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Abstract

The ridesharing problem is to share personal vehicles by individuals (participants) with
similar itineraries. A trip in the ridesharing problem is a participant and his/her itinerary.
To realize a trip is to deliver the participant to his/her destination by a vehicle satisfying
the itinerary requirement. In this thesis, we focus on two optimization goals: minimize the
number of vehicles and minimize the total travel distance of vehicles to realize all trips. The
minimization problems are complex and NP-hard because of many parameters. We simplify
the problems by considering only some of the parameters. We prove that some simplified
minimization problems are NP-hard while a further simplified variant is polynomial time
solvable. These suggest a boundary between the NP-hard and polynomial time solvable
cases. We also propose a novel approach for finding a maximum matching in hypergraphs
with special properties, extending the well-known maximum matching theorem in graphs

to hypergraphs.

Keywords: Ridesharing problem; graph theory; matching; hypergraph matching; opti-

mization algorithms
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Chapter 1

Introduction

Ridesharing, in its simplest form, is the shared use of personal vehicle by its driver and
individual travelers who have similar itineraries and schedules. When a vehicle is selected
to serve any participant, the owner of the vehicle is called a driver and a participant other
than the driver is called a passenger. There are different motivations and goals for the use of
ridesharing. Some ideal advantages of ridesharing include saving travel cost for both drivers
and passengers (such as gas and parking costs), reducing traffic congestion, conserving fuel,
and reducing air pollution [10, 22, 23]. Despite the advantages of rideshring, according to
[15], the share of work trips that use ridesharing has decreased by almost 10% in the past 30
years. The average occupancy rate of personal vehicle trips is 1.6 persons per vehicle mile
based on reports published in 2011 [17, 25]. Currently, ridesharing coordination is not fully
regulated and organized in the transportation industry. Also, the lack of efficient methods to
encourage participation in ridesharing is a major obstacle for ridesharing to become a regular
transportation alternative for travelers. There are other factors that prevent ridesharing
from being widely adopted, such as privacy, safety, social discomfort, and pricing. Some
of these issues can be addressed by introducing reputation building system, profiling, or
preferences [17]. With today’s technology in GPS and smartphone, Internet-enabled mobile
devices should be able to play an important role in popularizing ridesharing. There are
new companies trying to reduce the gap between convenient transportation and ridesharing
[2, 20], such as Uber and Lyft. Readers can refer to two relative recent surveys [2, 15] about
ridesharing in general. In those two surveys, methods for general ridesharing problems are
reviewed along with some approaches for encouraging participation in ridesharing.

Usually the ridesharing arrangement among the ridesharing participants is managed by
a central matching agency. The matching agency is responsible for correctly facilitating
the ridesharing services by assigning ridesharing arrangement - match between individual
vehicle drivers and passengers. A trip in the ridesharing problem is a participant and
his/her itinerary specified by many parameters such as the origin and destination in a

road network, departure and arrival time, preferred path of a driver, distance/time detour



from the preferred path a driver can tolerate, vehicle capacity, and so on. To realize a
trip is to deliver the participant to his/her destination by a vehicle satisfying the itinerary
requirement.

In general, there are two types of ridesharing: static and dynamic. In static ridesharing,
the set of participants (both drivers and passengers) is known in advance, and the rideshar-
ing arrangement is computed in advance such that once the ridesharing arrangement is
settled, no further change will be made. In dynamic ridesharing, each trip arrives online
and a driver is arranged for an arrived trip without the knowledge of trips in the future.
The matching agencies must be able to process real-time incoming ridesharing requests
such that the ride-match should be established within a reasonable time frame, such as
several minutes. The newly arranged ride-match (of a real-time incoming request) should
not prevent the already established ridesharing arrangement from being carried out.

Earlier studies only focus on static ridesharing since real-time dynamic ridesharing (with
reasonable response time) is only plausible recently due to GPS-enabled and Internet-
enabled devices. There are slight different ridesharing systems settings that have been
considered and proposed previously, both static and dynamic. We summarize the most

common characteristics of the ridesharing problem that have been considered:

e Independent The drivers who provide the ride service are independent individuals,

and the vehicles that provide the ride service belong to the drivers as well.

e Automatic-matching There is a central matching agency (system) for facilitating
the ridesharing arrangement between the ridesharing participants, which requires a
minimum communication between the agency and the participants. The automated

process of ride-matching may include suggestions for routing, scheduling, and pricing.

e Cost-sharing The total travel cost is divided among the driver and passengers for
each ride-matching such that the ridesharing participants should feel beneficial com-

paring to other means of transportation.

e Carpooling A common mode of the static ridesharing. The ridesharing participants
are known in advance, and the matched commuters usually have similar schedules,
start locations and destinations, or the driver who provides the ride service does not

need to detour from his/her preferred route.

e Dynamic The ridesharing arrangement system needs to facilitate the ridesharing
services in real-time based on the participants’ input. The ridesharing services need
to be established on short notice. Recent dynamic ridesharing is plausible due to

Internet-enabled mobile devices.

The ridesharing problem is not easy to solve as a whole because many parameters and

constraints are involved, especially if the central matching agency needs to balance between



different optimization goals and to provide services with high level of convenience. The
aforementioned advantages and goals for the use of ridesharing can be conflicting each

other. The following is a non-comprehensive list of optimization goals for ridesharing:

e Minimize the total number of drivers required.

e Minimize the total travel distance/time of drivers’ trips.
e Minimize the total travel time of passengers’ trips.

e Maximize the number of matched (served) requests.

e Minimize the cost for the drivers’ trips.

e Minimize the cost for the passengers’ trips.

For example, if the optimization goal is to minimize the cost for the ridesharing participants,
it is more likely that each driver needs to serve more passengers, which in turns increases the
total travel time and distance for the participants. Typically, a method can only optimize
one or two goals at the same time. Reviews on recent methods for solving the ridesharing
problem can be found in [2, 15].

Static and dynamic ridesharing are closely related. One can view dynamic rideshar-
ing as a sequence of static ridesharing instances. It is important to fully understand the
fundamentals of the static ridesharing problem since the solutions and methods for static
ridesharing problem can be used as a basic scheduling tool for the dynamic systems. For
example, a static arrangement scheme can be used as a subroutine in a dynamic ridesharing
system for a batch of trips arrived in a specific time window, such as the method proposed
in [19]. Thus, we look deeper into the static ridesharing problem by introducing tighter
constraints and explore a boundary between the NP-hard and polynomial time solvable
cases. Then, the solutions and methods of these more constrained problems possibly can
be used for solving the more general static settings and dynamic systems.

In this thesis, we focus on static ridesharing. However, the ridesharing problem we study
is more generic, but simplified. The difference between our generic ridesharing problem and
the traditional ridesharing problem is that the role of a ridesharing participant can be
assigned to be a driver or a passenger. In other words, we assume that each ridesharing
participant is willing to provide ride service, whereas in traditional ridesharing problem,
the sets of drivers and passengers are given as inputs. The formal definition of the generic
ridesharing problem is given in Chapter 2. We make the assumption that the schedules of the
ridesharing participants are always similar enough such that any ride-match arrangement
can be served within the time constraints of the drivers and passengers. As a result, we
only consider the ridesharing problem with the time constraint removed, and we call this

problem the simplified ridesharing problem. This assumption may seem to have less real-life



application. However, for regularly scheduled carpooling (such as for work commute), it
is likely that the commuters have similar schedules. As mentioned, we look deeper into
the static ridesharing problem by introducing different constraints. Each variant of the
simplified ridesharing problems is differentiated by the constraints that are applied to the
simplified ridesharing problem. These constraints will be introduced in Chapter 3.

We consider two optimization goals in this thesis: (1) minimize the number of drivers and
(2) minimize the total travel distance of drivers for realizing all trips. For each variant of the
simplified ridesharing problem, we either show that it is NP-hard by providing a reduction
or give an algorithm for solving such a simplified ridesharing problem. We extensively
study one of the simplified ridesharing problems, where the algorithm and its analysis for
this problem lead to a novel approach for finding a maximum matching in hypergraphs with
specific properties. In particular, we extend the well-known maximum matching theorem
by Berge [6] in graphs to hypergraphs and present an algorithm that finds an augmenting
hyperpath in hypergraphs.

The rest of the thesis is organized as follows. In Chapter 2, we formally define the
generic ridesharing problem and introduce some basic definitions and notations that are
used throughout the thesis. We also review some of the related works in ridesharing. In
Chapter 3, we state and prove the variants of the simplified ridesharing problem that are NP-
hard (NP-complete). Chapters 4 and 5 are dedicated to polynomial time solvable simplified
ridesharing problems, where Chapter 5 details the maximum matching theorem extension
including a full analysis and presents an algorithm for finding an augmenting hyperpath
and its analysis. Finally, we conclude this thesis and discuss some future works in Chapter
6.



Chapter 2

Definitions and Related Work

In most of the discussions, we model each variant of the simplified ridesharing problem
using graph theory. Below, we introduce some graph theory basics and notations that are

used throughout the thesis.

2.1 Definitions and Notations

We refer the readers to textbooks on graph theory [11, 24] for other terminologies. A graph
G = (V, E) consists of a finite non-empty set V' of elements called vertices (or nodes) and a
set E of 2-element subsets of V' called edges (or arcs). The set V(G) is called the vertex set
of G and E(G) is the edge set of G. The cardinality of V', denoted by |V, is the number of
vertices of G. The cardinality of E, denoted by |E|, is the number of edges of G. For a pair
of vertices u,v € V, the undirected edge e between u and v is represented as e = {u,v}.
The vertices u and v are said to be adjacent to each other, and they are neighbors. The
vertices u and v are said to be incident to e. The degree of a vertex v, denoted by deg(v),
is the number of edges incident to v. A vertex v is isolated if deg(v) = 0. The maximum
degree of G, denoted by A(G), is the maximum degree of its vertices.

A directed graph (digraph) is similar to an undirected graph G defined above, except
that there are directions on the edges in a digraph. Formally, a digraph G’ = (V/, E’) is a
finite non-empty set V'’ of vertices and a set E’ of ordered pairs of members of V'. E’ is
the set of directed edges of G’. A directed edge e = (u,v) between u and v is considered
to be directed from w to v. Vertices u and v are called the tail and head of e respectively.
The outdegree, denoted by outdeg(v), of a vertex v is the number of edges pointing from
v (having v as a tail). The indegree, denoted by indeg(v), of a vertex v is the number of
edges pointing to v (having v as a head). A vertex v is called a source if indeg(v) = 0 and
outdeg(v) > 1. A vertex v is called a sink if indeg(v) > 1 and outdeg(v) = 0.



A walk in an undirected graph G is an alternating sequence between vertices and edges:
a walk W : vy, e1,v1, €, ..., €n, Uy (where n > 0)

The length of the walk W is n because n edges (not necessarily distinct) are encountered.
If all the edges in W are distinct, then W is a trail. If all the vertices in W are distinct,
then W is a path. A walk W is closed if it starts and ends at the same vertex. A cycle
(simple cycle) is a closed walk with distinct vertices and edges. A graph is connected if
there is a path between every pair of vertices. A graph without any cycle is called acyclic.
The most common acyclic graph is a tree. A tree is a connected acyclic graph G = (V, E)
where |E| = |[V| —1. An arbitrary acyclic graph is called a forest, which is a set of trees. A
directed graph without any cycle is called directed acyclic graph (DAG).

A matching in a graph G = (V, E) is a set M C E of vertex-disjoint edges. An edge that
belongs to a matching M is called a matched edge. Otherwise, it is called an unmatched
edge with respect to M. A vertex v is called matched if v is incident with a matched edge.
Otherwise, it is an unmatched or a free vertex with respect to M. A matching M in G is
called mazximal if M is not a proper subset of any other matching. A matching M in G is
mazimum if there does not exist another matching M’ in G such that |M'| > |M|. A perfect
matching is a matching in which all vertices of G are matched. Every perfect matching is
maximum.

An edge-weighted graph G’ is a graph where each edge of G’ is associated with a real
number, called a weight. A weighted graph usually refers to an edge-weighted graph, unless
otherwise stated. The length of a path P in G’, denoted by dist(P), is the sum of the
weights assigned to the edges of P. The distance between a vertex w and a path P in a
graph is dist(u, P) = min,cy (py dist(u,v). A mazimum weighted matching M of an edge-
weighted graph G’ is defined as a matching where the total weights of the edges in M have

a maximum value.

2.2 Problem Definition

A road network is expressed by a graph G which consists of a set V(G) of vertices (locations
in the network) and a set E(G) of edges, each edge {u, v} represents a road between u and
v. G is weighted if each edge is assigned a weight (cost to use the road).

Given a set R = (1,...,1) of ridesharing participants’ trips. We denote a trip by an
integer i € R specified by (s;, d;, ts,, ta,, ni, i, Pi), where

e s; is the start location (source) of i (a vertex in G),
e d; is the destination of i (a vertex in G),

o g, is the earliest departure time of ¢,



® 14, is the latest arrival time of 1,

e n; is the number of seats (capacity) of i available for passengers,

e x; is the detour distance i can tolerate for offering ridesharing services, and
e P, is a set of preferred paths of ¢ from s; to d; in G.

We say trip ¢ can serve i itself and can serve trip j # ¢ if (1) n; > 1, (2) 7 and j can arrive at
their destinations by time ¢4, and t4; respectively using the service of ¢, and (3) the detour
of i is at most x;. A detour of a driver 7 is that ¢ has to deviate from i’s preferred path(s)
so that ¢ can serve other trips. A trip 7 can serve a set (i) of trips if trip ¢ can serve all
trips of (i) and the total detour of 7 is at most x;. A trip 7 can serve at most n; + 1 trips
(including the driver) at any specific time point, but |o(7)| may be greater than n; + 1 if
i can serve some other passengers after the delivery of the current passenger(s), which is
known as re-take passengers.

The generic ridesharing problem is that given an instance (G, R), G is the road network
and R = {1,...,1} is the set of ridesharing trips, find a set S C R of drivers and a mapping
o: S — 2% such that:

e for each i € S, all trips in (i) can be served by i,

e for each pair 4,5 € S with i # j, o(i) No(j) = 0, and

e U o(i) =R

1€S

We introduce some notations used throughout the thesis. We call (S, o) a solution for
the ridesharing problem. We sometimes say S is a solution leaving the mapping ¢ implicit,
and denote U;ego (i) by o(S). When a trip j is served by a driver i, we also say j is picked-up
by 1.

We study the problem of minimizing |S| (the number of drivers) and the problem of
minimizing the total travel distance of the drivers in S. These two optimization goals may
not conflict each other. However, minimizing one does not mean the other is also minimized

at the same time. We will show an example of this later (in chapter 4.2.1). As a result,

each of the optimization goals is considered separately.

2.3 Related Work

The ridesharing problem is very similar to the dial-a-ride problem (DARP)[12]. In DARP,
a set of designated drivers/vehicles is given who can provide shared service for ride requests
from the users/passengers. The difference between the ridesharing problem and DARP is
that, each vehicle in the ridesharing problem is limited to travel from its source and desti-

nation with possible detour. The DARP problem is a generalization of the vehicle routing

7



problem (VRP) with pick-up and delivery. Finding a feasible solution for the DARP is
NP-hard because it also generalizes the traveling salesman problem with time windows
(TSPTW) [26]. Because the ridesarhing problem is NP-hard in general, most previous
studies focus on developing heuristics or solving some simplified variants of the ridesharing
problem, such as single passenger at a time, single pick-up of a driver’s trip, static rideshar-
ing, not including pricing, or single objective function. Usually, the ridesharing problem is
formulated as an IP (or MIP) problem and solved using some heuristics or meta-heuristics.
In [5], Baldacci et al. propose both an exact and heuristic method to solve the car pooling
problem based on two integer programming formulations. Herbawi and Weber [19] gave an
IP formulation of the dynamic ridesharing problem where the objective function contains
four optimization goals at the same time (multiobjective function). Each of the components
in the objective function is associated with a parameter that controls which optimization
goal has more emphasis. The author proposed a generational genetic algorithm to solve
such an IP formulation of the ridesharing problem.

In [1], Agatz et al. developed optimization-based approaches for solving dynamics
ridesharing in practical environment where new drivers and riders continuously enter and
leave the system, which is called rolling horizon. They also built a simulation environment
based on travel demand model data from the Atlanta Regional Commission, and use it to
compare different methods. The ridesharing problem they studied is also slightly simplified
- a driver can make only one pickup and one delivery. There is a similarity between the
ridesharing problem studied in [1] and our ridesharing problem: each trip specifies whether
the participant intends to be a driver, intends to be a passenger, or is flexible to perform
either role. In a recent paper [20], Huang et al. proposed a method for large scale real-time
ridesharing. They compare their method with some general approaches for the ridesharing
problem, such as branch and bound algorithm and mixed integer programming approach.
Their comparison is based on a large scale taxi dataset made by Shanghai taxis.

For a literature review of the ridesharing problem, the reader is referred to the survey
of Furuhata et al.[15].



Chapter 3
Simplified Ridesharing Problem

Ridesharing Problems with Open Time Windows

By open time windows, we mean the departure/arrival time constraints are always sat-
isfied in any assignment of drivers to passengers, that is, t,, and ¢4, are not considered.
The minimization problems can be further simplified, assuming some of the parameters

si, diy M, i, P; satisfy certain constraints specified below:

(C1) Single Destination: all passengers have the same destination, that is, d; = D for

every i € R.

(C2) Zero Detour: each driver can only serve others on the way of his/her preferred

path(s), that is, ; = 0 for every i € R.
(C3) Fixed Path: each trip 7 has a unique preferred path P; from s; to d;, that is, |P;| = 1.

