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In the article we describe a new algebraic approach to the temporal network analysis based
on the notion of temporal quantities. We define the semiring for computing the foremost
journey and the traveling semirings for the analysis of temporal networks where the latency is
given, the waiting times are arbitrary, and some other information on the links are known. We
use the operations in the traveling semiring to compute a generalized temporal betweenness
centrality of the vertices that corresponds to the importance of the vertices with respect to
the ubiquitous foremost journeys in a temporal network.

Keywords: Temporal quantity, temporal network, latency, semiring, centrality measure, be-
tweenness.

2000 Math Subject Classification: 05C25, 68R10, 90B10, 91D30, 16Y60.

1. Introduction

Network analysis is used for different purposes in operations research, social sciences and many
other scientific fields. A lot of research is done in communication networks, logistics, and
the internet. The interest in network analysis increased in recent times, mostly due to the
availability of big data and the global interest in data analysis. The growth of the internet and
the amount od information available gave rise to many methods for the analysis of big data
and sparse networks. In the last decades, especially temporal networks are of interest where
the time dimension is also considered.

In a temporal network, the presence and the activity of vertices and links can change through
time. Temporal data was added to networks in different scientific fields, for example transport
systems Bell & Tida (1997); Correa & Stier-Moses (2011) and project management (CPM, Pert)
in operations research Moder & Phillips (1970). An overview of temporal network analysis is
given in Holme & Saramdiki (2012, 2013).

A lot of research is still confused with the terminology and the terms used in communication
network analysis, transport networks, computer networks, etc. that are similar or even the same,
define the same phenomenon with different notation and different words. For example temporal
distance Xuan et al. (2003), reachability time Holme (2005), latency of the information and other
terms name the same thing in different areas. The same thing happens with journeys Xuan
et al. (2003) that are named temporal paths, time respecting paths or paths with schedules by
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11 other authors.

12 There is no established formal description of temporal networks. The common point of all

13 current research is the time component and that the changes of the network are one of the key

14 information about the network.

15 The beginnings of temporal network analysis are based on time slices of the network Santoro

16 et al. (2011). The temporal network is represented as a sequence of static networks, representing

17 the state of the temporal network at a chosen time point (interval).

18 Two different approaches aim to unify temporal networks theory in a way that could be

19 used for all the different uses. One is the time-aggregated graph from George & Kim (2013).

20 The other is the time-varying graph from Casteigts et al. (2012).

21 We feel that both descriptions lack the possibility of adding arbitrary information to the

22 network vertices or links. They are both describing the presence with explicit functions which

23 also seems too complex. In Batagelj & Praprotnik (2014) and Praprotnik & Batagelj (2015)

24 we proposed a new way for the temporal network description which remedies both of these

25 shortcomings.

26 In the article, we shortly explain our description of temporal networks and study the case

27 of temporal networks that is an extension of static networks and of temporal networks with

28 zero latency and zero waiting times described in our previous articles Batagelj & Praprotnik

29 (2014); Praprotnik & Batagelj (2015). We define a mathematical model for the description of

30 temporal networks that allows for the presence / activity of the vertices / links and for the

g; vertex properties and the link weights to change through time. The amount of the information
that can be described with our representation of temporal networks is not limited. We construct

gi semirings with operations that allow us to define and compute a simple vertex centrality measure
in a temporal network.

gg Most of the static network analysis based on paths has been difficult to generalize to the

37 case of temporal network because of the obvious differences — in static networks the shortest

38 path always includes the shortest subpaths which is not true in temporal networks (we address

39 this issue in more detail at the end of the article). Also, these measures cannot be generalized

40 for the time slices approach as the temporal network can be disconnected at every time point

a1 and connected through time (think of the network of e-mail messages). The analysis of path

42 based indices has to be done on dynamic networks that include the latency information.

43 For some special cases, there were steps taken to compute shortest, fastest and foremost

44 journeys Xuan et al. (2003). But the complexity of the standard problems of network analyisis

45 can be a lot greater in temporal networks. For example, the problem of strongly connected

46 components in temporal networks is NP complete Bhadra & Ferreira (2003); Nicosia et al.

47 (2011).

48 With this article, we make a step towards unifying temporal networks description and to

49 adding information to the vertices and links of the temporal network. We also provide a way

50 to combine different information in a useful way. One such example is the generalization of the

51 betweenness centrality.

52 In Section 2 we present some basic definitions and notation used in the rest of the paper.

53 In Section 3 we define semirings and describe their use in network analysis. We give some

54 examples that we need for the description and better understanding of temporal semirings.

55 In Section 4 we present the definitions of our new approach to the temporal network analysis.

56 We introduce the notion of temporal quantities and the temporal semirings for the analysis of

57 temporal networks with zero latency and zero waiting time. We introduce the semiring of
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increasing functions and explain how it is used in computing the foremost journeys — we get the
first arrival semiring. The traveling semirings take into account additional network information,
besides the latency.

