for 98.4% of the 50,000 queries (cf. Figure 4.9).

For Germany, we compare our oracle with the two most prominent speedup tech-
niques we are aware of, TDCRP and inex.TCH(0.1), using their evaluation as reported
in [29]. TDCRP requires total preprocessing time 4h41min on a 16-core machine, using
361MB preprocessing space, and achieves 1.17msec query-time and average error of
0.68%. For an analogous amount of preprocessing work, CFLAT preprocesses R1K in
16h on a 6-core machine, consumes space 26.8GB and achieves query-times varying
from 2.87msec up to 17.105msec, and relative error from 1.562% down to 0.072%,
depending on the value of N. If query-time is the main goal, then CFLAT preprocesses
BC3K in 46h consuming 80.4GB and achieving query-times varying from 0.959msec
up to 5.506msec and average errors from 0.911% down to 0.032%, depending on the
value of N. It is also noted that CFCA(6) achieves error at most 0.032% for 94.8%,
and at most 0.512% for 98% of the 50,000 queries (cf. Figure 4.10). inex.TCH(0.1), on
the other hand, preprocesses the instance in 6h18min, requiring space 1.34GB, and
achieves average query-time 0.7msec with average error 0.02% and worst-case error
0.1%.

CFCA(N) gave a speedup of more than 1,030 w.r.t. query time against the time-
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dependent variant of Dijkstra with average stretch 0.536%. That is, the query-time is
only slightly worse (0.128msec instead of 0.083msec) even though the measurement
in this work includes also the path construction, but the corresponding average error

is clearly better than the average error of 0.781% for FCA(N) in FLAT oracle.
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