When any of the constraints is satisfied, the minimization problems become easier.
However, we prove that the simplified minimization problems are still NP-hard when any two
of the constraints are satisfied and the other one is not. Note that if the single destination
(C1) constraint is satisfied, there is no re-take involved since every trip has same destination,

driver cannot perform any re-take.

3.1 NP-hardness Result for Non-zero Detour

When constraints (C1) and (C3) are applied but the non-zero detour is allowed, we prove

that the problems of minimizing the number of drivers and total travel distance in the

ridesharing problem are NP-hard. The proof is a reduction from the 3-partition problem.

The decision problem of 3-partition is that given a set A = {a1,aq, ..., as;} of 3k positive
3k

integers, where > a; = kM and M/4 < a; < M/2, whether A can be partitioned into

=1
k disjoint subsets Ai, Ao, ...., A such that each subset has three elements and the sum of

integers in each subset is M. The decision problem of 3-partition is NP-complete [16].

9



Given an instance A = {ay, ..., agx} of the 3-partition problem, we construct an instance

(G, Ry) of the ridesharing problem as follows (also see Figure 3.1):

e The road network is the weighted graph G with V(G) = {I, D, v, ..., v4} and E(G)
having edge {D, I} of weight kM, edges {v;, [} of weight a;, 1 < i < 3k, and edges
{vi, I'} of weight kM, 3k + 1 < i < 4k.

o Ry ={l1,...,4k} has 4k trips.

— Each trip 7, 1 <1 < 4k, has source s; = v; and destination d; = D, and each trip
1 has a unique preferred path between v; and D in G.
— Each trip i, 1 <14 < 3k, has n; = 0 (i can only serve i itself) and x; > 0.

— Each trip 4, 3k + 1 < i < 4k, has n; = 3 (i can serve up to three passengers at

the same time) and x; = 2M.

V341 Paks2 Vg

Figure 3.1: Ridesharing instance based on a given 3-partition problem instance. For each
trip ¢, 3k+1 <1t <4k, n; =3 and x; = 2M.

Lemma 3.1.1. Any solution for the instance (G, Ra) has every trip i, 3k +1 <1 < 4k, as
a driver with total travel distance at least 2k(k + 1)M.

Proof: In the instance (G, R4), any trip i for 3k + 1 < i < 4k cannot be served by any
other trip j # i because for 3k +1 < j < 4k, the detour in such a service by j is 2kM > 2M
for k£ > 1 and the detour limit is at most 2M . Therefore, trip ¢ for 3k + 1 < i < 4k must be
a driver in any solution for the instance (at least k drivers).

Let S be the set of k drivers ¢ with 3k +1 < i < 4k. The total travel distance of the
drivers in S is at least 2kkM . For each trip 7, 1 < i < 3k, the total travel distance of drivers
in S and trip j is at least 2kkM + 2a; if j is served by a driver in S, otherwise is at least
2kkM + aj + kM. Since a; > kM, the minimum total travel distance to realize all trips
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3k
is to have every j, 1 < ¢ < 3k, as a passenger and the travel distance is 2kkM + 3 2a; =
i=1
2kkM + 2kM = 2k(k+ 1)M. O
Theorem 3.1.1. Minimizing the number of drivers in the ridesharing problem is NP-hard
when constraints (C1) and (C3) are satisfied but the zero detour constraint (C2) is not.

Proof: To get the theorem, we prove that an instance A = {ay, ..., ag;} of the 3-partition
problem has a solution if and only if the ridesharing problem instance (G, R4) has a solution
of k drivers.

(—) Assume that the 3-partition instance has a solution Aj, ..., Ay where the sum of
elements in each A; is M. We assign each trip ¢ with 3k 4+ 1 < i < 4k to serve one set A;
for j =i —3k. Since n; = 3 and the sum of A; is M, driver ¢ can serve the three passengers
corresponding to A; with total detour distance 2M. Hence, we have a solution of & drivers
for (G, Ra).

(+) Assume that (G, R4) has a solution of k drivers. By Lemma 3.1.1, every trip ¢ with
3k 4+ 1 < i < 4k must be a driver in the solution. Then, each trip j for 1 < j < 3k cannot
be a driver in the solution. By the detour limit x; = 2M and n; = 3, each driver ¢ can
serve at most 3 passengers. From this and there are 3k passengers, each driver ¢ must serve
exactly 3 passengers in the solution. Assume, for contrary, that some driver ¢ has a detour
smaller than 2M. Then from the fact that the sum of elements in A is kM, implying some
driver ¢ must have a detour greater than 2M, a contradiction. So the detour of each driver
i is exactly 2M. For each driver ¢ with 3k +1 <14 < 4k, let A;, j =i — 3k, be the subset
of the three integers of A corresponding to the passengers served by 7. Then Aq,..., A; is a
solution for the 3-partition problem instance.

The size of (G, R4) is linear in k. It takes a linear time to convert a solution of (G, R4)

to a solution of the 3-partition instance and vice versa. ]

Theorem 3.1.2. Minimizing the total travel distance of drivers in the ridesharing problem
is NP-hard when constraints (C1) and (C8) are satisfied but the zero detour constraint (C2)

s not.

Proof: The proof is similar to that for Theorem 3.1.1: we prove that an instance A =
{ai,...,asx} of the 3-partition problem has a solution if and only if the ridesharing problem
instance (G, Ra) has a solution with 2k(k + 1)M total travel distance.

Assume that the 3-partition instance has a solution. Then there is a solution of k drivers
for (G, R4) as shown in the proof of Theorem 3.1.1. The total travel distance of this solution
is 2k(k 4+ 1) M as shown in the proof of Lemma 3.1.1.

Assume that (G, R4) has a solution with total travel distance 2k(k+1)M. As shown in
the proof of Lemma 3.1.1, trips ¢ with 3k + 1 < ¢ < 4k are the drivers in the solution. From
this, there is a solution for the 3-partition instance as shown in the proof of Theorem 3.1.1.

O
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3.2 NP-hardness Result for Not Fixed Preferred Path

When constraints (C1) and (C2) are satisfied but trips may have multiple preferred paths,
we prove that the problems of minimizing the number of drivers and total travel distance
in the ridesharing problem are NP-hard. The proof is a reduction from the 3-partition
problem (introduced in Section 3.1).

Given an instance A = {ay, ..., agx } of the 3-partition problem, we construct an instance

(G, R4) of the ridesharing problem as follows (also see Figure 3.2):

e The road network is the graph G with V(G) = {D, I, us, ..., us,v1,...,v;} and E(G)
having edges {u;, I} for 1 < i < 3k, edges {I,v;} and {v;, D} for 1 < i < k. Each
edge has weight of 1.

o Ry={1,....,3k+ kM?} has 3k + kM trips.

— Each trip ¢, 1 < ¢ < 3k, has source s; = wu;, destination d; = D, n; = a;
and z; = 0. Each trip ¢ has k preferred paths {u;,I},{I,v;},{v;, D} in G, for
1<j<k.

— Each trip 4, 3k + 1 < i < 3k + kM, has source s; = vj;, j = [(i — 3k)/M], and
destination d; = D, n; = 0, 2; > 0 and a unique preferred path {v;, D} in G.

M trips at each vertex v;

(4%

Figure 3.2: Ridesharing instance based on a given 3-partition problem instance.

Lemma 3.2.1. Any solution for the instance (G, Ra) has every trip i, 1 < i < 3k, as a

driver and total travel distance at least 9k.

Proof: Since constraint (C2) is satisfied (detour is not allowed), every trip i, 1 < i < 3k,
must be a driver in any solution. A solution with exactly 3k drivers has total travel distance
9k, and any solution with a trip 7, 3k+1 < i < 3k+ kM, as a driver has total travel distance
greater than 9k. O
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Theorem 3.2.1. Minimizing the number of drivers in the ridesharing problem is NP-hard
when constraints (C1) and (C2) are satisfied but the fized preferred path constraint (C3) is

not.

Proof: We prove the theorem by showing that an instance A = {ay,...,as;} of the 3-
partition problem has a solution if and only if the ridesharing problem instance (G, R4) has
a solution of 3k drivers.

(—) Assume that the 3-partition instance has a solution Ay, ..., Ay where the sum of
elements in each A; is M. For each A; = {aj,,aj,,a;,}, 1 < j < k, we assign the three
trips whose n;, = aj,, nj, = a;, and nj, = a;, to serve the M trips with sources at vertex
vj. Hence, we have a solution of 3k drivers for (G, Ra).

(«) Assume that (G, Ra) has a solution of 3k drivers. By Lemma 3.2.1, every trip ¢,
1 < i < 3k, is a driver in the solution. Then, each trip j for 3k +1 < j < 3k + 4kM
must be a passenger in the solution, total of kM passengers. Since ;<3 a; = kM, each
driver i, 1 < i < 3k, serves exactly n; = a; passengers. Since a; < M /2 for every a; € A,
at least three drivers are required to serve the M passengers with sources at each vertexv;,
1 < j < 3k. Therefore, the solution of 3k drivers has exactly three drivers ji, jo, j3 to
serve the M passengers with sources at the vertex v;, implying a;j, + aj, + aj, = M. Let
A; ={aj,,aj,,a,}, 1 < j <k, we get a solution for the 3-partition problem instance.

The size of (G, R4) is polynomial in k. It takes a polynomial time to convert a solution

of (G, R4) to a solution of the 3-partition instance and vice versa. O

Theorem 3.2.2. Minimizing the total travel distance of drivers in the ridesharing prob-
lem is NP-hard when constraints (C1) and (C2) are satisfied but the fized preferred path

constraint (C3) is not.

Proof: Let dgy,, be the sum of travel distances of all trips ¢ with 1 < i < 3k. Then
the total travel distances of drivers in any solution for (G, Ry4) is at least dsym = 9k by
Lemma 3.2.1. We show that an instance A = {ay, ..., as;} of the 3-partition problem has a
solution if and only if instance (G, R4) has a solution with travel distance dsyn,.

Assume that the 3-partition instance has a solution. Then there is a solution of 3k
drivers for (G, R4) as shown in the proof of Theorem 3.2.1. The total travel distance of
this solution is dgym,-

Assume that (G, R4) has a solution with total travel distance dgy,. By Lemma 3.2.1,
trips ¢ with 1 < ¢ < 3k must be drivers. From this, there is a solution for the 3-partition

instance as shown in the proof of Theorem 3.2.1. O

3.3 NP-hardness Result for Non-unique Destinations

Without the single destination constraint (C1), drivers can perform re-take, and the problem

becomes harder. In fact, we show that the problems of minimizing the number of drivers
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and total travel distance in the ridesharing problem are NP-hard when constraints (C2)
and (C3) are satisfied but trips may have distinct destinations. The proof is a reduction
from the Interval Scheduling with Machine Availabilities Problem (ISMAP) [4], which is
also called the k-Track Assignment Problem [9].

The ISMAP is a machine scheduling problem: Given m machines and n jobs. Each
machine 7,1 < ¢ < m, has an operational interval [a;,b;), a; is the start time and b; is
the end time. Each job j,1 < j < n, has a process interval [p;,q;), p; is the start time
and ¢; is the end time. We may simply call [a;,b;) and [p;, ¢;) an interval and call each of
a;, b, pj, q; an end point of an interval. Each job can only be processed by one machine, and
each machine can process at most one job at any time point. A schedule is an assignment
of jobs to machines such that every job is assigned to one machine, if job j is assigned
to machine i then [pj,q;) C [asb;), and if jobs j and j’ are assigned to machine ¢ then
[pj.q;) N [pjr,q57) = 0. The decision version of ISMAP is that: Given m machines and n
jobs, is there a schedule for the machines and jobs? The decision problem is NP-complete
[4, 9].

Given an ISMAP instance I of m machines and n jobs, we first construct another ISMAP
instance I’ such that there is a schedule for I if and only if there is a schedule for I’. Then
we construct an instance of the ridesharing problem such that there is an optimal solution
for the ridesharing problem if and only if there is a schedule for I'.

The constructions of I’ is as follows: We assume that b; < b1 for 1 < i < m —1
and a; > 0 for 1 < ¢ < m. For each i in I, we extend the operational interval of i to
[i —m —1,b; + i) and include i as a machine in I’. Every job j in I is included in I’. For
each machime ¢ € I’, we create a new job y; with process interval [py,, qy,) = [i —m — 1, a;)
and a new job z; with process interval [p,,q.,) = [bi,b; + ). Then each of jobs y; and z;

can be processed only by machine ¢ in any schedule for I’.
Lemma 3.3.1. There is a schedule for I if and only if there is a schedule for I'.

Proof: Assume that there is a schedule S for I. Then in addition to S, assigning jobs y;
and z; to machine 7, 1 < ¢ < m, gives a schedule for I’. Assume that there is a schedule S’
for I’. Then removing jobs y; and z;, 1 < i < m, from S’ gives a schedule for I. The size
of I is linear in |I|. A schedule of I can be computed from a schedule of I’ in linear time
and vice versa. O

Given an instance I’ of m machines and n + 2m jobs, we construct an instance (G, Ry)

for the ridesharing problem as follows:

e Graph G is the road network with V(G) = {u | u is an end point of an interval in I’}
and E(G) = {{u,v} | u < v and no w € V(G) with u < w < v}. Notice that G is a
path.

e Ry is the set of trips defined below.

For each machine i (1 <1i < m) of interval [i — m — 1,b; + i), three trips are created,
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(1) trip ¢ (corresponding to machine i) with source s; = ¢ — m — 1, destination
d; =b; +1, n; = 1,x; = 0, and the unique preferred path between i — m — 1 and
b; + 1 in G;

(2) trip m+i (corresponding to job y; of interval [i —m — 1, a;)) with source Sy,4; =
1 —m — 1, destination d,1+; = a;, Nm+i = 0, xpmy; = 0, and the unique preferred

path between ¢ —m — 1 and a; in G; and

(3) trip 2m+1 (corresponding to job z; of interval [b;, b; +1)) with source sopm+i = b;,
destination doy,1; = b; + 4, nomys = 0, z9m4; = 0 and the unique preferred path
between b; and b; + 7 in G.

For each job j of interval [p;,q;), 1 < j <mn, a trip i = 3m + j is created with source
s; = pj, destination d; = ¢;,n; = 0,2; = 0, and the unique preferred path between p;

and ¢; in G.

Lemma 3.3.2. Every solution for the instance (G, Ry) has every trip i,1 < i < m as a

driver.

Proof: From the zero-detour constraint (C2), a trip ¢ can serve a trip j # i if the interval of
7 is a subset of the interval of 7 in I’ and n; > 0. Since the interval of any trip 7,1 <7 < m,
is not a subset of the interval of any trip other than ¢, trip ¢ cannot be served by any trip
other than ¢. Further, any trip ¢, m +1 < ¢ < 3m + n, cannot serve any trip other than i
because n; = 0. So any solution for the instance (G, Ry) must include every tripi,1 <i <m

as a driver. n

Theorem 3.3.1. Minimizing the number of drivers in the ridesharing problem is NP-hard
when constraints (C2) and (C3) are satisfied but the unique destination constraint (C1) is

not.

Proof: Given an ISMAP instance I, we construct an instance I’ as shown above. By
Lemma 3.3.1, I has a schedule if and only if I’ has a schedule. We will prove that I’ has a
schedule if and only if the instance (G, Ry) has a solution of m drivers.

(—) Assume that I’ has a schedule. Then for every job assigned to machine 7,1 < i <m
the interval of the job is a subset of the interval of ¢ and thus trip ¢ can serve the trip
corresponding to the assigned job. Further, there is no overlap between the intervals of any
two jobs assigned to machine ¢. Therefore, trip ¢ can serve all trips corresponding to the
jobs assigned to it. Thus, trips 7,1 < ¢ < m, and the assignment of jobs to every trip i give
a solution of m drivers for (G, Ry).

(<) Let (S,0) be a solution of m drivers for (G, R;). By Lemma 3.3.2, S has all
tripsi, 1 < ¢ < m, as the drivers and every trip j,m+1 < j < 3m 4+ n, is served by a driver.
A schedule for I’ can be obtained by assigning each job corresponding to a passenger in

o (i) to machine 1.
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The size of (G, Ry) is linear in |I'| and |I|. A schedule for I’ and that for I can be

computed from a solution of m drivers in linear time and vice versa. O

Theorem 3.3.2. Minimizing the total travel distance of drivers in the ridesharing problem
is NP-hard when constraints (C2) and (C3) are met but the unique destination constraint
(C1) is not.

Proof: The proof is similar to that of Theorem 3.3.1. Let dgym, be the sum of travel
distances of all trips ¢ with 1 < ¢ < m (recall that there is no detour). Then the total travel
distances of drivers in any solution for (G, Ry) is at least dgyy, because any solution must
have every 4,1 < i < m as a driver. We show that an instance ISMAP instance I has a
schedule if and only if instance (G, Ry) has a solution with travel distance dgyn,.

Assume that I has a schedule. Then by a similar argument as that in Theorem 3.3.1,
instance (G, Ry) has a solution (S, o) with all trips ¢,1 < i < m, as the drivers and all trips
jom+1<j <3m+n as the passengers. Hence, the total travel distance of all drivers in
S is dgym.