In Section 5 we explain a possible use of the traveling semiring — a generalization of the
betweenness centrality.

We conclude with directions for future work in Section 6. Our work opens a lot of different
future research possibilities.

2. Definitions and notation

Definition 1 A graph G is an ordered pair of sets (V, L), the set V is the set of vertices and the
set L is the set of links between vertices. The links between the vertices uw and v can be directed
(arcs) (u,v) or undirected (edges) {u,v}. With £(u,v) we tell that the link ¢ goes from u to v.
If for an arc £ it holds ¢(u,v) we say that ¢ starts at u and ends at v.

With n we denote the number of vertices [V| and with m the number of links |£]. We assume
that n and m are finite.

Definition 2 A network N = (V,L,P,W) consists of the graph G = (V,£) with additional in-
formation about the values (weights) of links W and the values (properties) of the vertices

P.

Definition 3 A walk in a graph G with a start at the vertex vg and an end at the vertex vy, is
a finite alternating sequence of vertices and links

™= 1}061’01321}2 A .ep’l}p

iff £;(vi—1,v:), i=1,2,...,p. The length of a walk is the number p of links it contains. The
sequence 7 is a semiwalk iff the direction of the links is not important, that is ¢;(v;—1,v;) or
li(vs,vi-1) foralli=1,2,...,p. A walk is closed iff it starts and ends at the same vertex, vy =vp.
A walk without repeating vertices is an elementary walk or a path.

Definition 4 A wvalue matriz A of a network N = (V, L, w) is defined as

w u,v), u,v GL‘,,
A= [auv]u,vev = { 0’( ) gtheZWise.

In our notation 0 eN. We denote N=Nu{oo}, Z=Zu{zoo}, R=Ru{xo0} and@nggu{m}.

3. Semirings

Semirings are frequently used in network analysis Baras & Theodorakopoulos (2010); Carre
(1979); Dolan (2013); Gondran & Minoux (2008); Mohri (2002); Zimmerman (1981). In this
section, we describe semirings that are used most frequently and are later generalized for the
analysis of temporal networks.

Definition 5 Let a,b,ce A. The set A with binary operations addition @ and multiplication
®, neutral element 0 and unit 1, denoted with A(®,®,0,1), is a semiring, when the following
conditions hold:

http://mc.manuscriptcentral.com/imamat
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11 o the set A is a commutative monoid for the addition & with a neutral element 0 (the
12 addition is commutative, associative and a®0=a for all a € A);
13
14 o the set A is a monoid for the multiplication ® with the unit 1 (the multiplication is
15 associative and a®1=10a=a for all a € A);
i? e the addition distributes over the multiplication
18 a®(boc)=(a0b)®(a®c) and (adb)oc=(a0c)®(boOc);
19
32 o the element 0 is an absorbing element or zero for the multiplication
2:23 a00=00a=0 for all ae A.
24 e s :
25 In all cases we assume precedence of the multiplication over the addition. The last point
26 in the definition of semirings is omitted by some authors. We need it in order to construct a
27 matrix semiring over the semiring A. If all the points in the definition, except for the last one,
28 hold for a given set A, it can be extended with the element 38, for which by definition
gg cdFE=¥®a=a and acOR=Hoa=¥
g; holds for all a € Au{88}. In the extended set Ag = AU {88} the element 88 is a zero by the
33 definition and (Ag,®,©,88,1) is a semiring.
34 Definition 6 A semiring is complete iff the addition is well defined for countable sets and the
35 distributivity laws still hold.
g? Definition 7 The addition is idempotent iff a®a =a for all a € A.
38 Definition 8 A complete semiring (A, ®,®,0,1) is closed iff an additional unary operation closure
39 * is defined in it and
40 a*=1®(a0a”)=1@(a"®a) for all a€ A.
41
42 We define a strict closure @ in a closed semiring as
43 _ N
a4 a=a0®a”.
jg There can be different closures in the same semiring. A complete semiring is closed when
47 the closure is defined with
* k

a*=@Pa". (3.1)
jg k>0
50 In the rest of the article the term closure describes the operation from the equation (3.1).
g; Definition 9 A semiring (A4,®,0,0,1) is absorptive iff for every a,b,c€ A it holds
53 (a0b)®(a®cob)=aob.
54
55 Because of the distributivity and the existence of the unit, it is enough to check that 1@c=1
56 for every ce A for the validity of the absorption law. In absorptive semirings also a* =1 for all
57 a € A. An absorptive semiring is idempotent.
58
59
60
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Definition 10 Over the semiring (A,®,0,0,1) we construct the semiring of square matrices
A™™ of order n which consist of the elements from A. The addition and the multiplication in
the matrix semiring are defined in the usual way:

n
(A®B)ij:aij®bij and (A@B)ijZ@aik(Dbkj, i,7=1,2,...,n.
k=1

Note that the operations on the left hand side operate in the matrix semiring A™*™ and the
operations on the right hand side operate in the underlying semiring A.