Assume that (G, Ry) has a solution with travel distance dgyy,. Then the solution has
all trips ¢ with 1 <4 < m as the drivers and all trips j with m +1 < j < 3m + n as the

passengers. As shown in the proof of Theorem 3.3.1, a schedule for I can be obtained. [

3.4 A Greedy Algorithm

We give a greedy algorithm for the problems of minimizing the number of drivers and
minimizing the total travel distance of drivers when none of the constraints (C1), (C2) and
(C3) is applied. The minimization problems are NP-hard as shown in the previous sections.
An input instance for the minimization problems is (G, R), where G is an arbitrary road
network and R = {1,2,...,1} is a set of trips. Each trip i € R is specified by (s;, d;, ni, z;, P;),
where s; and d; are arbitrary vertices in G, n; > 0,2; > 0 and |P;| > 0. The outline of
the greedy algorithm is as the follows: Given an instance (G, R), we construct a bipartite
graph H(U,V, E) with U = {u1, ...,w},V = {v1,...,u} and E = {{u;,v;} | trip i can serve
trip j}. For each trip i € R, compute a maximal set o(i) of trips that trip 7 can serve
using the bipartite graph. Finally, we select a subset of trips which can serve all trips by
a greedy approach. For each trip i, we compute a value h(i) depends on the minimization
problem. For the problem of minimizing the number of drivers, h(i) = |o(¢)|. For the
problem of minimizing the total traveling distance, h(7) is the total distance can be saved.
Select the largest h(i) each time until all trips are served. The details of the algorithm
is given in Algorithm 1. We will only give a simple time analysis for this algorithm. In
the next chapter, we will study different variants of simplified ridesharing problem that are

polynomial time solvable, in particular, ridesharing problems without re-take.
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Algorithm 1 A Greedy Algorithm

Input: Road network G and R = (1,...,1) of trips with each trip i = (s;,d;, ns, i, P;).
Output: a solution (S, o) to the ridesharing instance (G, R).

10:
11:
12:
13:
14:
15:

16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:

27:
28:
29:
30:
31:
32:

1
2
3
4
o:
6
7
8
9

:fori=1tol do
if |P;| > 1 then take one path P; from P;.
else compute a shortest path from s; to d;.
: end for
/* Construct a bipartite graph H(U,V, E) */
U =Auy, ...}, V=A{v1,....,0} and E =0
: for u; € U and vj € V do
/* Let s;; (resp. d;;) be the vertex on P; s.t.
dist(sj, sij) = dist(sj, P;) (resp. dist(dj,d;;) = dist(d;, P;)) */
if dist(s;,sij) < dist(s;,d;j) then c(u;,v;) = 2[dist(s;, P;) + dist(d;, P;)]
else c(ui, Uj) = Q[dist(Sj, Pz) + dist(tj, Pz) + dist(sij, dlj)]
if ¢(u;,v;) < x; then include {u;,v;} in E.
/* Let Q;; be the path with the length dist(P;) + c(u;,v;) for serving j by i */
end for
/* Compute a maximal set (i) of trips that i can serve. Let m; be the largest number
of passengers of (i) at any time point ¢ can serve using path @);; and let ¢; be the sum
of detours for serving o(i). */
for i=1to!l do
o(i):={i}, m;i =0,¢=0
for every {u;,v;} € E in the increasing order of c¢(u;,v;) do
compute m; for the case that v; is included in o(7) and
passengers j' € o(i) are picked up in the increasing order of dist(s;, s;j).
if ¢; + c(u4,vj) < x; and m; < n; then
Include j in o(i), ¢; = ¢; + c(u4,v5), update m;.
end if
end for
end for
/* Find a set of drivers which can serve all trips. Let h(i) = |o(¢)| for minimizing the
number of drivers and let h(i) = 3 ,cq(;) dist(P;) — c(ui, v;) for minimizing the total
travel distance. */
S = (). Mark every trip unserved.
while 3 an unserved trip do
Select an unserved trip i with the largest h(37).
Include 7 in S, mark every trip in (i) served.
Remove every served trip from o(j) and update h(j) for every unserved j.
end while

jeo(i

Time complexity Let [ be the number of trips in R, n = |V(G)| and m = |E(G)| where

G
it

is the road network. To compute a single-source shortest path in G, it is known that

takes O(m + nlogn) using Dijkstra’s algorithm [14]. To find the vertex s;; (resp. d;j)

on path P; requires a call to Dijkstra’s algorithm. Hence, it takes O((m + nlogn)i?) to

(610)

nstruct the bipartite graph H(U,V, E). For computing o(7), it needs to test if a trip j
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(with {u;,v;} € E(H)) can be included in o (i) due to re-take, which takes at most n; times
to see j overlaps with how many trips already in o(¢). Since |0 ()| is at most [ and c(u;, v;)
could have been sorted when constructing H(U,V, E), it takes O(I%) to compute o (i) for
one trip i € R, total of O(I?). The while loop starts at line 28, is linear in /. Therefore, this
greedy algorithm runs in O((m + nlogn)i? + I3).
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Chapter 4

Polynomial Time Solvable

Simplified Ridesharing Problems

In this chapter, we study a number of variants of the simplified ridesharing problem that
can be solved in polynomial time. We will give a polynomial time algorithm or a method to
solve each problem stated in this chapter. We start with the simplified ridesharing problem
where all three constraints C'1,C2, and C3 are satisfied. As mentioned, re-take operation

is not involved when all trips in R have the same destination (C1).

4.1 All Constraints Are Satisfied - C1C2C3

We consider a special case of this problem: all the ridesharing trips lie on a single path
of the road network G. In other words, for the given set R = {1,...,{} of trips, the graph
induced by the preferred paths P;, 1 < ¢ <[, is a path in G. We give a polynomial time
exact algorithm for the problem of minimizing the number of drivers. For this special case,
a ridesharing problem instance (G, R) can be expressed by a set R = (1,...,1) of [ trips on
a graph G with V(G) ={0,1,...,1} and E(G) = {{i,i +1} | 0 <i <1 — 1}, where 0 is the

common destination for all trips in R.

4.1.1 Algorithm

Given a problem instance (G, R). For every trip i € R, we can assume without loss of
generality that i = (s;,d;, ni,z;, P;), where s; = i, di = 0, n; > 1, ; = 0 and P; is the
unique path between 0 and ¢ in G. Given a (partial) solution (S, o), we define the following

for each driver in S:
e free(i) =n; —|o(i)| + 1 is the number of additional trips ¢ can serve.

o S;:={i|i €S and free(i) > 0} is the set drivers in .S who can serve additional trips.
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The algorithm processes every trip ¢ of R, from ¢ = 1 to [. In processing ¢, the algorithm
finds a minimum cardinality of drivers for the trips from 1 to i. We call this algorithm,
Ridesharing-for-path (RFP for short), and it is given in Algorithm 2. During any execution
point of Algorithm 2, whenever a trip (ridesharing participant) is assigned to be a passenger,
it remains as a passenger throughout the algorithm. On the other hand, an assigned driver

can be changed to a passenger when a new trip is processed.

Algorithm 2 Ridesharing-for-Path

Input: Graph G and R = (1,...,1) with 0 < 51 < s3 < ... < 5.

Output: a solution (5, 0) to the ridesharing instance (G, R) such that |S| is minimized.
1. S = {1}, o(1) := {1}, Sy :={i| i € S and free(:) > 0}
2: fori=2tol do
3: S = SU{i}, o(i) := {i}, compute free(i) and Sy

4: k := Find-Target (i)

5: while k #0do  /* serve o(k) by drivers in Sy and remove k from S */
6: for each j € Sf, k< j<ido

7: move free(j) trips from o (k) to o(j) and update free(7).

8: end for

9: Move the remaining trips of o(k) to o(i) and update free(q).

10: Remove k from S and update Sy.

11: if free(i) > 1 and |S| > 2 then k := Find-Target()

12: end while

13: end for

14: procedure FIND-TARGET(7)

15: for eaChj €S \ {Z}a gap(ihj) = ‘0-(])‘ - ZaESf,j<a<i free(a)
16: Let k = arg;cq\ ;3 min{gap(i,j)};

17: if free(i) > gap(i, k), then return k, else return 0.

18: end procedure

The procedure Find-Target computes a driver £ € S to be removed from S and an
integer gap. To remove a driver k from S, the trips of o(k) will be served by drivers j
in Sy for k < j < 4, first by those other than ¢ and then by i. The value gap(i, k) is the
minimum number of seats required from ¢ to remove a driver from S and k is the driver
can be removed from S by gap(i, k) seats from i.

We will discuss the more general case later in Chapter 5.

4.1.2 Analysis

In this section, we prove that Algorithm 2 Ridesharing-for-path finds a minimum solution.
Let us introduce some notations. For 1 < j <, let R(j,7) = {k | 7 < k <i}. For a solution
(S,0) of R, let S(j,i) = SN R(j,7) be the set of drivers in R(j,7) and P(j,i) = R(j,7) \ S
be the set of passengers in R(j,17).
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Proposition 4.1.1. Let (S,0) be the solution found by Algorithm RFP processed R(1,17)
only and (S*,0%) be a solution for R. If there is a driver k in S that serves passenger vy,
then for every driver j in S(y + 1,k — 1), |o(3)] > |o*(j)|.

Proof: Since y is served by k in S, free(j) = 0 for y < j < k by the algorithm when y is
put into o (k). From this, |o(j)| = n; +1 > |0*(j)|- O

Lemma 4.1.1. Let (S,0) be the solution found by Algorithm RFP processed R(1,1) only.
If there is an optimal solution (ST,o07) for R with S{(1,i) C S, then an optimal solution
(8*,0%) for R can be constructed such that S* = S{ and for every j € S*(1,1i), o(j) C o*(j)

(inclusion property).

Proof: Let (S,0) be the solution found by Algorithm RFP processed R(1,7) only and
(S7,07) be an optimal solution for R with S7(1,7) C S. We check the inclusion property
for every element of S7(1,7) in the decreasing order. Let Y; = o(j) \ o7 (j) for j € ST(1,1%).
Assume that Y, # 0 for some k € Sj(1,i) and Y; = @ (inclusion property holds) for every
J € St(k+1,17). Every yo € Y}, is served by some driver jo # k in solution S7. If o7 (k) C o(k)

then we move yo from o7 (jo) to o7 (k). After the move, we have the following progress:

e The size of Y}, is reduced by one, the size of Y; for every j € S{(1,4) with j # k is

non-increasing, and the inclusion property holds for every j € S7(k + 1,1).

Suppose that of(k) ¢ o(k). Let u be a passenger in o5 (k) \ o(k). If u < jo then we move
yo from o7 (jo) to of(k) and move u from o7 (k) to o (jo) (Figure 4.1a). After this, only
oi(k) and o7 (jo) are changed. The size of Y}, is reduced by one. Further, the size of Y,
is not changed, and even if jy € S7(k + 1,i), the inclusion property still holds for every
j € S7(k+1,7) because yo & o(jo). Therefore, we get a progress.

Assume that u > jo. Then yp < jo < u < k and yo € o(k). By Proposition 4.1.1,
lo(jo)| = [o7(jo)|- From this and yo € o7(jo) but yo ¢ o(jo), there is a y1 € o(jo) \ o7 (jo)
such that y; € o7(j1) with j; # jo. We try to move yo to o (k) to have a progress by the

following move process:

e For yp € Yy, if there are u € of(k) \ o(k), jo and j’ such that yo € o7 (jo), ¥ € o(jo),
y' € 03(j') and j' > u, then we move yy from o5 (jo) to o5 (k), move ¢y from o5 (j’) to

o7 (jo) and move u from o7 (k) to o3 (j) (Figure 4.1b).

If j1 > u then we apply the move process with j; = j' and y; = /. After the move
process, only o7 (k), i (jo) and o7 (j1) are changed. The size of Y} is reduced by one since
u ¢ o(k), the size of Y, is reduced by one since y; € o(jo), and the size of Y} is not
increased since y; ¢ o(j1). The inclusion property still holds for every j € S} (k+ 1,1) after
the move. Therefore, we get a progress.

Assume that j; < u (extend-case). By Proposition 4.1.1, |o(j1)| > |o7(j1)|. From this
and y; € of(j1) but y1 ¢ o(j1), there is a passenger y2 € o(j1)\ 07 (j1) such that y2 € o} (j2)
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(b) A general move process involving

(a) A move process involving two drivers k and jo ’ ) -
three drivers k, jo and j'.

(d) A move process involving a general chain of distinct passengers yo, ..., yp. Notice that
j2 = jO < jp-

Figure 4.1: Different modifications of S7 (move progresses) to have a progress. In each
figure, trips in R are represented by vertices on a path (the horizontal line). Each arc (u,v)
from a vertex u to a vertex v denotes that driver u serves passenger v in some solution. The
solid arcs above the path represent (S, 0), the solid arcs below the path represent (S7,07),
and the dashed arcs below the path represent the modified (S}, o7) after a move progress.

with jo # j1. Notice that yo2 # y1 and ya # yo since j1 < u < k (j1 # jo # k). If ja > u
then we apply the move process with jo = 5 and y2 = ¢ to get a progress (Figure 4.1c).
Otherwise (j2 < u), we have the extend-case.

Assume that the extend case continues and we have a chain of distinct passengers
Y0, Y1, --» Yp—1 such that y. € o(je—1), ye € 07(Je), and je—1 # je for ¢ = 1,..,p — 1, and
yo € o(k), yo € o1(jo), and jo, j1, .., jp—1 < u. By Proposition 4.1.1, |o(jp—1)| > |07 (Gp—1)|-
From this and y,—1 € o7 (jp—1) but yp—1 ¢ 0(jp—1), there is a y, € o(jp—1) \ o} (jp—1) such
that y, € o7 (jp) with j, # jp—1. If j, # je for every ¢ = 0,..,p — 1, then y, # y. for every
c=0,.,p—1. Assume that j, = j- for some ¢ € [0,p — 2]. Since |o(j)| > |07 (je)| and
for every yo € 07 (je) \ 0(jer), there is a y, € o(j,) with y, # y. for every ¢ =0,..,p — 1.
Since the elements in the chain are distinct, the length of the chain cannot exceed u — 1,
and there is a j, with j, > u for the chain yo, ..,7,. Then we apply the move process with
Jp =J and yp, = ¢/ to get a progress (Figure 4.1d).

From the above, we can modify (S7,07) such that S} does not change and the size of

Y} is reduced by one. Repeat the above, we get Y3, = () and have the lemma proved. ]

22



Recall that free(i) is the number of additional trips a driver ¢ in a (partial) solution
(S,0) can serve. In the rest of this section, we will use free; (i), free*(i) and freej (i) for the
numbers of additional trips a driver ¢ in (partial) solutions (Si,01), (S*,¢%) and (ST, 07)

can serve, respectively.

Lemma 4.1.2. Let (S,0) be the solution found by Algorithm RFP processed R(1,1) only.
Then there is an optimal solution (S*,o*) for R such that S*(1,i7) C S.

Proof: We prove the lemma by induction on i. For i =1, S = {1} and for any optimal
solution S* for R, S*(1,1) € S. So the induction base is true. Assume that for i — 1 > 1,
the lemma holds and we prove it for i. Let (S,0) and (Sj,01) be the solutions found
by Algorithm RFP processed R(1,i) and R(1,7 — 1) only, respectively. By the induction
hypothesis, there is an optimal solution (S}, o7) such that S7(1,i—1) C Sy. If S7(1,i—1) C
S then S*(1,7) C S because i € S. Taking S* = S}, we get the lemma. So we assume that
the set W = {w | w € S7(1,i—1) and w ¢ S} is not empty. We show that another optimal
solution (S*,0*) can be found by modifying ST with every w € W removed from S} such
that S*(1,7) C S.

We start the modification from a trivial case where S C S7(1,7) U {i}. Let S* =
(ST\W)HU{i}. If i ¢ S then |S*(1,4)| = |S7(1,7)| — [W|+1, and if i € ST then |S*(1,7)| =
|ST(1,7)] — |W]. Since S serves all trips in R(1,7), we can move every trip in 01(j),j € W
to o*(k) for some k € S*. Since |W| > 1, |S*| < |ST| and S* is optimal. Notice that in the
trivial case, i ¢ S} and |W| = 1, otherwise, |S*| < |S7|, a contradiction since ST is optimal.

Assume that S Z S7(1,7)U{i}. The idea for finding (S*, o) is to modify S} by replacing
a driver w € W with a driver in (S7 \ S7) U {i}. Let w be an arbitrary element of W and
Z = S1\ S7. Notice that SN Z # 0, otherwise S C S7(1,7) U {i}. By Lemma 4.1.1, we
assume that the inclusion property holds for every j € Sj(1,7 — 1). The modification is
divided into two cases.

Case 1. There is a z € Z with z < w. We further assume that for some a z € Z with

z < w, gap(i,w) < gap(i, z), which can be written as:

gap(i,w) = |o1(w)| — Y freei(j) <gap(i,z) =|ow(z)| = Y, freei())
jESl(w-‘rl,i—l) jESl(z-‘rl,i—l)

From this, |o1(w)] < [o1(2)] — Xjes, (241,w) free1(s). By the inclusion property, for every
jeSi(1,i—1), 01(j) C of(j) and freej(j) = free1(j) — |07 (j) \ 01(4)|. Therefore,
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ot ()| = |or(w)|+ ot (w) \or(w)] < [lon(z)| = Y freei(§)] + of(w) \ o1 (w)|
jES1(2+1,w)

= |o1(2)] — freer (w) + [oF (w) \or(w)| = > freei(;)
j€S1(2+1,w—-1)

= |o1(z)] — freej(w) — Z freeq(7)
j€S1(2+1,w-1)

o1 (2)] — freef(w) — > freej() =lou(2) = D freej(j).

JeST (z4+1,w—1) JEST (z4+1,w)

IN

From this, |01(2)| = |07 (w)|+ 3 je s (241,0) freei (i), implying that if we remove |o1(z)| trips
from o7 (j) for j € ST, S7(w+ 1,1) can serve at least |0} (w)| additional trips. We apply the

following update process to modify (S5,07):
e Add z to ST, define o] (z) = 01(2) and remove the trips of o} (z) from o} (j) for j # z.

After the update, S7(w+1,1) can serve at least |07 (w)| additional trips. We move the trips
of o7 (w) to o} (j),j € Sf(w + 1,1) and remove w from S}. By this, the size of ST is not
changed, the inclusion property still holds for every j € S7(1,7—1), the size of W is reduced
by one, and the size of Z is reduced by one.

Assume that for every z € Z with z < w, gap(i,w) > gap(i,z). Then by Algo-
rithm RFP, for any zp € Z with zp < w, 2o is served before w (29 ¢ S) and |o1(20)| >
> jeSi(z0+1,i—1) free1(j). From this, after zg is served, |o(j)| = n; + 1 for j € Si(z0 + 1,4).
Furthermore, every z € Z with gap(i,w) > gap(i, z) is served before w in Algorithm RFP
(z ¢ S). Therefore, for every z € SN Z, gap(i,w) < gap(i, z) implying n, > n,,. We apply
the update process taking some z € SN Z. After the update, S7(1,l) can serve at least
n.+1 > |o7(w)| additional trips. If there is a driver k € S} (1,w — 1) serves at least one trip
in 01(2), then |o] (k)| > |o1(k)| by inclusion property, a contradiction to Proposition 4.1.1.
Thus, S7(w+ 1,1) can serve at least n, + 1 > |o7(w)| additional trips after the update. We
move the trips of o} (w) to o] (j), j € Sj(w + 1,1) and remove w from S}. By this, the size
of S is not changed, the inclusion property still holds for every j € S7(1,7 — 1), the size of
W is reduced by one, and the size of Z is reduced by one.

Case 2 For every z € Z, z > w. Let zy be the minimum in Z. Then S;(w,zy —
1) = Sj(w,20 — 1) and freej(j) = free;(j) for every j € Sj(w,z9 — 1) by the inclusion
property. Assume for contradiction, there is a k € S7(w,zo — 1) with freej(k) < free; (k)
(01(k) C oj(k)). By the inclusion property, every y € oj(k) \ o1(k) is in o1(z) for some
z € Z. Then |o1(k)| < |o7(k)| is a contradiction to Proposition 4.1.1 since y < k < z.
Hence, freej(j) = free;(j) for every j € ST(w, 2o — 1).

Assume that gap(i,w) > gap(i,z9). By Algorithm RFP, zy is served before w and
lo1(20)| > Xjes, (s041,i—1) freei(d). From this, after zo is served, |o(j)] = n; + 1 for j €
S1(z0 + 1,7). Further, there is a z € SN Z with w < 29 < z and gap(i,w) < gap(i, z),
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implying n, > n,,. We apply the update process taking this z. After the update, S} (w+1,1)
can serve at least n, + 1 > |0} (w)| additional trips. We move the trips of o (w) to o7 (j),
j € S7(w+1,1) and remove w from S}. By this, the size of S} is not changed, the inclusion
property still holds for every j € S7(1,7 — 1), the size of W is reduced by one, and the size
of Z is reduced by one.

Assume that gap(i, w) < gap(i, z0). Note that [o1(20)| > [o1(w)| =3¢, (w+1,20) free1(f)-
We apply the update process with zyp = z. After the update, S7(w + 1,1) has at least
lo1(20)| + Xojes, (w+1,20) free1(j) = |o1(w)] seats for of(w). Since freej(w) = freei(w) we
have |o1(w)| = |of(w)| and can move the trips of o} (w) to o5(j), j € S7(w + 1,1), and
remove w from S7. By this, the size of ST is not changed, the inclusion property still holds
for every j € S{(1,7 — 1), the size of W is reduced by one, and the size of Z is reduced by
one.

Repeat the processes in Cases 1 and 2, we get an optimal solution S; with either W = ()
or Z ={. For W = (), S* = S is the solution we want to find. For Z =), S C S7(1,4)U{i}

and by the argument in the trivial case, we can get S™*. O

Theorem 4.1.1. Algorithm 2 Ridesharing-for-path finds a solution (S, o) for input instance

(G, R) with the minimum number of drivers.

Proof: First, observe that (S, o) is a solution for R since every trip in R is processed one
by one and assigned to be a driver initially. By Lemma 4.1.2, there is an optimal solution
(S*,0*) for R such that S* C S. Assume that S* C S. By Lemma 4.1.1, we can modify
o* such that the inclusion property holds, that is, o(j) C o*(j) for every j € SN S*. Let
z be a driver in S\ S7. Then all trips in o(z) must be served by drivers in S*(z + 1,1).
By the inclusion property, free*(j) < free(j) for every j € S*(1,1). This implies that
lo(2)| < 32 es(241,) free(f), which is a contradiction to Algorithm RFP as o(2) should have
been served by S. Therefore, it must be the case that S* = S. O

Time complexity Let [ be the number of trips in R. The road network G is expressed by
the trips in R by a single path with [ 4+ 1 vertices and [ edges. Moving passengers from one
set to another set (line 7 and line 9) does not require the actual general road network and
can be done in O(1). In each iteration, the Find-Target procedure is called multiple times,
which is at most n; times. Actually, we can have a tighter bound. Suppose that there are n;
drivers in S(1,7—1) just before processing i, where |o(j)| = 1 for every j € S(1,i—1). After
i is added to S. The Find-Target procedure will be called n; times in this iteration. As a
result, S(1,7) will contain only one driver, i, at the end of this iteration. When processing
the next trip i + 1, Find-Target will be called only once even if n;41 is large. In fact, Find-
Target is called at most «; = min{n;,|S(1,7 — 1)|} for each iteration . Since the size of S
is increased at most one for each iteration and each time Find-Target returns k > 0, size of

S is decreased by one, > ;< ; is at most [, where a; = 0 and |S(1,1)| = 1.
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The running time for procedure Find-Target is O(l) since it needs to do a scan of S(1,1%)
to find out the driver k£ with minimum gap(i, k). Hence, the running time for Algorithm
RFP is O(1?).

4.2 Non-unique Destinations Without Re-take

In chapter 3.3, we proved that the minimization problems of minimizing the number of
drivers and total travel distance in the ridesharing problem are NP-hard when constraints
(C2) and (C3) are satisfied but trips may have distinct destinations. The rest of the thesis
is focused on this variant of the simplified ridesharing problem where re-take is not allowed.
The reduction in chapter 3.3 no longer can be applied when re-take is not allowed (each
machine ¢ can process up to n; jobs, which is not ISMAP).

First, we formally restate this variant of the ridesharing problem. Consider the following
sitmplified ridesharing problem: Given an instance (G, R), where G is the road network and

R is a set of ridesharing trips. Each trip w in R is specified by a tuple (P,,n,), where
e P, is a path in G with a source s, and destination %,, and
e n, > 0 is the number of passengers u can serve for ridesharing,

We assume the start location of each trip w is distinct, that is, s, # s, for every pair
u,v € R with u # v. In the following sections, we consider three different cases for this
simplified variant ridesharing problem, starting from a special case to a fully generalized
case. We give a detailed analysis for the general case in Chapter 5. We will construct a

pick-up relation graph, which is used in all three cases.

Pick-up graph. The pick-up relation graph (pick-up graph for short) for a set R of
ridesharing trips is a digraph Gp(V, E), where V(Gp) = R, and there is a directed edge
(u,v) € E(Gp) if trip u can serve trip v.

The time it takes to construct the pick-up graph is O(1? * |V(G)|) where [ = |R| and G
is the road network. For each pair u,v € R, u can serve v if s, and ¢, lie on the path P,
which takes O(|V(G)|) to check.

4.2.1 Limited Capacity

Consider the following special case where all trips in R can serve at most one passenger,
that is, n, < 1 for every u € R. It is intuitively a matching problem between the drivers and
passengers. In a maximum matching M of the underlying pick-up graph Gp (constructed
based on (G, R)), each matched edge represents a single pick-up. The actual pick-up can
be recovered by the edge direction in Gp. For any unmatched vertex v w.r.t. M, v drives

singly (no sharing with other participants). M derives an optimal solution for minimizing
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the number of drivers. As an example, consider the pick-up graph Gp of a given simplified
ridesharing instance and its different optimization goals in Figure 4.2, where a maximum

matching correctly finds the minimum number of drivers.

o - Minimum number of drivers required is 2.
o(w) ={wy}lando(v) = {v,x}
dist(p,) + dist(p,) =10+ 8 =18

o - Minimum total travel distance is 16 with three drivers.
dist(p,) + dist(p,) + dist(p,) =10+ 3 +3 =16

o o o) = {u,v},0(x) = {x},and o(y) = {y}

Figure 4.2: A pick-up graph G p with four trips that have unit capacity, where dist(p,) = 10,
dist(py) = 8, dist(p,) = 3, and dist(p,) = 3.

To minimize the total travel distance, we need to construct a different undirected
weighted graph G, = (Vi, E,,) based on a given pick-up graph Gp. V,, consists of two
sets V1 and V3, each of which is a copy of V(Gp). FE, has three subsets {Fj, Eo, F3}.
Ey = E(Gp) is the set of edges between the vertices in V;. (Va, Ey) forms a complete graph.
In addition, there are |V (Gp)| edges in E3. Each edge e € Ej is formed by each pair of the
same vertices in V; and V5 (each of them is a copy of V(Gp)). For every e = {u,v} € E;
(correspond to (u,v) € E(Gp)), e has weight dist(p,). For every e = {u,u} € Ej3, e has
weight dist(p,). The weight of every edge in Fs is zero. We claim that a minimum weight
perfect matching of G,, (which can be solved in polynomial time) provides an optimal so-
lution for the ridesharing problem. In such a matching, a matched edge in E; means a
pick-up, a matched edge in F3 means a singly driving, while a matched edge in E5 has no
particular meaning, except to ensure that there is a perfect matching. The construction of
Gy is shown in Figure 4.3, which is based on the pick-up graph Gp in Figure 4.2.

The minimum weight perfect matching finds a solution of the ridesharing problem with
total travel distance 16 as shown in Figure 4.2. Agatz et al. [1] considered a similar matching

problem, but for dynamic settings.

4.3 An Algorithm for Tree Pick-up Graph

Given an instance (G, R) with n, > 0 for every v € R. Since we assume the start location
of each trip 4 is distinct, the pick-up graph Gp (based on (G, R)) is a directed acyclic graph
(DAG). An edge (u,v) in Gp is called a short-cut if after removing (u,v), there is a path
from u to v in Gp. The pick-up graph Gp is called simplified if every short-cut has been

removed from Gp. We give an algorithm for an instance (G, R) with its simplified pick-up
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Figure 4.3: G, based on the pick-up graph Gp with four trips that have unit capacity,
where dist(p,) = 10, dist(p,) = 8, dist(p,) = 3, and dist(p,) = 3.

graph T being a forest. In what follows, we assume that the simplified pick-up graph for
(G, R) is a rooted tree T.

For a vertex w in 7', we define the following;:

e T, the subtree rooted at wu.

Cly, the set of child vertices of u (u ¢ Cy,).

D,,, the set of descendant vertices of u (u & D,,).

For a set S of drivers, S(Ty,) = SNV(T,) is the subset of drivers in T, and P(T},) =
V(Ty) \ S(Ty) is the set of passengers in T,.

For a mapping o, free(u) = min{n,, |Dy|} + 1 — |o(u)|, additional trips u can serve.

4.3.1 Algorithm

It turns out the algorithm for (G, R) with its simplified pick-up graph being a tree is
almost identical to Algorithm RFP, presented in chapter 4.1. The only difference is that
instead of searching a subpath, the algorithm searches a subtree. For completeness, we shall
present the algorithm for tree pick-up graph as well. Given the rooted tree T' (the simplified
pick-up graph for (G, R)), our algorithm processes every vertex u of T' in the post-order.
In processing u, the algorithm finds a solution (S(7%),c) for (the trips in) 7, with the
minimum cardinality. For v and each descendant v of u, let @, , be the set of vertices in
the path from w to v in T}, excluding u and v. The algorithm is called Ridesharing-for-Tree
(RFT for short) and is given in Algorithm 3.

Similar to Algorithm RFP, whenever a trip (a ridesharing participant) is assigned to be
a passenger. It remains as a passenger throughout the algorithm. On the other hand, an
assigned driver can be changed a passenger when a new ancestor of an assigned driver trip

is processed.
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The Find-Target procedure computes a vertex w € S(73) to be removed from S(7},)
and an integer gap. To remove a vertex v from S(Ty,), the trips of o(v) will be served by
ancestors of v, first by those other than u and then by w. gap is the minimum number
of seats required from u to remove a vertex from S(7),) and w is the vertex which can be

removed from S(73,) by gap seats from u.

Algorithm 3 Ridesharing-for-Tree
Input: a rooted tree T' of the simplified pick-up graph for an instance (G, R).
Output: a solution (S, o) to the ridesharing instance (G, R) such that |S| is minimized.

1: for every vertex u in T in the post-order do
2: /* Initialization */

3: o(u) := {u}, compute free(u)

4: S(Ty) == {u} U (Upec, S(Ty)).

5: /* Minimize S(T3) by removing some vertices from S(T,,) */

6: w := Find-Target(u)

7: while w # ) do  /* Serve o(w) by ancestors of w and remove w from S(7,,) */
8: for every v € Q. N S(T,) do

9: move free(v) trips from o(w) to o(v) and update free(v).
10: end for

11: Move the remaining trips of o(w) to o(u) and update free(u).
12: Remove w from S(T,).

13: w := Find-Target(u)

14: end while

15: end for

16: procedure FIND-TARGET(u)

17: for each v € S(Ty) \ {u}, gap(u,v) == |o(v)| — Xscq, ,ns(m,) free(z)

18: Let gap(u,w) be the minimum of gap(u,v) for v € S(T,) \ {u}.

19: if (S(T,) \ {u} # 0 and free(u) > gap(u,w)), then return w, else return nil.
20: end procedure

Although Algorithm RFT and Algorithm RFP are merely the same, the analysis of Al-
gorithm RFP cannot be directly applied to Algorithm RFT. Under inspection, Lemma 4.1.1
can be applied to Algorithm RFT. However, Lemma 4.1.2 requires more in-depth analysis.
We believe that a modified version of Lemma 4.1.2 can be obtained and useful for proving

the correctness of Algorithm RFT, which we stated it as the following conjecture.

Conjecture 4.3.1. Let T, be the subtree that has just been processed by the Algorithm 3
Ridesharing-for-Tree and (S(T,),o) be the solution found by the algorithm for T,. Then
there is an optimal solution (S*,0*) for R such that S*(T,) C S(Ty).

We leave the proof of this conjecture and correctness of Algorithm RFT as a future

work. We will consider the general case in the next chapter.

Time complexity Let n = |V(Gp)| and m = |E(Gp)| where Gp is the pick-up graph.
Then, it takes O(mn) to convert a pick-up graph Gp to a simplified pick-up graph T since
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each edge (u,v) needs to be checked, and it takes O(n) to test reachability from u to v. To
test if T' is a tree (forest), it takes linear time. Assuming that the simplified pick-up graph T'
is a tree. Algorithm RFT does not need the actual road network any more for constructing
the solution for R. Moving passengers from one set to another set (line 9 and line 11) can
be done in O(1). The number of nodes in 7" is [ = |R|. Then, similar to Algorithm RFP,
the running time for Algorithm RFT is O(I?).
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Chapter 5

Algorithm for General Pick-up
Graph

When the simplified pick-up graph 7' (of the constructed pick-up graph Gp) is no longer a
forest, that is, a vertex in 1" can have multiple parents, the problem becomes much harder.
We will not use the simplified pick-up graph T to solve this case any more, instead we
construct a hypergraph (defined in Section 5.1) based on the pick-up graph Gp. We call
this constructed hypergraph a pick-up relation hypergraph (pick-up hypergraph for short).
We then find a matching in this pick-up hypergraph, which is equivalent to a solution to
the simplified ridesharing problem. This is proved in Theorem 5.2.1. Let us first consider
the construction of the pick-up hypergraph.

5.1 Construction of Pick-up Hypergraph

A hypergraph is a generalization of a graph. Formally, a hypergraph H = (V, E) consists
of a finite non-empty set V of vertices and a set E of non-empty subsets of V' called
hyperedges. Hyperedges in F(H) can contain different number of vertices. Given a pick-up
graph Gp = (V, E), we construct a pick-up hypergraph H = (V| E) based on Gp. The
idea of H is inspired by the (g,f)-factor (or degree constrained subgraph) problem [7]. The

construction of H works as follows:

e For each vertex v € V(Gp) where v is not a sink, create vy, va, ..., vy, copies of v in V(H).
e For each vertex v € V(Gp) where v is a sink, create a vertex vy of v in V(H).

e For any vertex v € V(Gp) with n, = 0, create a vertex v; of v in V(H).

e For each edge (u,v) € E(Gp), create n, hyperedges {u1,v1, ..., Un, }y oo {Uny, U1, ooy Uny }
in E(H).

See Figure 5.1 for an illustration of the construction of H.
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Figure 5.1: An example of a pick-up graph Gp (left) and its corresponding pick-up hyper-
graph H (right).

The hyperedges in H are not directed, but we will give an orientation to the edges in H
based on Gp. Let (u,v) be an edge in Gp and e = {u;,v1,v9,...,vn, } be a corresponding
edge in H, for some i € [1,n,]. For e, u; is called a parent of each vertex in e\ {u;}, and
each vertex in e \ {u;} is a child of u;. Ancestor for hypergraphs is defined the same as
for graphs. Vertex w is an ancestor of v if u is a parent of v or u is a parent of another
ancestor of v. Each hyperedge e in H has exactly one parent and |e| — 1 children, and all
the children correspond to the same vertex in Gp. Notice that the vertices {v1, v, ..., vp, }
that correspond to the single vertex v € V(G p) must appear as a whole in any hyperedge
in H.