For computing the closure A* of the network value matrix A over a complete semiring
(A,®,0,0,1) the Fletcher’s algorithm can be used. It is described in Fletcher (1980).

3.1 The use of semirings in network analysis

In network analysis semirings are used to combine weights on the links of the network. Com-
bining the weights, we can observe different network properties. There are two basic cases —
combining weights of two parallel links between two vertices or the weights of two sequential
links between three vertices. The weights on the parallel links are combined using the semiring
addition and the weights on the sequential links are combined using the semiring multiplication.
A graphical representation is given in Figure 1. Using the semiring operations, the weights of
links can be extended to walks and to sets of walks in the network Batagelj (1994).

a b a®b
Figure 1: The semiring addition and the semiring multiplication in networks.

3.1.1 Combinatorial semiring The combinatorial semiring is the semiring of the natural num-
bers for the usual addition and multiplication (N, +,-,0,1). In some cases other number sets are
used, for example Eg. This semiring is complete and closed for a* =150 a®. Tt is not absorptive
and the addition is not idempotent.

In network analysis, the combinatorial semiring is used when the weights of links represent
the number of ways to traverse them. The semiring addition and multiplication correspond to
the rule of sum and the rule of product used in combinatorics Riordan (1958).

http://mc.manuscriptcentral.com/imamat
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11 3.1.2  Shortest paths semiring The shortest paths semiring is defined as (R, min,+,00,0). It

12 is complete, commutative (also the semiring multiplication is commutative), and absorptive. It

13 is closed and ¢* =min{0,a+a*} =0 for all a eﬁa. If the set N is used instead of ]RTS, the semiring

14 is called tropical.

15 The shortest paths semiring is used in the classical shortest paths problem:

16 A network N = (V,L£,w) with weights on links w: £ - R{ and a (source) vertex se) are

17 given. The value w(u,v) represents the length of the link from u to v. We would like to compute

18 all lengths of the shortest paths from s to other vertices v €V~ {s}. The usual solution is using

19 dynamic programming: Define d(s) =0 and compute the distances to other vertices v eV~ {s}

20 using Bellman’s equation

21 d(v) =min{d(u) +w(u,v)}. (3.2)

22 uey

23 o

24 3.1.3  Geodetic semiring In a set A=R{ xN the addition

25

26 i, a<b

27 (a,i)® (b,j) =| min(a,b),{ i+j, a=b

28 7, a>

29 e

30 and the multiplication . ‘ N

3 (a,1) © (b, ) = (a+byi-5)

32 are defined. For these operations (A,EB7®, (00,0), (0, 1)) is a complete closed semiring Batagelj

33 (1994) for the closure

34 x| (0,00), a=0,i%0,

35 (a,1)" = { (0,1), otherwise.

g? It is called a geodetic semiring. It is not idempotent.

38 The geodetic semiring is a combination of the shortest paths semiring and the combinatorial

39 semiring. It is used to compute the length and the number of the shortest paths between pairs

40 of vertices.

41

42 4. Semirings for temporal networks

43 Definition 11 A temporal network N' = (V,L,T,P,W) is an ordinary (static) network (V, L, P, W)

44 with an added time dimension 7. The set T of time points t € T is a lifetime of the network.

45 The lifetime 7 is usually a subset of integers 7 € Z or a subset of reals 7 ¢ R. In general, a

jg linearly ordered set is sufficient. In the following we use 7 as a semiring with operations & = min
and © = +.

48

49 For the operations on temporal networks with zero latency, described in our articles Batagelj

50 & Praprotnik (2014); Praprotnik & Batagelj (2015), we assumed 7 ¢ N.

51 In a temporal network the vertices v eV and the links ¢ € £ are not necessarily present or

52 active all the time. Let T'(v), T € P, be the set of time points in which the vertex v is present;

53 and let T'(¢), T € W, be the set of time points in which the link ¢ is active. We require that the

54 following consistency condition holds: If a link ¢(u,v) is active at the time ¢ its end vertices u

52 and v must be present at the time ¢. Formally,

5

57 T(l(u,v))cT(u)nT(v). (4.1)

58

59
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Definition 12 The static network consisting of links and vertices present in a temporal network
at the time t € 7 is denoted with A'(¢) and is called a time slice of the temporal network at the
time t.

Let 7' cT. Time slices are generalized to the set 7" as

N(T") = tL7J_,N(t).

When we are interested in walks in temporal networks, there are usually additional infor-
mation on the links of the network.