The pick-up hypergraph H has two properties:

Property 5.1.1. Shortcut property: Let u,v,w be vertices in a pick-up graph Gp. If
edges (u,v) and (v,w) € E(Gp), then (u,w) € E(Gp). This shortcut property also holds

in H. Let u, vy,...,vn,, and wy,...,w,, be vertices in H. If edges {u,vi,...,vn,} and

{vi, w1, .cc,wny }y ooy {Vny, W1, ooy Wiy, } 0 E(H), then {u,w1,...,wy,} € E(H).
Denoted by S, = {v1, ..., n, }, the set of vertices in H that corresponds to a vertex v in Gp.

Property 5.1.2. Each edge e € E(H) contains exactly one vertex u; (i € [1,n,]) from the
set S, and all vertices from another set S,, where u; € S, is the parent in e and S, are

children in e.

Corollary 5.1.1. Due to Property 5.1.2, for any two incident hyperedges e, e’ in H:

1orlel—1, ifle|l=1¢
|m,|:{ el =1 iflel = e

1, otherwise
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Intuitively, if [eNe’| = 1, e and €’ have the same vertex (eNe’) being the parent of their
respective hyperedges. It is not possible that |eNe'| > 1 and |e| # |€/|.

Let us introduce some definitions for general hypergraphs. A path P in a hypergraph H
is a sequence of distinct vertices and hyperedges v1, e1,v2, €2, ..., ex, Vp+1 Where v, vj41 € €;
forj=1,...,k. If vgr1 = vy, then P is said to be a cycle. In fact, this is called a Berge-cycle.

We use a more generic definition of hypercycle, which is given below:

Definition 5.1.1. C' is a cycle of length k in a hypergraph H if its vertices can be given
a cyclic ordering v, ...,v; such that every pair of consecutive vertices v; and viy1 lie in an
edge of C, and C has exactly k edges.

Any Berge-cycle is a generic hypercycle, but a generic hypercycle may not be a Berge-

cycle.

Definition 5.1.2. An edge e in a hypergraph H is called a portal edge if e is incident to

at least three edges ey, ea, es such that ey, es and ez are pairwise disjoint.

Notice that only hypergraphs can contain portal edges. For simplicity, a (hyper)path P
of length k is denoted by its (hyper)edges only, i.e. P =eq,e9,..., €.

Definition 5.1.3. A hyperpath P = ey, es, ..., e; is simple if P is generic hypercycle free.
Equivalently, e; Nejp1 =0 for 1 <i < j <k (that is, every edge e; € P is only incident to

ei—1 and e;11 for 2 <i <k —1), and ey is only incident to ea, ey is only incident to ex_1.

A matching M in a hypergraph H is defined the same - a set of pairwise vertex-disjoint
edges. An alternating hyperpath in H is a simple hyperpath whose edges are alternately
matched and unmatched w.r.t. M (an alternating hyperpath does not admit a generic
hypercycle). An augmenting hyperpath in H is an alternating hyperpath that starts from
and ends on unmatched edges, each of which is incident to at most one matched edge of H
w.r.t. M.

5.2 Matching in Hypergraph and Solution for Ridesharing

Now, we are ready to show that finding a solution for this variant of simplified ridesharing

problem is equivalent to finding a matching in the pick-up hypergraph.

Theorem 5.2.1. The simplified ridesharing problem (G, R) when constraints (C2) and
(C3) are satisfied but trips may have distinct destinations without re-take has a solution
(S,0) of k passengers if and only if the pick-up hypergraph H, based on the pick-up graph
Gp of R, has a matching M of size k.

Proof: (—) Given a solution (S, 0) of k passengers for (G, R). Let v be a passenger of

driver w in (S,0). Since u can serve v, there is an edge (u,v) in Gp, which corresponds
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to a hyperedge {u;,v1,...,vn,} in H, for some ¢ € [1,n,]. A driver u can serve up to n,
passengers, and there are n,, copies of u in H. Thus, the hyperedges representing the pick-
ups of the same driver can be chosen in a way that they do not intersect. Hence, there are
k vertex-disjoint hyperedges in H that form a matching M.
(«-) Suppose that there is a matching M in H where |M| = k. Then every matched edge in
H represents a valid pick-up between two trips in (G, R) as follows. Let e = {u;,v1, ..., 05, }
be a matched edge w.r.t. M, which corresponds to an edge (u,v) in Gp, where u is the
driver and v is the passenger. Every hyperedge in H incident to e must be unmatched. This
implies that no other trips will serve v, and v will not serve other trips because e contains
{v1,...,vn, }, all copies of v. By Property 5.1.2, every hyperedge e in H that contains u;,
where u; is a child in e and j # 4, must contain all of {uy, ..., uy, }, which means no other
trip can serve u as well. For the vertices where the whole set {ws, ..., w,,} that are not
matched, the corresponding vertices in G p represent singly drivers, only serve themselves.
Therefore, a matching M in H gives a solution (S, o) of k passengers to instance (G, R). O
By Theorem 5.2.1, the size of M in H equals to the number of passengers in a solution
(S, 0) for an instance (G, R). Hence, by maximizing the size of a matching in H, we minimize
the number of drivers for the ridesharing problem. Note: neither a k-uniform hypergraph
H nor a perfect matching M of H is required for solving the ridesharing problem. For
simplicity, we drop the prefix “hyper” - for hyperpath, hyperdedge, and hypercycle most of

the times.

5.2.1 Augmenting Graph

The key of most algorithms for finding a maximum matching in a graph is based on the

maximum maching theorem by Berge [6].

Theorem 5.2.2. Berge’s maximum matching theorem: A matching M in a graph G is

mazimum if and only if there exists no augmenting path in G w.r.t M.

We will extend Berge’s maximum matching theorem to hypergraphs so that we know a

matching in a hypergraph is maximum or not. We prove the following theorem.

Theorem 5.2.3. A matching M in a hypergragh H is maximum if and only if there exists
no augmenting graph in H w.r.t. M.

We call this theorem, the maximum hyper-matching theorem. Augmenting graph is a
generalization of augmenting path for hypergraphs. Before defining an augmenting graph,
we need to define end-edges. An edge e is said to be an end-edge if e is incident to at
most one other edge. Similarly, a vertex w is said to be an end-vertez if w is incident to
(belongs to) only one edge. Let H be an arbitrary hypergraph and M be a matching in H.
An augmenting graph 7T is a connected subgraph of H w.r.t M such that T satisfies the

following:
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(A1) Every end-edge e in T is an unmatched edge, and e is incident to at most one matched

edge in H.

(A2) For every pair of vertices u, v in T', every path in T' connecting u and v is an alternating
path.

(A3) All matched edges of H incident to an unmatched edge that is in 7" must be in 7.

(A4) The number of unmatched edges in T is greater than the number of matched edges
inT.

The (A2) condition is very important because it implies that unmatched edges are only
incident to unmatched edges and matched edges are only incident to matched edges in T.
Also, notice that Theorem 5.2.3 reduces to Berge’s Theorem when H is a graph because
any augmenting graph 7' is an augmenting path in H. Figure 5.2 shows an example of an

augmenting graph of a hypergraph w.r.t. a matching.

¢
b A2

X1 U

(a) A hypergraph H with (b) An augmenting ) New matching after
matching M graph T of H w.r.t. M augmentatlon M=MaoT

Figure 5.2: An example of an augmenting graph of a hypergraph w.r.t a matching. The
bold edges represents a matched edge, and non-bold edge represents an unmatched edge.

Lemma 5.2.1. If a hypergraph H has an augmenting graph T w.r.t. matching M, then H
has a larger matching than M.

By Lemma 5.2.1 which is proved later, if there exists an augmenting graph T in H
w.r.t. a matching M, we can enlarge M by augmenting M with T, i.e. M = M & T, see
Figure 5.2. The idea for finding a maximum matching in the pick-up hypergraph is to find
an augmenting graph in each iteration until none exists. We describe the algorithm for

finding a maximum matching in a pick-up hypergraph in the next section.
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5.3 Algorithm

Overview The proposed algorithm works as an augmenting algorithm, such as Edmonds’
maximum matching algorithm [13]. There are two steps in our algorithm. First, the algo-
rithm finds a maximal matching in H. Consider a matching M in H, which is not maximal.
The algorithm finds a non-empty set of edge-disjoint alternating paths T'= { Py, Py, ..., Py}
in H w.r.t. M such that T has exactly one augmenting path and all other paths in T are
even length alternating paths. Here, T is an augmenting graph formed by Py U P, U...U Py,.
Then by Lemma 5.2.1, augmenting M with T (i.e. M = M @ T) will increase the size of
M by one. This process continues until a maximal matching M is obtained.

The algorithm enters the second step after a maximal matching M has been obtained.
At each iteration of the second step, a matched portal edge e of H is picked. e is removed
from M, so the vertices incident to e become free (unmatched). The algorithm will try
to find a set of edge-disjoint alternating paths T' = {Py, Pa,..., Py} in E(H) \ {e} w.r.t
M’ = M \ {e}, where T resembles an augmenting graph. If T' cannot be found, a different
matched portal edge w.r.t. M is checked. If T can be found, set M’ = M’ & T, which
increases the size of M’ by one so that |M’| = |M|. Then, the algorithm tries to find a
larger matching w.r.t. the new matching M’ by starting from the first step. Essentially, this
is how the algorithm make progress. This second step stops when all matched portal edges
are checked and no augmenting graph 7' can be found. We call this algorithm Maximum-
Matching-for-Hypergraph (MMH for short), and it is shown in Algorithm 4. The details
of the procedures Search and CandidateSearch are presented in Sections 5.3.2 and 5.3.3

respectively. Also, we provide a full example of Algorithm 4 in Appendix A.

Algorithm 4 Maximum-Matching-for-Hypergraph
1: Input: A pick-up hypergraph H.
Output: A maximum matching M in H.

2: M =

3: Pick an unmatched edge e € H where e is incident to at most one matched edge

4: (Found, T') := Search(H, M, {,e, )

5: if Found == True then

6: M:=MoT /* Augment T */

T end if

8: Repeat steps 3-7 until | M| cannot be increased and every unmatched edge w.r.t. M is processed

9: Pick a matched portal edge e € E(H) w.r.t. M

10: M := CandidateSearch(H, M, e)

11: Repeat steps 8-9 until |M| cannot be increased and every matched portal edge w.r.t. M is
processed

12: return M

Note that after an augmentation, the set of matched and unmatched edges can be completely
different. It needs to check every unmatched and matched edge again respectively for steps 3-8
and steps 9-11.
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5.3.1 Augmenting path

The proposed algorithm (specifically in procedure Search) needs to find a set of alternating
paths in the pick-up hypergraph w.r.t. a matching. We propose a method for finding an
augmenting path in general hypergraphs by extending the algorithm in [8] for graphs to
hypergraphs. It may be possible to enhance (or simplify) the current method for finding an
augmenting path in hypergraphs more efficiently, such as extend from a simpler maximum
matching algorithm [21], or follow a similar approach for finding a perfect matching in bi-
partite hypergraphs [3] (which is a recent result). However, we only focus on finding an
augmenting path in polynomial time in the size of a hypergraph. The method for finding
an augmenting path in general hypergraphs is detailed in Sections 5.5 to 5.7 along with its
analysis. We shall note that there is a similar aspect between [3] and our approach. In
[3], it relies on the hypergraph version of Hall’s theorem, which is proved in [18]. Our pro-
posed algorithm relies on the hypergraph version of Berge’s theorem, that is, Theorem 5.2.3

(maximum hyper-matching theorem).

5.3.2 Main search

The core of the algorithm is to find a non-empty set of edge-disjoint alternating paths
T = {P, Ps,..., P,} in the pick-up hypergraph H w.r.t matching M such that the graph
induced by T'= {P1, Py, ..., P} forms an augmenting graph. The Search procedure is only
responsible for finding and returning an augmenting graph 7', which is shown on the next
page.

The first alternating path P, € T found by the Search procedure is an augmenting path,
so P; has one more unmatched edge than matched edge. Each path of {Ps, ..., P} is an
even length alternating path. The paths in T are found by the algorithm one by one to
ensure that that paths are pairwise edge-disjoint. In fact, we make sure that the paths
{P1, Py, ..., P,} form an augmenting graph T of H. Once T is found, we take the symmetric
difference of M and T to increase the size of the matching by one.

We now describe how the Search procedure finds T in detail. Let M be the current
matching in the pick-up hypergraph H. The algorithm first finds an augmenting path P;
starts from and ends with unmatched edges w.r.t. M. P; becomes the initial augmenting
graph, T' = P;. If P; does not contain any unmatched portal edge, M @ P; is a valid
augmentation that gives a larger matching by Lemma 5.2.1. Suppose P contains some
unmatched portal edges. If we perform the symmetric difference M’ = M & Py, M’ may
not be a valid matching. This is because there can be matched edges in H \ P, w.r.t. M
incident to unmatched portal edges of P;. After augmentation M’ = M & P;, two matched
edges w.r.t. M’ may be incident to each other, which is not a valid matching. To solve this
problem, we try to find alternating paths that start from the matched edges incident to the
unmatched portal edges of P;.
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1: procedure SEARCH(H, M, T, e, List)

2: Find an alternating path P, in E(H) \ E(T) that starts from e and ends with an unmatched
edge w.r.t. M such that P, does not contain any edge from List, and no unmatched edge in P,
intersects with any unmatched edge in T'.

: if P, cannot be found then

return (False, ()
end if

Set T=TUP,

: if P, does not contain any unmatched portal edge, return (True, T')

: List[e] :== List; /* A list of unmatched portal edges should not be included when finding a

different alternating path that starts from e */
9: for each unmatched portal edge ¢’ in P, do

10: Let ey, ..., ex be the matched edges in H \ T that are incident to €.
11: for each e; do /¥ 1 <i<k*/

12: (Completed, Temp) := Search(H, M, T, e;, D)

13: if (Completed == False) then

14: Remove P, from T'; Add €’ to List|e].

15: Remove from T all the alternating paths that were found after P,.
16: break;

17: end if

18: T :=Temp

19: end for

20: if (Completed == False) then break;

21: end for

22: if (Completed == True), return (True, T')

23: return Search(H, M, T, e, Liste]) /* find another alternating path starts from e */

24: end procedure

Let e be an unmatched portal edge in P;. There can be at most k = |e| — 2 matched
edges in H \ P; incident to e. For each matched edge e;, i = 1, ..., k, that is incident to e, we
try to find an even-length alternating path P, starts from e; and ends with an unmatched
edge e; w.r.t. M one by one. We allow the unmatched end-edge e; to be incident to matched
portal edge(s) of P, as long as it cannot be extended anymore. In other words, P, is an
alternating path ends with an unmatched edge in H\7T w.r.t. M. In addition, we make sure
that unmatched edges of P, do not intersect with unmatched edges in 7'. Then, add F,
to T, and find the next alternating path starts from e; 1. Suppose we can find k different
alternating paths for every e;, ¢ = 1,...,k. T will consist of alternating paths P, F.,, ...,
P,

e, Where P; has one more unmatched edge and P, has equal number of unmatched and

matched edges. M @ T increases the size of the matching by one. If P, also contains some
unmatched portal edges, then follow the same procedure to find another set of alternating

paths in H \ T that start from the matched edges incident to unmatched portal edges.
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Recursively do this until all matched edges incident to unmatched portal edges are included
in T so that we are safe to perform the augmentation M = M o T.

Suppose that there does not exist a desired alternating path in H \ T starts from e;
that is incident to an unmatched portal edge e of the path P, € T. The algorithm will

try to find another alternating path Pcfy starts from e, to replace P, , where Péy does not

contain e. If P can be found, P, is removed from T and P, is added to T'. In addition,
T only keeps the alternating paths that were found prior to finding F,. If Péy does not
exist, the algorithm backtracks further to the path containing the unmatched portal edge €’
that is incident to e,. This can backtrack to the initial augmenting path P;. If a different
augmenting path cannot be found, the algorithm checks the next unmatched edge that is

incident to at most one matched edge.

5.3.3 Candidate search

The intuition of CandidateSearch can be summarized as follows. Let M be a maximal
matching in the pick-up hypergraph H. We know that the current corresponding drivers
in H based on M cannot serve anymore passengers. However, it is possible that a par-
ticular passenger should be a driver instead. In CandidateSearch, a matched portal edge
e = (u;,v1,...,Up,) is removed from M so that vy,...,v,, become unmatched. As a re-
sult, these passengers represented by vertices in e have a chance to become drivers. The

CandidateSearch procedure is shown below:

: procedure CANDIDATESEARCH(H, M, e)
M= M — {e}; B(H') = B(H)\ {e}:
: Pick an unmatched edge ¢’ € H' where €’ is incident to at most one matched edge
(Found, T) := Search(H',M',(,¢',0)
if Found == True then
M =M&T  /* Augment T */
end if
: Repeat steps 3-7 until |[M’| cannot be increased and every unmatched edge w.r.t. M’ is processed
. if |M'| < |M| then /* no augmentation was made */
10: Set M' = M’ U {e};
11: end if
12: return M’

13: end procedure

© W NPT e Wy

Let M’ = M \ {e}. Every edge incident to e is unmatched w.r.t. M’ since e was a
matched edge. Let H’' be the hypergraph H with the edge e removed. Then procedure
Search is called, H' is given as an input along with M’. In this way, if an augmenting
graph T can be found, e is not included in 7. There are four possible outcomes after one

iteration in CandidateSearch:
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(1) T is found and augmented - M' = M’ @& T. As a result, |M’| increased by one (so now
= . ere are unmatched edges w.r.t ave not been processed.
M’ Ml|). Th hed ed M'h b d

(2) Similar to (1), |M’| increased by one, but all unmatched edges w.r.t M’ have been

processed.

(3) T cannot be found. |M’| unchanged (so |M’'| < |M]), but there are unmatched edges

w.r.t M’ have not been processed.
(4) |M'| unchanged, and all unmatched edges w.r.t M’ have been processed.