Definition 13 The latency 7€ W, 7: LxT —RE. The value of 7(£,t) represents the time needed
to traverse the link £ if the transition is started at the time t. If the latency 7 is omitted, we
assume 7(¢,t) =0 for all e £ and for all teT.

Definition 14 The weight we W, w: LxT — R, with values w(/,t) representing length, cost,
flow, etc. on the link £ if the transition is started at the time t. If the weight w is omitted, we
assume w(¢) =1 for all links £ € £ and all times ¢ € 7. In some cases the weights are structured.

Definition 15 A walk in a temporal network is called a journey. The journey o(vg,vg,to) from
the start vertex vy to the end vertex v, with the begining ¢y is a finite sequence

(tOJ)Ov(tlagl)vvlv(t27£2)av27"'7vk—27(tk—17€k—1)70k—17(tkv‘ek)vvk)v

where v; € V,i=0,1,...,k, and ¢; € L, t; € T,i=1,2,...,k. The links have to link the appropriate
vertices, £;(vi—1,v;).

We denote t( =to, t; =t;+7(¢;), i=1,2,..., k. For a journey t;_; <t; has to hold and the link
¢; has to be present in the time interval [¢;,¢;] for all i=1,2,... k. Also the vertex vy has to be
present at the time .

The triples v;_1, (¢;,£;) in the definition of journeys tell that we started from the vertex v;_1
at the time ¢; along the link ¢;.

Note that by the consistency condition it also holds that the vertex v; is present at the time
t; and the vertex v;;1 is present at the time ¢/.

Definition 16 A journey is regular if the vertex v; is present while waiting in the vertex for the
next transition, that is during the time interval [¢{_;,¢;],i=1,2,...,k—1.

Definition 17 A journey o has a (graph) length equal to the number of included links %, |o| = k.
The duration of the journey is equal to t(o) =t} —to and the value of the journey is equal to

w(a) = w(fl,tl) @’w(€2,t2) @"'Qw(ﬁk,tk) = @ w(f,t)
(t,0)ec

for the multiplication in the appropriate semiring.

Definition 18 The time tg is the begining of the journey, the time t; is the departure and t),
is the arrival (end of the journey). The time ¢} —t; is called a strict duration of the journey.
Times t; —t;_; are the waiting times of the journey.

Definition 19 A jump is a journey inside a given network time slice N'(¢). Jumps have zero
latency and zero waiting times.

http://mc.manuscriptcentral.com/imamat
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11 Definition 20 The fastest journey is the one with the smallest strict duration. The foremost

12 journey is the one with the smallest arrival time. The cheapest journey is the one with the

13 smallest value.

1;' Definition 21 A part of the journey o(vo,vi,to) from the vertex v; to the vertex v; with the

16 beginning at the time t;,

ig (t’i7vi7(ti+la€i+1)7v’i+17"'7Uj—17(tja€j)7vj)a

19 is caled a stage of the journey. An wubiquitous foremost journey is the foremost journey for

20 which every stage is a foremost journey between the vertices v; and v; with the beginning ¢;.

21 It has been shown in Xuan et al. (2003) that if there exists a journey between two vertices,

3:23 then the ubiquitous foremost journey exists between them.

24 e

o5 4.1 Temporal quantities

26 In temporal networks besides the presence or absence of vertices and links, also the values of

27 vertex and link properties change through time. For the description of the temporal properties

28 we introduced temporal quantities in Batagelj & Praprotnik (2014). Let a(t) be the value of

29 the property a at the time ¢. We assume that the values a(t) of the function a belong to the

30 semiring (A,®,0,0,1). The vertex or the link that a is describing is not necessarily present at

31 all times. Therefore the function a is not defined for all values teT.

32 .

33 Definition 22 Let (A,®,®,0,1) be a semiring and let the function a: T, - A describe a temporal

34 property in a temporal network. A temporal quantitiy a:T — A is an extension of the function

35 %

36 &(t): a(t), tGTa,

37 0, teT\Ty.

38 Note that the values of temporal quantities while the vertex or the link is not present are

39 defined as the zero of the semiring A. This means that the values along the sequential links are

40 equal to 0 (describing nonexistence) if one of the sequential links does not exist.

41 In the rest of the article we denote temporal quantities with a instead of with a.

42

ji 4.2 Temporal semirings

45 In this section, the latency and the waiting times in the temporal network are equal to zero.

46 We described the temporal semirings in more detail and provided algorithmic support in our

a7 articles Batagelj & Praprotnik (2014); Praprotnik & Batagelj (2015).

jg Definition 23 Let A7 be a set of all temporal quantities over the chosen semiring (4,®,®,0,1)
for the lifetime T, that is A7 ={a:7T - A}. In the set A7 we define the addition

50

51 (a®b)(t) =a(t)®b(t),

52

53 and the multiplication

54 (a@b)(t) =a(t) @b(t).

55 The operations on the left hand side operate in the set A7 of temporal quantities over the

56 semiring A for the lifetime 7, and the operations on the right hand side operate in the semiring

57 A.

58

59
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Theorem 1 The set A7 for the operations from the definition 23 is a semiring with the zero
0(t)=0,teT, and the unit 1(¢)=1,teT.

Proof. The operations are defined pointwise and the semiring properties in A7 follow from
the properties of the semiring A. O

Definition 24 Let A be a combinatorial (shortest paths, geodetic, etc.) semiring. The semiring
A7 is called a temporal combinatorial (shortest paths, geodetic, etc.) semiring.

We can construct a matrix semiring over the temporal semirings. Such matrices can be
used to describe temporal networks. Because the values of a(t) and b(¢) in the definition 23
correspond to the same time point ¢, the latency and the waiting times are restricted to zero
for the whole lifetime. The use of this semiring in temporal networks is restricted to jumps and
not to arbitrary journeys for the operations to make sense.

4.3  Semiring of increasing functions

Definition 25 A function f is increasing iff f(x) > f(y) for all z,y of its domain for which = > y.
We say that a function f is expanding if f(x) >z for all z of its domain.

Theorem 2 The set
A= { f:N—N; function f is increasing and expanding }
is a semiring for the operations

feg=min(f,g) and fog=gof.

The zero is a function f =oo and the unit is the identity function f =1d. For the domain or
codomain of functions f we could also choose the sets Rf, Z, or R.

Proof. This semiring is very similar to the semiring from (Gondran & Minoux, 2008, p. 346,
Section 4.2.1). ]

Definition 26 The semiring A from theorem 2 is called the semiring of increasing functions.

The semiring of increasing functions is complete, idempotent (min(f,f) = f), closed for
ff=1le fo f*=min(id, f* o f) =id, and absorptive (min(id,f) =id) because f* and f are
increasing and expanding functions.

4.4 First arrival semiring

We start with an equation, similar to Bellman’s equation (3.2), for the solution of finding the
foremost journeys in a temporal network.

Let a temporal quantity a., describe latency along the link (u,v) and let T'(u,v,tg) be the
first possible time at which we can arrive at the vertex v if we start at the vertex u at the time
to. Then

T(U,u,to) = to

and

T(u,v,tp) = min )(t+awv(t))). (4.2)

min
w:(w,v)el \t>T (u,w,tg

http://mc.manuscriptcentral.com/imamat
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10

11 If we are interested in the duration, we subtract the begining ¢y from the result.

12 We would like to construct a semiring that gives us this equation, similarly to the way that

13 the shortest paths semiring gives Bellman’s equation. The semiring operations are not obvious,

14 as there are three operations (two minimums and the addition) in equation 4.2.

15 What we can see is that it is useful to define a function (temporal quantity) that tells the

16 first arrival time for the given start, end, and begining of the journey.

17 From the network interpretation we can see what the appropriate semiring addition and

18 multiplication are:

19 Let our journey take two sequential links (u,w) and (w,v). The first arrival time at the

20 vertex w along the link (u,w) is described with the temporal quantity f, and the first arrival at

21 the vertex v along the link (w,v) is described with the temporal quantity g. The corresponding

22 journey is outlined in Figure 2.

23

24

25 f g

26

o OO W—W O

9 to  t f(ty) to a(to)

30

31 Figure 2: A journey along sequential links.

32

33 From the begining t¢ of the journey we wait in the vertex u for some favorable time ¢; when

34 we move along the link (u,w). This part of the journey ends at the time f(¢1). Afterwards we

35 wait for a favorable time to in the vertex w. At that time we move along the link (w,v). The

36 journey ends at the time g(t2). We are interested in the first arrival at the vertex v if we start

g; at the vertex u at the time ty and visit the vertex w inbetween. That gives us an appropriate
semiring multiplication

39 .

40 (fog)(to) = min g(t2).

41 to2f(t1)

42 We note that if f and ¢ are increasing functions, this equation is equivalent to

43

4 (Fo9)(t0) =9(f(t0)) = (g0 ) (to).

46 We also point out that the multiplication is not commutative which means that the order in

47 which the links are traversed is important. That is in accordance with our intuition.

48 When the journey can take us along two parallel links (one possibility is presented in Figure

49 3) we start at the time to and wait for the time ¢1, when it pays to go along the edge for which

50 the arrival times are described with the function g. This journey ends at the time g(¢1). If we

51 wish to take the other link, where the arrival times are described with the function f, we wait

52 for some other time t9 and arrive at v at the time f(¢2). The first arrival time is the smallest

53 of the times f(t2) and g(t1).