For both (1) and (3), call Search is called again to process a different unmatched edge
w.r.t. M'. This is repeated until all unmatched edges w.r.t. M’ are processed. For (2), no
further process is required, so just proceed to check the next matched portal edge w.r.t M’.
For (4), revert M’ to the original matching M, and check the next matched portal edge
w.r.t M.

5.4 Analysis of Optimality

As mentioned, many algorithms rely on the Berge’s maximum matching theorem for finding
a maximum matching in graphs. Our algorithm also relies on the hypergraph version of
the theorem. Let us restate the maximum matching theorem and the hypergraph version

of the theorem.

Theorem 5.4.1. Berge’s mazimum matching theorem [6]: A matching M in a graph G is

mazximum if and only if there exists no augmenting path in G w.r.t M.

Theorem 5.4.2. Maximum hyper-matching theorem: A matching M in a hypergragh H is

mazimum if and only if there exists no augmenting graph in H w.r.t. M.

Theorem 5.4.2 applies to arbitrary hypergraphs, not just pick-up hypergraphs. In this
section, we will first prove the contrapositive of Theorem 5.4.2 in Lemma 5.4.1 and Theo-

rem 5.4.3, for each direction.

Lemma 5.4.1. If a hypergraph H has an augmenting graph T w.r.t. matching M, then H
has a larger matching than M.

Proof: Let M be the set of edges of T belonging to M and My = E(T) — M;. In other
words, M is the set of matched edges in T and M, is the set of unmatched edges in T.
Since T is an augmenting graph, |Ms| > |My| + 1. Thus, (M — M;) U My gives a larger
matching than M. The new matching is valid because when an unmatched edge e € M
becomes matched, every matched edge in H incident to e becomes unmatched at the same
time, and no two unmatched edges in M, are incident to each other by the definition of

augmenting graph. O
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The following lemma is used in Berge’s maximum matching theorem. Again, we will extend

this to hypergraphs stated in Lemma 5.4.3.

Lemma 5.4.2. Let My and My be two matchings in a graph G. Let G’ be the spanning
subgraph of G with edge set E = (M — Ms) U (My — M), the symmetric difference of M,
and M. Then each component of G’ is one of the following types:

1. An isolated vertex;
2. An even cycle whose edges alternately in My and Ms.

3. A simple path whose edges alternately in My and Ms such that each end-vertex of the
path is unmatched with respect to exactly one of My and M.

Lemma 5.4.3. Let My and Ma be two matchings in a hypergraph H. Let S be the spanning
subgraph of H with edge set E = (My — M) U (Ms — M), the symmetric difference of M
and Ms. Then each component of S is one of the types stated in Lemma 5.4.2 or:

4. A hypergraph containing an edge incident to at least three other edges and each edge
of the graph is matched to exactly one of M1 and Ms.

Proof: Note that A(S) is still at most two. Hence, Lemma 5.4.2 still holds for the
components in S. Let S; be a component of S. If S; is not an even cycle nor a (trivial)
path, then there exists an edge in S that is incident to at least three other edges. Observe
that the edges of each path and even cycle in S are alternately in M; and Ms since no two
edges in a matching are incident to each other. It is obvious that each edge of the graph is
matched to exactly one of M; and My due to E(S) = (My — Ma) U (My — M;). O

Two other lemmas are required to prove Theorem 5.4.3. Let us introduce some notations
first. In the following proofs, a (hyper)path always refer to a simple (hyper)path due to the
fact that all alternating paths are simple by definition. Let M and M’ be two matchings
in a hypergraph H and e be a portal edge in H. Sometimes, we call a portal edge a portal
only. If e € M, then it is called an M-portal, otherwise e € M’ and called an M’-portal. For
simplicity, edges from M are sometimes called M edges. Also, when not explicitly stated,

M edges can mean both M-portals or edges from M. Similarly for edges from M’.

Lemma 5.4.4. Let M and M’ be two matchings in a hypergraph H and S be the spanning
subgraph of H with edge set E = (M — M')U (M’ — M). Let Sy be a component of S and e
be an M'-portal in S1. Let e1 be an edge in Sy that is incident to e and Ty be the subgraph
of S1\ {e} containing the edges that are reachable from ey. If T contains none of the two

subgraphs stated below, then T has more M edges than M’ edges.
1. A path Py starts from ey and ends at an M’ end-edge ey, of Ty (type 1).
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2. An even length path Py starts from ey to an M’ edge that is incident to an even length
cycle Cy of Th (type 2).

Proof: If Tj is a tree and every end-edge in T3 is from M, it is obvious that 77 has more
M edges than M’ edges. Suppose T contains some cycles, and e; must go through an odd
length path (starts at ej) to reach any cycle in 77. We will note the difference between the
number of M edges and the number of M’ edges in T} after removing a sequence of cycles
from Tj.

Remove an even length cycle C' from T, and this may divide 7} into multiple compo-
nents. Consider a component 7T, of 77 \ C' that does not contain the edge e;. If there is
an M’ edge € in T, incident to C, then €’ is the only edge incident to C. Assume, for
contradictory, that there is another edge f in T, incident to C'. There exists a path P, from
€’ to f in T, since €’ and f belong to the same component. This path P, plus a sub-path of
C forms another cycle C7.. The edge e. € C incident to €’ is an M-portal, and there exists
a path Py in 71 \ Cr, from e; to the edge incident to e.. Py UCT, forms the type 2 subgraph
(see Figure 5.3 (a) — (b)), which leads to the contradiction that 77 does not contain this
subgraph. Thus, T, can only have exactly one M’ edge incident to C. On the other hand,
if T, does not have an M’ edge incident to C, T, can have multiple M edges incident to
C. If T, is a tree, it has at most one end-edge from M’ and all other end-edges from M,
so the number of M edges is at least the number of M’ edges in T,.. Suppose T, contains
cycles. Remove another even length cycle C’ from T, which may further divide T, into
more components. Let T be a component in T, \ C’. By the above analysis, T/ can have
at most one M’ edge incident to C’. Some end-edges in 7! can be incident to previously
removed cycles because they may not be end-edges in 77. However, these end-edges in 7T},
must from M. Otherwise, there exists an even length path in 77 from e; to one of these
end-edges that connects to a cycle, which is the type 2 subgraph - a contradiction. Again,
if T! is a tree, it has at most one end-edge from M’ and all other end-edges are from M, so
the number of M edges is at least the number of M’ edges in T.. If T still has cycles, then
remove a cycle from 7 one by one until there is none. Each of the resulting components is
a tree that has at least as many M edges as M’ edges.

Consider the component T,, of T} \ C that contains the edge e;. Every edge in T,
incident to C' is an M edge. Otherwise, it will form the type 2 subgraph. If 7, is a tree,
it has more M edges than M’ edges since every end-edge in T, is from M. Suppose T,
contains cycles. Similarly, remove an even length cycle C’ from T,,, which may further
divide T, into more components. For the case where the components of T,, \ C’ that do
not contain the edge e; is identical to the above. Let T/ be the component of T, \ C’
that contains the edge e;. If T}, is a tree, it has more M edges than M’ edges. If T}, has
cycles, again, remove a cycle from Tc’1 one by one until there is none. Each of the resulting

components is a tree that has at least as many M edges as M’ edges, except for the tree
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(b) Edges {€/, f, eq, €.} form the new cycle
Cr,, and there is a path P; from e; to es,
which forms type 2 subgraph.

(a) Edges {ea, e3,€4,¢e.} form cycle C and
edges {¢’, f} form component T.

Figure 5.3: An example for forming type 2 subgraph. The bold rounded rectangle represents
an M edge, and non-bold rounded rectangle represents an M’ edge.

containing the edge e;, which has more M edges than M’ edges. Therefore, T} has more
M edges than M’ edges. O

Lemma 5.4.5. Let M and M’ be two matchings in a hypergraph H and S be the spanning
subgraph of H with edge set E = (M — M'")U(M'—M). Let Sy be a component of S, where
S1 contains some cycles, and every end-edge in S1 is from M. If S1 contains none of the
two subgraphs stated below, then the number of M edges is at least the number of M’ edges

m Sl.

1. Two even length cycles C1 and Cs in S1 that are connected by a path P, where P is
odd and has more edges from M' than M (subgraph 1).

2. Two even length cycles Cv and Cs in Sy that share a path P, where P is odd and has
more edges from M than M’ (subgraph 2).

Proof: The proof is similar to Lemma 5.4.4 - by removing a sequence of cycles from 5.
If S1 contains only one cycle, it is trivial. Suppose S1 contains multiple cycles. Remove an
even length cycle C from S, which may divide S; into multiple components. Consider a
component T of S; \ C. If there is an M’ edge ¢’ in T, incident to C, then ¢’ is the only
M’ edge incident to C' since another M’ edge in T, incident to C' would form subgraph 2
(see Figure 5.4 (a) — (b) and (c) — (d)).

Suppose T is a tree. Notice that T, cannot just be a single M’ edge. Otherwise, C UT,
forms subgraph 2 (see Figures 5.4c, 5.4d). T, has at most one end-edge from M’ and all
other end-edges from M, so the number of M edges is at least the number of M’ edges
in T.. Suppose T, contains cycles. Remove an even length cycle C’ from T., which may
further divide T, into more components. Let T be a component in T \ C’. By the above
analysis, 7). can have at most one M’ edge incident to C’. Some end-edges in T can be

incident to previously removed cycles because they may not be end-edges in S;. However,
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(a) Edges {e1, es, 4, 5} form cycle C and (b) Edges {e1, e3,€e4,e5} form a cycle C; and

dges {e1, ea,e6,e7} form a cycle Co. The
d f t T, N €2, €6,
edges {ez, g, e7} form component T, path shared by C; and Cs is e1.
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(c) Edges {e1, e2, €3, e4} form cycle C' and (d) Edges {ex, €, €3, €4} form a cycle Cy

and edges {eq, €2, €4, e5} form a cycle Cs.
edge €5 forms component Te. The path shared by C7 and C is ey, eq, €5.

Figure 5.4: Examples for forming subgraph 2. The bold rounded rectangle represents an
M edge, and non-bold rounded rectangle represents an M’ edge.

these end-edges in 77 must from M. Otherwise, there exists an odd length path with more
M’ edges in S connecting C' and C’, which is the subgraph 1 - a contradiction. Hence, T},
has at most one end-edge from M’ and all other end-edges are from M. If T) is a tree, the
number of M edges is at least the number of M’ edges in T/. If T/ still has cycles, then
remove a cycle from 7 one by one until there is none. Each of the resulting components is

a tree that has at least as many M edges as M’ edges. O

Theorem 5.4.3. Let M and M’ be two matchings in a hypergraph H with |M'| > |M|, and
let S be the spanning subgraph of H with edge set E = (M — M')U (M’ — M). Then there

is a component S1 of S such that there exists an augmenting graph w.r.t. M in Si.

Proof: Since |M'| > |M]|, there is a component S; in S such that S; has more edges
from M’ than M. If every edge in S; is incident to at most two edges of Sy, then S is
an odd-length path, and thus an augmenting graph w.r.t. M (observed by Lemma 5.4.2).
Otherwise, by Lemma 5.4.3, S; contains an edge e incident to at least three edges of Sy,
which is a portal edge. Note that edges in any path in S; alternate between M and M’.
Case 1: Suppose S is a tree - generic hypercycle free. Since S; has more M’ edges
than M edges, there is a path P in S; such that the two end-edges of P are M’ end-edges
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in S;. We will show that an augmenting graph 7" w.r.t. M can be constructed from P.
Initially, let 7= P. Notice that if an M edge in Sy \ T is incident to an edge e € T then
e is an M'-portal. If T does not contain any M’-portal of Si, then T is an augmenting
graph w.r.t. M by definition. Assume that there are M’-portals in T. Let Q1 be the set
of M'-portals of S7 in T. We process the M’-portals in 7 one by one, trying to include
the subtrees of S incident to the M’-portals in Qp (trying to satisfy the A3 condition in
the definition of augmenting graph). If we just include M edges incident to M’-portals in
Qr to T, T will not have more M’ edges than M edges. Thus, we try to include subtrees
containing equal number of M and M’ edges to T so that T has more M’ edges. The way
to accomplish this is quite similar to the Search procedure in Algorithm 4.

Let e be an M’-portal in Qp and ey, ..., ex be the edges in Sy \ T that are incident to
e. Fach e;, 1 < i <k, is a M edge. The subgraph of S7 reachable from e; without using
any edge of T is a tree, denoted by T;. We check every T;. If every end-edge in T; is an
M edge, then T; has more M edges than M’ edges. We remove e U T; from S; to get a
subgraph of S;. Since S; has more M’ edges than M edges and the number of M’ edges is
at most that of M edges in e U T}, the subgraph of S has more M’ edges than M edges.
From this, there is a component S} of the subgraph that is a tree and has more M’ edges
than M edges. Furthermore, any M’ edge in S is not incident to any edge in Sy \ S7. Then
an augmenting graph in S} w.r.t. M is also an augmenting graph in Si, and we try to find
such an augmenting graph anew from S7.

Assume that every T;, 1 < i < k, has an end-edge e;, which is an M’ edge. Let P; be
the path from e; to e;; and T'= T U P;. If P; has an M’-portal, we include every M’-portal
of S in P; to Q7. We mark edge e processed. After every M’-portal in T' is processed, T'
is an augmenting graph w.r.t. M because every end-edge in T is an M’ edge, implying T
has more M’ edges than M edges, and every M edge in S; \ T is not incident to 7.

Case 2: Suppose 5] is not a tree, which contains cycles. In this case, a path P starts
and ends with an edge from M’ may not exist in Sj. In fact, there are three cases to be
considered: (1) S; has at least two end-edges from M’, (2) S; has exactly one end-edge
from M’, and (3) S; has no end-edge from M’. First notice that in all three cases, every
cycle C in S7 must contain at least one portal edge. Otherwise, no other edges in S7 can
connect to C', which makes C' an isolated component.

Case 2.1: Let us consider the first case: S7 has at least two end-edges from M’. The
analysis follows a similar structure as in the tree case. Let P be a path with two M’ end-
edges in S1. We will try to construct an augmenting graph 7" w.r.t. M from P. Let T'= P,
which has exactly one more edge from M’ than M. Let Qr be the set of M’-portals of
Sp in T. Again, if Qp = (), T is an augmenting graph w.r.t. M by definition. Suppose
Qr # 0. We will process the M’-portals in Q7 one by one, and try to include subgraphs of
S incident to the M’-portals in Q. Let e be an M’-portal in Q7 and ey, ..., e; be the edges
in S7 \ T that are incident to e. Each edge ¢;, 1 < i < k, is called a root edge. Let T; be
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the subgraph of S containing the edges that are reachable from e; without using any edge
of T. Then, check if there exists in T;, one of the three subgraphs stated in the following;:

(Type 1) A path P; starts from e; and ends at an M’ end-edge e, of Sj.

(Type 2) An even length path P; starts from e; to an M’ edge that is incident to an even
length cycle C; of T;.

(Type 3) A path P; starts from e; to an edge e, that is incident to an M edge of T'.
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Type 2 - e;, being an M’ edge incident to an even length cycle C;
of T;

Figure 5.5: Three types of subgraphs to be checked. The bold rounded rectangle represents
an M edge, and non-bold rounded rectangle represents an M’ edge.

All three types are illustrated in Figure 5.5. Type 1 and type 3 are almost the same.
For type 2, the length of P; can be zero, but C; must include e; then. Let G, be one of
the subgraphs above. Notice that Gr, has equal number of M’ edges and M edges. Add
Gr, to T, and T has exactly one more M’ edge than M edge. Include every M’-portal of
S1 in G, to Qp. Then continue to process the next root edge. Initially, 7" has one more
M’ edge than M edge, and we add to T one of the subgraphs G, each time, where G, has
equal number of M and M’ edges. Thus, T has exactly one more edge from M’ than M
so far. After process every M'-portal in Qp, if one of the subgraphs (types 1, 2, 3) can be
found each time, the resulting 7" is an augmenting graph since T satisfies the definition of
augmenting graph.

Suppose T; does not contain the type 1, type 2, and type 3 subgraphs. Then every
end-edge in T; is an M edge. Assume that e; is the only edge in T; that is incident to portal
edge in Q. Notice that e; must be an end-edge in T;. By Lemma 5.4.4, T; has more M
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edges than M’ edges. Remove e UT; from S; to get a subgraph of S;. Because S7 has more
M’ edges than M edges, there is a component S| of the resulting subgraph has more M’
edges than M edges. Furthermore, any M’ edge in S} is not incident to any edge in S \ S].
Then an augmenting graph in S| w.r.t. M is also an augmenting graph in S;, and we try
to find an augmenting graph anew from 5.

Assume that there exists some edges in T;, other than e;, are incident to portal edges
in Qp. Let X7 be the set of M-portals of S7 in 7', and let h be an edge in YXp. We will try
to add to T subgraphs of S \ T" incident to the M-portals in Xp. Let hq, ..., hy be edges
incident to h that are not in 7', and H; be the subgraph of S;\ T containing the edges that
are reachable from h; without using any edge of T', for 1 < j < k. Check each H; to find
one of the three types of subgraphs stated below, which are very similar to types 1-3:

(Type 4) A path P; starts from h; and ends at an M’ end-edge e, of Si.

Type 5) An odd length path P; starts from h; to an M’ edge that is incident to an even
J J
length cycle C; of Hj.

(Type 6) A path P; starts from e; to an edge e;; that is incident to a M edge of 7.