54

gg That is

o (feg)(t) = gning (f(t2),9(t1)) = min (f(£),9(1))-

58

59

60
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Figure 3: A journey on parallel links.

When f and g are increasing, the equation is equivalent to

(fe@g)(to) =min(f(to),9(t0))-

The two appropriate operations are exactly the ones from the semiring of increasing func-
tions.

Let the values of the temporal quantity a represent the latency along the link. Remember
that a(t) = oo at times t € T \T,. We assign a function f to the temporal quantity a:

1

2

a

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29 .

30 a~ f: f(t)= Ig?{7'+a(7')}. (4.3)
31

32 The function f is increasing and expanding if @ > 0 which it usually is as the travel times are
33 nonnegative. If a is describing the latency along the link (u,v) the function f is describing the
34 first arrival time from u to v. The value f(¢) is the first arrival if we begin the journey at the
35 time ¢.

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

The first arrival times in a temporal network with arbitrary waiting times and given latencies
can be computed with the addition and multiplication in the semiring of increasing functions.

Definition 27 Let N'=(V,L,T,a) be a temporal network and let the temporal quantity a: 7 — T
describe the latency. We assign a function f to the temporal quantity a as in the equation (4.3).
The semiring

T=({f:T ~ T},min,o,c0,id)

is called the first arrival semiring.

4.5 Generalized geodetic semirings

The generalized geodetic semirings are defined in a very similar way as the geodetic semiring
from Section 3.1.3.

Definition 28 In a set 7 x A, where (A,®,®,0,1) is an arbitrary complete semiring (combinato-
rial, shortest paths, geodetic, etc.), the operations addition B and multiplication ® are defined
as

a, T<oO
(1,a)B(0,b) =| min(r,0),{ a®b, 7=0,
T>0

b,

)

and
(r,a)”(0,b) = (T+0,a0b).

_I_
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11 Theorem 3 The set 7 x A is a semiring for the addition @ and the multiplication ®. The zero is
12 (00,0) and the unit is (0,1).
13 Proof.  The construction is almost identical to the one for the geodetic semiring and the

semiring properties follow in the same way as in Batagelj (1994) from the properties of the
operations in T and A. |

17 Definition 29 The semiring Gy = (7'>< A,7|Z,(oo,0),(0,1)) is called a generalized geodetic
18 semiring.

4.6  Traveling semirings

22 The next question is how to combine different information on the links. For example, latency
23 and the number of ways to traverse it or latency and distance.

24 Let the temporal quantity a:7 — 7 describe the latency and let the temporal quantity
25 1€ A7 over a chosen semiring (A4,®,0,0,1) describe some other information about the link.
26 We want to compute

29 (F)(0) = |mina(r)+n), B i)

o e Argmin sy (a(7)+7)
>t
31 o2

32 The first component f stays the same as in the first arrival semiring (equation (4.3)) and
33 tells the first arrival along the link after the time ¢. In the second component n we sum (over
the chosen semiring A) the values along the links on which the minimal arrival time is achieved
35 and that start after the time t.

First, we do a simple transformation

39 (a,i)~ (a’,i) where a'(t)=a(t)+t

from which we get

f,n)(t) = | mind’(7), i(o)|. 4.4
44 (fin)(¢) Yle?a( ) UeArngEQia’(T)l( ) (4.4)

45 o>t

The last equation is simplified by summing over the corresponding generalized geodetic
semiring Gy 4. The equation (4.4) can be rewritten as

49 (£,0)(t) = Brsi(d (7),i(7)). (4.5)

ol Note that feT and ne Ay.

54 4.6.1 Operations in traveling semirings The transformation (4.5) of the temporal quanti-
55 ties a, representing latency, and ¢, representing some other information, returns a pair (f,n)
56 belonging to the set

57 Ga(T)={(fin); feT, neAr}.
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Definition 30 On a set of function pairs G4(7) we define the addition ¢ and the multiplication
& with

((fin) & (g;m))(1) = (f,n)(t) B (g,m)(2),
((f;m) @ (9,m)) (1) = ((go £) (). n(t) om(f(1)))-
The operation B is the addition in the generalized geodetic semiring G4 and the operation

© is the multiplication in the semiring A.

The definitions can be read as: If there are two parallel links, we choose the one that arrives
first and preserve the same additional value. If both parallel links arrive at the same time, we
sum the corresponding additional values.

On sequential links the arrival time is the same as the arrival over the second link. The
journey along the second link can begin after the first arrival along the first link (time f(t)).
The value of the second component is the value on the first link if we start the journey after
the time ¢ multiplied by the value of the second link if we traverse the link after the time f(t).

The first component tells the first arrival and the second component tells additional values
for the ubiquitous foremost journey, depending on the semiring A. If A is a combinatorial
semiring, the second component tells the number of the ubiquitous foremost journeys. If A is
the shortest paths semiring, the second component tells the length of the cheapest among the
ubiquitous formost journeys.

Theorem 4 The set G4(T) is a semiring for the operations from the definition 30. The zero is
a pair of constant functions (o0,0). The unit is (id,1). The second component of the unit is a
constant function.

Proof. The associativity, commutativity and the neutral element follow from the properties of
the generalized geodetic semiring.
First, we show that (id,1) is the unit

((f;n) & (id,1))(t) = (f(1),n(t) ©1) = (f,n)(D),
((id, 1) & (f,n)) (1) = (f(t).10n(t)) = (f,n)(1).
and that (o0,0) is the zero
((f:n) ® (00,0))(1) = (00,n(t) ©0) = (c0,0),
((oo,O) & (fn))(t) = (f(oo),OG)n(oo)) =(00,0), because f is expanding.
Now check the multiplication associativity and the distributivity. First the associativity:
(((£:n) @ (g.m)) & (h,r))(#) = ((go F)(t),n(t) ©m(f(1))) & (h(t),7())
= ((hogo f)(t),n(t)om(f(t))or((gef)(1)))
((f;) & ((g.:m) & (h,1))) () = (f,n) () & ((hog)(t),m(t) o7(g(t)))
= ((hogo /(). n(t) om(f(1)) o (9(f(1))))-
We get the same result in both cases, therefore the associativity holds. Check for distributivity:
((h,r) & (f,n))(t) = ((f o h)(8),r(t) ©n(h(1))),
((h,r) & (g,m))(t) = ((geh)(t),r(t) @m(h(t)))

http://mc.manuscriptcentral.com/imamat
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and

((h,r) & (f,n) & (h,r) & (g,m))(1) =

r(t)on(h(t)), F(n(t)) < g(h(t))
min(f(h(t)),g(h(t))),7 r(t)o(n(h(t))®m(h(t))), [f(h(t))=g(h(t))
r(t)om(h(t)), f(h(t))>g(h(t))
We used the distributivity of the semiring A. The other side of the distributivity equation gives
n(t), f(t) <g(t)
((f,n) & (g,m))(t) = | min(f(2),9()),{ (n@em)(t), [f(t)=g(t) |,
m(t), f(t)>g(t)

which we multiply from the left (h,r)(t)® and get

n(h(t)), F(h(t)) <g(h(t))
(min(f,g)oh)(t),r(t) @y (n@m)(h(t)), [f(n(t))=g(h(t)) |.
m(h(t)), f(n(t)) > g(h(t))

So the left distributivity holds. If we multiply ((f,n) <4 (g,m))(t) on the right hand side
&(h,r)(t) we get

n(t), f(t) <g(t)
(homin(f,9))(t),y (n@m)(t), [f(t)=g(t) or(min(f(t),9(1))) |,
m(t), f(#)>g(t)

which is the same as the results of the next computations

((f;n) & (h,r))(#) = ((ho [)(#),n(t) ©7(f (1)),
((g:m) & (h,r)) () = ((hog)(t),m(t) @r(g(t))),

which adds with ¢ to

n(t)or(f(t)), h(f(t)) <h(g(1)),
min(h(f (%)), h(g(¢))),4 n(t) or(f(t))@m(t)or(g(t)), h(f(#))=hr(g(®)), [
m(t)or(g(t)), h(f(t)) > h(g(t))
The right distributivity holds, as f,g and h are increasing and the semiring A is distributive.
The distributivity holds and G 4(7) is a semiring. m

Definition 31 Let A be a combinatorial (shortest paths, geodetic, etc.) semiring. The semiring
(GA(T)?$7 ®, (0070)7 (Zd7 1))
is called the traveling combinatorial (shortest paths, geodetic, etc.) semiring.

5. Betweenness centrality

Determining important vertices in the network is one of the basic network analysis tools. A lot
of different vertex centralities have been defined for static networks Wasserman & Faust (1994).
One of the classical centralitity measures is the betweenness centrality Freeman (1977, 1978).

http://mc.manuscriptcentral.com/imamat
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Definition 32 The betweenness of a vertex v in a network A = (V,£,W) is defined with

1 Ny (V)
b = — 7
(U) (n_l)(n_2) u,%;v Nyw ’
{v,u,w}|=3

where 1., is the number of the shortest paths from u to w and 7, (v) is the number of the
shortest paths from u to w that include the vertex v. If 14, =0 we define nyq, (v) /Myw = 0.

The betweenness centrality is based on the shortest paths in the network. The ratio
Ny (V) [Ny can be seen as the probability that the communication between u and w goes
through v. Therefore, the betweenness centrality implicitly assumes that all the communication
between the vertices of the network takes place only along the shortest paths. That is not
necessarily the case and it is a known disadvantage of the betweenness centrality.