As a result, each type of the subgraph G, has one more edge from M " than M. Let Pp,
be any path in T; from e; to the edge incident to an M’-portal ¢/ € Qp with €’ # e. Add
GHJ. U Pr, to T. Include every M’-portal of S in GH]. U Pr, to Q7. Since GH]. U Pr, has
equal number of M’ edges and M edges, the new T has exactly one more M’ edge than M
edge. Repeat the whole process for the next M’-portal in Q7.

Suppose that for every h € X7, H; does not contain the type 4, 5, and 6 subgraphs.
Then every end-edge in Hj is an M edge with the possible exception of h, for 1 < j < k.
Remove T, T;, H; that is incident to h € X7 (for 1 < j < k) from S; to get a subgraph of
S1. By Lemma 5.4.4, T; has more M edges than M’ edges, and H; has at least as many
M edges as M’ edges. Since T has exactly one more M’ edges than M edges, the resulting
subgraph of S; has more M’ edges than M edges. From this, there is a component S} of
the resulting subgraph that has more M’ edges than M edges. Furthermore, any M’ edge
in S is not incident to any edge in S7\ S]. Then, we try to find an augmenting graph anew
from S7. Notice that S| can have at least two, exactly one, or no end-edges from M’. For
the last two cases, they are proved below, which follow the same structure.

Case 2.2: For the second case: S; has exactly one end-edge from M’. The proof is
similar to the first cycle case (Case 2.1). Let es be the only end-edge in S; that is from
M'. There must exists an odd length path P starts from e; and connects to an even length
cycle C in S7. Otherwise, S7 has at least as many M edges as M’ edges by Lemma 5.4.4,
a contradiction. Let us denote the subgraph P U C by T, which has exactly one more edge
from M’ than M. Let Qp be the set of M’-portals in T. We then follow the construction

stated above to process each M’-portal in Q7.
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The only difference between the first case and this case is that when searching the
subgraph T; that is incident to an M’-portal edge e € Qp, we only look for type 2 and
type 3 subgraphs since eg is the only M’ end-edge in T. Similarly when searching the
subgraph Hj; that is incident to an M-portal edge h € X7, we only look for type 5 and type
6 subgraphs. Then rest is identical to the construction stated in the first cycle case.

Case 2.3: Finally, S; has no end-edge from M’. The proof is almost identical to the
second cycle case (Case 2.2). By the contrapositive of Lemma 5.4.5, there exists at least
one of the two following subgraphs in S7. (1) Two even length cycles C; and C5 in S that
are connected by a path P, where P is odd and has more edges from M’ than M. (2) Two
even length cycles C7 and C5 in Sp that share a path P, where P is odd and has more edges
from M than M’. Either one of these subgraphs is used as the initial 7', which has exactly
one more edge from M than M’. Then the rest is identical to the second cycle case. O

This concludes the proof of Theorem 5.4.2. It remains to prove the MMH algorithm
can find an augmenting graph if one exists. However, we will not complete the proof of the
correctness of the algorithm. Instead, we describe and outline general ideas of what needs

to be done to prove the correctness of the algorithm in the next section.

5.4.1 Correctness of the Algorithm

We will state two conjectures about the MMH algorithm, and in conjunction with Theo-
rem 5.4.3 and these two conjectures, we claim that the MMH algorithm can find a maximum
matching in pick-up hypergraphs. In the Search procedure of the MMH algorithm, it only
finds a more restricted augmenting graph. The augmenting graph T' found by the Search
procedure satisfies the definition of augmenting graph (conditions A1-A4) and the following

two additional conditions:

(A5) T can be decomposed into a set P of edge-disjoint alternating paths such that there

is exactly one augmenting path pg in P, and all other paths in P are even length.

(A6) The paths in P can be given an ordering such that for each p; € P where i > 1, the
unmatched end-edge of p; is also an end-edge in T\ pj, j =0, ...,7 — 1.

We call an augmenting graph satisfying conditions A1-A6 a restricted augmenting graph.

Definition 5.4.1. An augmenting graph T of a hypergraph H is called minimal if E(T") is
not a proper subset of E(T), where T is any other augmenting graph of H.

Trivial examples of non-minimal augmenting graph are shown in Figure 5.6.
The Search procedure precisely finds a restricted augmenting graph by finding a set
P of edge-disjoint alternating paths such that P satisfies condition A6, and we state the

following without a proof.
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Figure 5.6: Examples of non-minimal augmenting graph. The bold rounded rectangle
represents a matched edge and non-bold rounded rectangle represents an unmatched edge.

Conjecture 5.4.1. Let H be a pick-up hypergraph and M be a matching in H. If there
exists a restricted augmenting graph T of H, then the Search procedure in MMH algorithm
finds T.

The MMH algorithm has the following property:

e The Search procedure of the MMH algorithm finds only minimal restricted augment-

ing graph.
We will prove this property by Lemma 5.4.6.

Lemma 5.4.6. Let H be a pick-up hypergraph and M be a matching in H. Suppose Search
finds a restricted augmenting graph T of H. Then T is a minimal restricted augmenting

graph.

Proof: Recall that T found by Search can be decomposed into a set P of edge-disjoint
alternating paths such that P contains exactly one augmenting path, and all other paths
in P are even length. We will show that T is minimal by contradiction. Assume there is
a restricted augmenting graph 7" that is a subgraph of T such that E, = E(T) \ E(T") is
not empty. Since 7" has exactly one more unmatched edge than matched edge, the number
of matched edges is at least that of unmatched edges in E,. Hence, there must exist a
component T, of T'\ T" where the number of matched edges is at least that of unmatched
edges in T,. Only unmatched edges in E, can be incident to 7’. Otherwise, T” is not an
augmenting graph by definition. Any end-edge e of T;. must be unmatched for the following
reasons. (1) If e is also an end-edge of T', then e must be unmatched. (2) If e is an end-edge
of T} but not an end-edge of T', then e is incident to 7", so e is an unmatched edge.

Let P’ C P be the set of paths where every path p; € P’ has a subpath p] of p; belongs
to T,. Notice that for each p; € P’, either both end-edges of p! are unmatched or the
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length of p} is even. Let p; € P be the first path containing edges of 7} added by Search.
Consider the moment when p; is added to 7. There are three possible situations. (1) Both
the end-edges of p; belongs to T, i.e. p;p is fully contained in 7;.. Then p; must be the
augmenting path in P. (2) Only one end-edge e; of p; belongs to T;.. Since p; is the first
path containing edges of T;. being added, e; is not incident to any other path in 7}, and py
cannot end at a matched edge by the algorithm. Thus, e; is an unmatched end-edge in 7.
(3) Both end-edges of p; do not belong to T;.. Then a subpath p] of p; belongs to ;.. Both
end-edges of p] are unmatched since they must be incident to 7. Summarizing the above,
the subpath p] of p; (p] can be p;) belongs to T, has more unmatched edges than matched
edges. All other alternating paths added to T after p; contains as many unmatched edges as
matched edges. Thus, 7). has more unmatched edges than matched edges, a contradiction.
Therefore, such a restricted augmenting graph 7" does not exist. O

The main idea for proving the correctness of the MMH algorithm lies in the following

conjecture.

Conjecture 5.4.2. Let H be a pick-up hypergraph and M be a matching in H. Suppose
there exists a minimal augmenting graph T of H. Then T can be decomposed into a set T"
of edge-disjoint minimal restricted augmenting graphs w.r.t M \ M', where M’ C M is a
set of matched portal edges and |T'| = |M'| + 1.

The proof of Conjecture 5.4.2 most likely require the pick-up hypergraph properties.
In particular, Property 5.1.2 makes sure that any pick-up hypergraph is not a k-uniform
k-partite hypergraph. Assuming this conjecture is true, by Lemma 5.4.1 and Lemma 5.4.6,
the Search procedure finds all minimal restricted augmenting graphs in 7" when the Ez-
tendSearch procedure checks each matched edge in M. Basically, ExtendSearch removes
|M’'| matched edges from M, and Search adds |T’| unmatched edges into M one by one.
Thus, | M| is increased by one. From this and Theorem 5.4.3, the MMH algorithm can find a
maximum matching in the pick-up. We leave the proof of Conjecture 5.4.2 as a future work.

We include the following two lemmas as they might be useful for proving Conjecture 5.4.2.

Lemma 5.4.7. Let M and M’ be two matchings in a hypergraph H and S be the spanning
subgraph of H with edge set E = (M — M')U (M’ —M). Let Sy be a component of S, where
S1 contains some cycles and does not contain any M'-portal. Then the number of M’ edges

is at least the number of M edges in S1.

Proof: The proof is similar to Lemma 5.4.4. We will observe the difference between
the number of M edges and the number of M’ edges in S; after removing a sequence of
cycles from S;. Remove an even length cycle C' from Sy, which may divide Sy into multiple
components. Consider a component T, of Sy \ C. Since there is no M’-portal in Sy, every
edge in T, incident to C' is an M’ edge, so there is at least one M’ end-edge in T,.

Assume T, is a tree. If every end-edge in T, is an M’ edge, then it has more M’ edges.

Suppose there are some M end-edges in T,. Let P,, be a path in T, starts from an M’ end-
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edge and ends at an M end-edge, which has equal number of M’ and M edges. Consider
another path P, in T, \ P., where one end-edge e of P, is incident to P.,. Since there are
only M-portals in Sy, e is an M’ edge. Hence, P., has at least as many M’ edges as M
edges. Similarly for all other paths in T,. Thus, T, has at least as many M’ edges as M
edges.

Assume T, contains cycles. Remove another even length cycle C’ from T, which may
further divide T, into more components. Let 7). be a component of T\ C’. Some end-edges
in 7T can be incident to previously removed cycles because they may not be end-edges in
S1. However, all these end-edges must from M’ since there are only M-portals in S7, so
there can be more M’ end-edges than M end-edges in T,.. Again, if T) is a tree, the number
of M’ edges is at least the number of M edges in T).. If T/ still has cycles, then remove a
cycle from 7] one by one until there is none. Each of the resulting components is a tree
that has at least as many M’ edges as M edges. Therefore, S; has at least as many M’
edges as M edges. O

Corollary 5.4.1. Let M and M’ be two matchings in the hypergraph H and S be the
spanning subgraph of H with edge set E = (M — M') U (M' — M). Let Sy be a component
of S, where S1 contains some cycles and does not contain any M -portal. Then the number

of M edges is at least the number of M’ edges in Si.

Lemma 5.4.8. Let H be an arbitrary hypergraph and M be a matching in H. Let T be
a minimal augmenting graph of H. Then every cycle in T contains at least one matched

portal edge of T'.

Proof: Assume for contradictory that T contains some cycles with no matched portal
edge. Let Cp be the set of cycles in T without matched portal. Remove an even length
cycle C € Cp from T'. Every edge in T\ C; that is incident to C; is a matched edge. Since
C1 has even number of matched and unmatched edges, there must exist a component 7T
of T'\ Cy has more unmatched edges than matched edges. Every unmatched edge in T}
is not incident to edges in T'\ 77. Thus, an augmenting graph in 77 w.r.t. M is also an
augmenting graph in H. Following a similar analysis as in Theorem 5.4.3, it can be shown
that 71 contains an augmenting graph of H, which is a contradiction that T is a minimal

augmenting graph of H. O

Time complexity Since we have not proved that the Search procedure can find a re-
stricted augmenting graph if one exists. We will leave the time complexity for Algorithm
MMH as a future work. The time it takes to find a restricted augmenting graph using the
current algorithm may be exponential in the numbers of the edges of a pick-up hypergraph.
It is possible that we could try to bound the search space by not searching certain subgraphs

unless it is necessary. We leave this as an open problem:
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Remark 5.4.1. Does there exist a polynomial time algorithm in the size of a pick-up hy-

pergraph H for finding a restricted augmenting graph in H w.r.t. a matching M in H?

Also note that the current method relies on finding an augmenting/alternating path
in the pick-up hypergraph. The algorithm introduced in the next chapter is for general
hypergraphs. It is possible that it can be simplified specifically just for pick-up hypergraph.

5.5 Finding Augmenting Path in Hypergraphs

We propose an algorithm for finding an augmenting path in hypergraphs since there does
not exist one. The approach from [3] is for bipartite hypergraphs, but it might be able to
extend to general hypergraphs. Our approach is based on [8]. We recommend the readers
to read [8] to make the proposed algorithm more easily understood.

Similar to [8], we will also construct a directed hypergraph Hyr = (Var, Ear), where Vig
is a set of vertices and Fjs is a set of directed hyperedges, based on a given undirected
hypergraph. A directed hyperedge e is a pair (T, H), where T and H are both nonempty
subsets of Vj;. They respectively represent the tail and the head of e. Let H = (V' E’)
be an undirected hypergraph without parallel hyperedges and M C E’ be a matching. Two
hyperedges are parallel hyperedges if one of the edges is a subset of the other.

The construction of Hy; is as follows: For each vertex v € V', we introduce two vertices
vA and vB. Vi = {vA, 0B | v € V'Y U {s,t}, where s,t ¢ V' and s # t.

For all pairs of edges e;,e; € E’ such that e; Ne; # 0, let e = {v4 | v € e} and

eP = {vP | v € e}. Create four directed hyperedges (?e;-l, ei_ejm, and e]_eil, e]_ez in Ejs as
follows:
_ (ef‘\],lﬁe ), if e; € M. o (e ﬂe],l\e),ifeiEM.
eej = e e =

(eB\ f,f‘ ej), ife; € E'\ M. (e ﬁef,f‘\e), ife; € E'\ M.

4 634\ l,]ﬂe By, ifej € M. — 9 (e ﬂef,f eB), ife; € M.
ejei = ejei =
(ejB\ F,f e), ife; € '\ M. (e ﬂe?,;‘\e), if e; € E'\ M.

Finally, add to Eyy, a directed edge from s to vertex v® and a directed edge from v* to t,
for each free vertex v € V such that v belongs to an unmatched edge e € E’ that is incident
to at most one matched edge of H’. This can create O(|E’|?) hyperedges for E); since we
check every pair (e;,e;) in E/. We denote the A-vertices and B-vertices belong to an edge
e € Epr by A(e) and B(e) respectively.

A directed hyperpath from u to v in Hps is a sequence of k hyperedges (11, Hy), ...,
(Ty, H) € Ej satistying T; C U;;% Hj for all i = 1,...,k + 1, where Hy = {u} and

Tik+1 = {v}. The vertex v is said to be reachable from the vertex u in Hjy if there exists
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a directed hyperpath from u to v. A directed simple hyperpath P = (T, Hy), ..., (T, Hy)
is elementary if T; C H;_q for ¢ = 2,...,k, where T1 and Hj are an actual tail and head
respectively in Fj;. Our algorithm is based on this definition of elementary hyperpath to
search simple hyperpaths in Hyy.

A trivial directed hypergraph Hj is shown in Figure 5.7 (on the right). The vertex ¢
is reachable from 2z through the directed hyperpath P = ({z4}, {vZ, wP}), ({v?}, {u1}),
({u?}, {t}). This hyperpath P is also simple and elementary. On the other hand, w* does
not reach t. In fact, w? does not reach any other vertex in Hj; because there does not exist

a tail that consists of only {w4}.

Figure 5.7: On the left is a very simple undirected hypergraph H’, where e; and e3 are
unmatched, and ey is matched. The corresponding directed hypergraph Hj; is shown on
the right.

Remark Due to the Property 5.1.2 of a pick-up hypergraph H, if we construct Hj; based
on H, the hyperedges in Hj; can be slightly simplified. Recall that for any two incident

, Lorle]—1, if|e]=]¢|
lene'| =
1, otherwise

hyperedges e, €’ in H:

As a result, for each edge e = (T}, H;) in Hyy, either |T;| = 1 or |H;| = 1, or both |T;| =
|Hi| = 1.

For simplicity, “directed” is dropped from directed hyperedge and directed hyperpath
whenever there is no ambiguity. Also, we introduce two notations of a simple path P =
(T1, Hy), ..., (T, Hy) in Hys. P can be represented with A/B vertices: (T{, HP), (T, H3Y),
ceey (T,f,H,?), or simply P = T{, HE, H3', <o, HP since T; C H;_y, for i = 2,..., k. The path
from V4 to UP is sometimes denoted by VA ~» UE.
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We have directed the edges in M from “A-vertices to B-vertices” and the edges in E'\ M
from “B-vertices to A-vertices”. Since the distinct vertices v and v® in Vi correspond
to the same vertex v in V', we need to define strongly simple paths in Hj; which cannot
contain both vertices v and v” at the same time, so that they correspond to unique paths
in H'.

A (hyper)path P in Hyy is strongly simple if

(a) P is simple, and
(b) vA € P = vB ¢ P, where v4, v € Vy,.
We are now ready to extend the theorem in [8] from directed graphs to directed hypergraphs.

Theorem 5.5.1. Let H' = (V' E’) be an undirected hypergraph without parallel hyperedges,
M be a matching in H' and Hyy = (Vag, Ey) defined as above. Then there exists an
augmenting path in H' w.r.t. M if and only if there exists a strongly simple path from s to
tin HM

Proof: (—) Let Q = (e1,e2,...,¢) be an augmenting path in H w.r.t. M. Then @ is
simple, i.e. e;Nejp1 =0, for 1 <i < j <l e; and ¢ are unmatched edges such that each
is incident to one matched edge in H’. By the construction of Hjs, there will be an edge e
connecting s and a vertex in e; and an edge e; connecting t and a vertex in ¢;. Let (7}, H;)
and (T;41, Hi11) be two directed edges correspond to e; and e;;1 in Q) respectively. Assume
without loss of generality, e; is unmatched and e;1 is matched. Then, we have (T2, H)
and (j—ﬁ—lng-l)'

By the construction of Hys, e; N e;+1 is used as the tail or head for two adjacent
edges in F);. This means that there exists two adjacent edges in Ejy, say (TiB , HZA) and
(TA,,HE ), such that B(e;) N HE, = 0 and T N B(e;+1) = 0. Similarly, the same
property holds for A-vertices if e; is matched and e;11 is unmatched. Since @ is simple,
A(e;) N Aleir2) = 0 and B(e;) N B(eiy2) = 0. Hence, there exists a strongly simple path
Q' = (es, (T1, Hy), ..., (T}, Hy), er) in Hyy.