The betweenness centrality is motivated by network traffic monitoring. Which vertex has
the most potential for influencing, security, connectivity, negotiations. It measures the strategic
position of vertices.

In Batagelj & Praprotnik (2014) we described the generalization of betweenness centrality
for temporal networks with zero latency. In this article, we aim to generalize it to networks
with given latencies and arbitrary waiting times.

5.1 Betweenness in temporal networks

We will use the traveling combinatorial semiring G 4 (7") to define and compute the betweenness
in temporal networks. In this semiring the pairs of temporal quantities (f,m) are viewed as
the first arrival times, f, and as the number of possible traversals of links that result in the first
arrival, m.

Definition 33 We define the first arrival betweenness with respect to the ubiquitous foremost
journeys after the chosen time point ¢ as
1 Nyw(v) (t)
by(t)= ———— e
O GDED 2

H{v,u,w}=3

The 74y, (t) denotes the number of ubiquitous foremost journeys from u to w that begin after
the time ¢ and the 7, () denotes the number of ubiquitous foremost journeys from u to w
that go through v and begin after the time ¢.

We point out that our definition has the same problem as the betweenness for static network.
It assumes that all the communication / traffic in the temporal network travels along the
ubiquitous foremost journeys.

In temporal networks it is not generally true, that the foremost journey includes only fore-
most stages which holds for shortest paths in static networks. See Figure 4 as an example. The
weights on links are the latencies and the number of ways to cross them. The latency on the
link (u,v) is 2 at the time point 1 and 3 at the time point 2. Between the vertices v and w the
latency is equal to 2 at the time point 5. Outside the specified times the links are not present.

There are k foremost journeys between the vertices u and v that have the arrival time 3.
Between the vertices v and w there are n foremost journeys. Between the vertices u and w

http://mc.manuscriptcentral.com/imamat
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11 there are (m+k)-n foremost journeys. Our intuition does not distinguish between the waiting

12 time in the vertex v and traveling along a link. The traveling semiring does. The link (u,v)

13 with the weight (3,m) is not taken into account in the semiring as it is not included among the

14 ubiquitous foremost journeys between u and w.

15

i? (3,m) (2,n)

18

19 - O—3 ®

32 0o 1 3 5 7

20 (2,k)

23

24 Figure 4: The foremost journey does not necessarily include only the foremost stages.

25

26 We compute the values nq,,(t) and nuw(v)(t) from the closure B of a temporal network

27 matrix over the traveling combinatorial semiring in a similar way as for the static case. The

gg ma.trix B consisfcs of pairs of temporal guantities (f?w(t),nuv(t)). The value fy,,(t) is the first
arrival time for journeys from u to v with the begining ¢. The value n,,(t) tells the number of

30 the ubiquitous foremost journeys begining at the time ¢, starting at u, and arriving at v at the

31 time fy, (1).

gg Once we know the matrix B we compute

gg nuw(v)(t) = N () Now (fuo (1))

36 if fuw(t) = fow(fuu(t)). Otherwise n,,(,)(t) is equal to (o0,0).

37

38 6. Conclusion and future work

ig In the article, we described a new algebraic approach to the analysis of temporal networks

41 that is based on temporal quantities over the selected semiring. We defined a new semiring for

42 computing foremost journeys (first arrival semiring) and traveling semirings in which we can

43 use additional data on the links, besides the latency.

44 Our description of a temporal network avoids an explicit record of vertex and link presence

45 as it is done in most of the literature. We describe the presence implicitly using the zero in

46 the semiring. Our approach allows more temporal data to be added to the vertices and to

47 the links of the network. In addition to the latency it is possible to add lengths, number of

48 ways, and other temporal information. With the definition of the traveling semiring we can

49 mathematically describe journeys in temporal networks and allow more data in their analysis.

50 We defined the betweenness centrality with respect to the ubiquitous foremost journeys in

51 temporal networks, and showed how to use the semiring operations to compute it.

52 For future research other methods from static networks could be generalized and special

53 methods that are adapted to the time dimension should be developed. Also, the definition of

54 betweenness could be generalized or adapted in a way that all the foremost journeys will be

55 taken into account. It seems that for this case, a different semiring should be constructed.

56 There are still questions about the journeys with zero or fixed waiting times. Both cases

57 raise some interesting questions. Our current solutions fail at the right distributivity. It seems

58

59

60
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that the fixed time is a very strong assumption and by our intuition it will be difficult to solve.

The procedures for the analysis of temporal networks with zero latency and zero waiting
times from our articles Batagelj & Praprotnik (2014); Praprotnik & Batagelj (2015) are available
as a Python library TQ (Temporal Quantities) at http://pajek.imfm.si/doku.php?id=tq.
In the future, we intend to extend the library for the case of temporal networks with latency
and arbitrary waiting times.
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