(«) Let P = (es, €1, ..., €5, ;) be a strongly simple path in Hys. Then, e; Nejyq = 0, for
1 <i<j <k e and e, are unmatched edges w.r.t. M such that each is incident to
exactly one matched edge in H'. Hence, the undirected version of P’ = (eq, e, ..., ex) is an

augmenting path in H'. O

5.6 Algorithm for the Reachability Problem

As shown by Theorem 5.5.1, finding an augmenting path in the undirected hypergraph H’
is equivalent to finding a strongly simple in Hj; (constructed base on H' and matching M
in H'). By extending the modified depth-first search in [8], the proposed algorithm MDFS-
hypergraph (MDFS for short) finds exactly the strongly simple paths in Hy;. The MDFS
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uses a stack K. TOP(K') denotes the last head (with the only exception of s) added to the
MDFS-stack K. An operation POP(H#) means the head H* is removed from K, where H*4
is the top element of K. An operation PUSH(H A) means the head H# is pushed onto K,
which becomes the top element of K. In each step, MDFS considers an edge e = (TZX , HZY )
which has not been considered previously, where 7;X C TOP(K) and X € [A, B] (also X

means not X ). We distinguish two cases:

e Case 1: X = A, ie. e = (T#, HP) and the corresponding edge in H’ is matched.

1.1 No vertex of H belongs to a set ZP € K, but there exists at least one set Y4 € K

containing vertices from H{‘
1.2 No vertex of HP and Hf belongs to a set that is in K

i) HP has not been in K, and no subset of HZ has been in K previously
(2 3
(ii) HP has not been in K, but some subsets of H? have been in K previously

(iii) HP has been in K previously
e Case 2: X = B, ie. e= (TP, Hf‘) and the corresponding edge in H' is unmatched.

2.1 There exists at least one set Y € K containing vertices from H;!

2.2 No vertex of HiA belongs to a set Y4 € K, but there exists at least one set Z8 € K

containing vertices from HiB
2.3 No vertex of H* and HP belongs to a set that is in K

i) HA has not been in K, and no subset of H” has been in K previously
(2 K3
(ii) H{ has not been in K, but some subsets of H#! have been in K previously

(iii) H has been in K previously

Note: cases 1.1 and 2.2 are symmetric; cases 1.2 and 2.3 are symmetric. There are only
two sub-cases for Case 1 compare to Case 2. More precisely, there is no sub-case for some
vertex of HP is contained in a set ZP € K. This is due to a matched vertex can only
belong to a unique matched edge. Let e be a matched edge in H’, e® = {vP | v € e} and
ed = {v4 | v € e}. Consider the following: Suppose the algorithm has visited an edge
(VA ZB) and pushed ZP onto K (and still in K), where ZZ contains some vertices from
eB. The edge (V4, ZP) corresponds to a matched edge ¢/ in H’' because it is directed from
A-vertices to B-vertices. As ZP contains some vertices from e?, it must be the case that
¢/ = e since a matched vertex can only belong to a unique matched edge. Hence, V4 must

4 guch that VA4 U ZB corresponds to all vertices in e. In order for

contain vertices from e
MDFS to visit another head HP containing some vertices from e (with ZZ € K), it must
first visit a tail T4, where (T4, HZ-B ) € Ejr. For the same reasoning stated above, the edge
(TA,HZ-B ) corresponds to the matched edge e, i.e. TAU HiB corresponds to the vertices

of e. By Cases 2.1 and 2.2, T4 will never be added to K since either VAN T4 # () or

95



ZBNTB + (). Thus, HiB will never be considered while Z8 € K. As a result, we will never
have this sub-case in Case 1.

We say that MDFS has found a path Q = (T{', HP), ..., (T, HP) if and only if for
HX € Q,1<i<k—1, MDFS has performed the operation PUSH(H;*) and all edges on Q
are considered. After performing the operation POP(H A) from the top of stack K, MDFS
always maintains a collection L[VA] of sets containing two types (A and B) of vertices, for
each tail VA C H# such that V;4 has been used as a tail by MDFS. Each set Y4 of vertices

in L[V;4] is a head and must satisfy the requirements that:

1. MDEFS has found a path @Q from Vl-A to Y4 with no vertex from Y4 and Y2 belongs to
a head or tail that is in Q (including V),

2. PUSH(Y ) has never been performed, and at least one of the following must be satisfied
(or both of them if can be applied)

3. POP(UP) is performed for every head UP containing at least one vertex from Y5,
where UP has been pushed by MDFS. In other words, there does not exist a set U? € K
contains vertex from Y when Y4 is added to L[VA].

4. POP(UA) is performed for every head U4 containing at least one vertex from Y4, where
U# has been pushed by MDFS. In other words, there does not exist a set U4 € K
contains vertex from Y4 when Y4 is added to L[VA].

Each set ZP of vertices in L[V;] must satisfy the requirements that:

1. MDFS has found a path Q" from ViA to ZB with no vertex from Z4 and ZZ belongs to
a head or tail that is in Q' (including V;4),

2. PUSH(Z?) has never been performed, and at least one of the following must be satisfied
(or both of them if can be applied)

3. POP(W4) is performed for every head W4 containing at least one vertex from Z4, where
W4 has been pushed by MDFS. In other words, there does not exist a set W4 € K

contains vertex from Z4 when Z? is added to L[V;4].

4. POP(W®) is performed for every head W2 containing at least one vertex from Z2, where
W5 has been pushed by MDFS. In other words, there does not exist a set W8 € K

contains vertex from ZZ when Z% is added to L[V/4].

These requirements allow some subsets of Y4 and some subsets of ZZ to have been in K
previously; this is specifically for Case 2.3.ii and Case 1.2.ii.
After performing the operation POP(H?), MDFS also maintains a collection L[V;?] of

sets containing two types of vertices, for each tail VZ-B C HP such that V;B has been used as
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a tail by MDFS. Each set of vertices in L[V;P] is a head and follows the exact requirements
stated above. The updating of L[V;P] is identical as well.

Let V4 be a head and HX € L[V/A], for some tail VA C V4 and X € [A, B]. In the
original MDF'S algorithm [8], the path @ from ViA to HX is kept implicitly after performing
PUSH(H X ). For the MDFS-hypergraph algorithm, this path needs to be stored explicitly to
make sure that the strongly simple property holds throughout the algorithm. We introduce
a secondary Stack Kg, which keeps track of the simple path @ from VZ-A to HX when a head
HX ¢ L[VA] is pushed onto the stack K. In Case 1.2.iii and Case 2.3.iii, the algorithm
visits a head Y# which has been in K previously. Instead of pushing Y# onto K again,
MDFS pushes a head HX € L[V;] onto K, where VA C Y4 is a tail. Such an operation
is identical to original MDFS algorithm. Since only HX € K and the path Q from VZ-A to
H™X is not on K, we use Kg to store ). More precisely, when the operation PUSH(H®) is
performed, Q is also pushed onto Kg. When H¥ is popped from K, Q is popped from Kg
as well. Again, the same process applies to L[V;P] for some tail V5.

As a result, the two cases need to be modified accordingly as the following:
e Case 1: X = A, ie. e = (TA, HP) and the corresponding edge in H’ is matched.

1.1 No vertex of HP belongs to a set ZP € K U Kg, but there exists at least one set
Y4 € K U Kg containing vertices from Hf!
(i) YAe K
(ii) Y4 € Kg

1.2 No vertex of HZ»B and HZA belongs to a set that is in K U Kg
(i) HP has not been in K, and no subset of H? has been in K previously

(ii) HiB has not been in K, but some subsets of HZ-B have been in K previously
(iii) HP has been in K previously
e Case 2: X = B, ie. e = (TP, H) and the corresponding edge in H' is unmatched.

2.1 There exists at least one set Y4 € K U Kg containing vertices from H;!
(i) YAe K
(ii) Y4 e Kg

2.2 No vertex of Hf belongs to a set Y4 € K U Kg, but there exists at least one set
7ZB € K U Kg containing vertices from HP

(i) ZBe K
(11) ZB ¢ Kg
2.3 No vertex of H* and H¥ belongs to a set that is in K U Kg

(i) H{* has not been in K, and no subset of H! has been in K previously

(ii) H;* has not been in K, but some subsets of H;! have been in K previously
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(iii) H{ has been in K previously

Overview of how to update L[V/A], for any tail V4, i.e. when a head YX | X € [A, B,
should be added to and removed from L[V;4] (similarly for B-vertices tail L[V;?]).

e Initially, L[V;4] := 0.

e After an operation POP(U?) or POP(U#), where UZ or U4 contains vertices from
Y B or Y4 respectively, check to see if there exists another set in K U Kg containing
vertices from Y or YA. If such a set does not exist in K U Kg, add YX to L[V4]
when the followings are satisfied: MDFS has found a path from V4 to YX with no
vertex of Y4 and YP belongs to any edge on the path, and PUSH(YX) has never

been performed.

e After PUSH(Y4), remove the head Y4 from L[V;4], for all L[V/A] containing Y 4.

We need one more definition before presenting the algorithm. Let P = (T} ,HIY),
(T55, H5Y), ..., (TZX, HiY) be a path in Hys, where X € [A, B]. We say that the path P does
not intersect K U Kg if the following is satisfied:

For every set VX1 of TzX,Hi)(, 1<i<k:

Y W2 € K U Kg such that (VX' U V) 0 (W2 U WX?) = 0, where X1, X € [A, B

The MDFS algorithm for hypergraphs is presented in Algorithm 5. We assume that
L[VX], for every tail VX € Ey, X € [A, B, is correctly computed. The correctness proof
of MDFS is also based on this assumption. The construction of L[V/X] is described in
section 5.7.1. When a head or tail is marked “pushed”, it means that it has been in K.
Some head and tail can contain the exact same set of vertices, so marking one of them

“pushed” means both are marked “pushed”.

5.7 Analysis

For the sake of completeness, we shall prove the correctness of MDFS for hypergraph H)y,.
The correctness proof of MDFS-Hypergraph (MDF'S for short) closely follows the correctness
proof in [8]. Similar to depth-first search, we also use the notion of the current search path
in our correctness proof for MDFS. First note that at any execution point of MDFS, the
elements in K U Kg represent a single path from s to TOP(K). It is obvious that the
elements in K represent a single path from s to TOP(K) if Kg is empty. When MDFS is in
either Case 1.2.iii or Case 2.3.iii, a head H;X, X € [A, B], is pushed onto K, but the actual
path Q; connecting HZX and the last head HZY_ 1 added to K is pushed onto Kg. Thus, the
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Algorithm 5 MDFS-hypergraph

1:

el e e el el

19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:

39:
40:
41:
42:
43:

Input: HM = (VN[,EN[).

Output: An augmenting path P in H); if it exists.
Let K be a stack; PUSH(s);

SEARCH

procedure SEARCH
h:=TOP(K);

ifh=t

/* sink ¢ */

construct the augmenting path P which is found by the algorithm

else

Tk :={T; | T; C h and T; is a tail, where T; is not marked “pushed”}
mark h “pushed”;
for every T; € Tk, mark T; “pushed”, and do

for every head H; such that {7}, H} € Ey; do

Case 1: X =8B
Case 1.1: 3Y4 € KU Kg such that YA N HA # ()

Case 1.1.i: YA € K
no PUSH-operation is performed

Case 1.1.ii: Y4 € Ky
for every path Q € Kg from tail VX1 to head UX? containing every such Y4,
where UX2 € L[VX1] and X1, X, € [A, B], replace Q with a strongly simple
path Q' not containing any Y4 if Q’ exists, and Goto Case 1.2. Otherwise,

no PUSH-operation is performed.
end of Case 1.1

Case 1.2:
Case 1.2.i: (HP is not marked “pushed”) and (3 V;? C HP marked “pushed”)
PUSH(H?); SEARCH;
Case 1.2.ii: (H? is not marked “pushed”) and (3 V,;Z C HP marked “pushed”)
PUSH(H?); SEARCH; Goto Case 1.2.iii;
Case 1.2.iii: (H? is marked “pushed”) or (3 V., C HP marked “pushed”)
for every pushed tail V.® C H5 do
while 3 HX € L[V;®] such that V;® ~~ HX does not intersect K U Kg do
Push the path from V;Z to HX onto Kg; PUSH(HX); SEARCH;
end while
end for
end of Case 1.2
end of Case 1
Case 2: X =4
Case 2.1: 3 Y4 € KU Kg such that YA N HA £ ()
Case 2.1.i: YA € K
no PUSH-operation is performed
Case 2.1.ii: Y4 € Kg
for every path Q € Kg from tail VX' to head UX? containing every such Y4,
where UX2 € L[VX1] and X1, X, € [A, B], replace Q with a strongly simple
path Q' not containing any Y4 if Q’ exists, and Goto Case 2.3. Otherwise,

no PUSH-operation is performed.
end of Case 2.1

Case 2.2: 3 ZB € KU Kg such that ZP N HP # ()
Case 2.2.i: ZB c K
no PUSH-operation is performed
Case 2.2.ii: ZB € Ky
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44: for every path Q € Kg from tail VX1 to head U*X? containing every such Z5,
where UX2 € L[VX1] and X1, X5 € [A, B], replace Q with a strongly simple
path @’ not containing any Z? if Q' exists, and Goto Case 2.3. Otherwise,
no PUSH-operation is performed.

45: end of Case 2.2

46: Case 2.3:

47: Case 2.3.i: (H{! is not marked “pushed”) and (# VA C HA marked “pushed”)

48: PUSH(H;*); SEARCH;

49: Case 2.3.ii: (H# is not marked “pushed”) and (3 VA C HA marked “pushed”)

50: PUSH(H{); SEARCH; Goto Case 2.3.iii;

51: Case 2.3.iii: (H/ is marked “pushed”) or (3 VA C H# marked “pushed”)

52: for every pushed tail V4 C H# do

53: while 3 HX € L[V/4] such that V;A ~» H* does not intersect K U Kg do

54: Push the path from VA to HX onto Kg; PUSH(HX); SEARCH;

55: end while

56: end for

57: end of Case 2.3

58: end of Case 2

59: end for

60: POP(Kg) if h was added under Case 1.2.iii or Case 2.3.iii;

61: POP(K);

62: if 3 a head H¥ has not been pushed but considered s.t. HX does not intersect K U Kg

63: Add HX to L[VA], for all tails VA such that a strongly simple path from V4 to HX
has been found.

64: end if

65: end for

66: end if

67: end procedure

path from s to Hzl, represented by K U Kg, is extended to the path s, ...,Hzl,Q,HZfX.
MDFS continues the search from H;X, which can encounter Case 1.2.iii or Case 2.3.iii again
later. In either case, the path from s to Hj{l, j > i, is extended by another path Qy, H,‘g(
The path from s to H ,f remains as a single path. When the top head H]‘;( € K is popped,
where the path ), connecting Hg( and the last head Hg(_ 1 added to K is in Kg, the path
Qp is immediately popped from Kg as well. This results in a shorter path, i.e. the path,
represented by K U Kg, is now from s to pr_ 1, which is still a single path. The search
continues from Hlfi 1- We call this single path represented by the elements in K U Kg a
search path w.r.t. that execution point. In particular, we call the single path the current
search path w.r.t the current execution point. When we say a previous (an earlier) search
path, we mean a search path w.r.t. any execution point prior to the current one.

For the first lemma, it shows that if there exists a strongly simple path P in Hy; from
UX1 to WX2, X1, X, € [A, B], where P has not been considered, WX2 will be considered
before POP(UX1) is performed.

Lemma 5.7.1. Let UP € Ey; be a head for which MDFS performs the operation PUSH(UP)
and UZB C UPB be a tail that is not marked “pushed”. Suppose at the moment when the oper-
ation PUSH(UB) is performed, there exists a strongly simple path P: UP = TP, H{ HB, ..,
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HP | H? =W4 such that § ZX, zX e KUKg containing vertices from HX and H?, for all
HX € P. Then PUSH(W*) is performed before the execution of the operation POP(UP).

Proof: Assume, to the contrary, that PUSH(W#) is performed after POP(U?) for the
strongly simple path P. After the execution of PUSH(UP?), the edge e = (T, H{*) must be
considered before POP(U?) by MDFS since T} is not marked pushed. Suppose PUSH(H{')
is performed next, then PUSH(H3') would be performed after, and so on due to P is strongly
simple. However, at some point, PUSH(H;X), 1 <r <t and X € [A, B], must not perform
by our assumption, and MDFS starts to backtrack until POP(U?) is performed so that it
is performed before PUSH(W#). Let H;X be the first head on P such that PUSH(H;X) has
never been performed just before POP(U?) is performed.

Suppose X = A. Let us consider the moment when MDFS has pushed the path P, =
T8, H{,...,HE | and PUSH(H/) is not performed next where this is the last time H? is
considered before POP(UP). In other words, the edges on the subpath T8, H{, ..., HE |
of the strongly simple path P have been considered and pushed, and P; is a collection of
sub-path(s) of the current search path. Do not confuse P; with P; P; may not contain any
head in P. There are three cases for which PUSH(H;L‘) is not performed, namely MDFS
is in Case 2.1, Case 2.2, or the tail 7® has already been marked “pushed” before HZ ; is

pushed; in other words, PUSH(H? ;) was performed under Case 1.2.ii.

Case 2.1 & Case 2.2 There exists sets Y4 or ZP € KUK containing vertices from H/ or
HP respectively. If all Y4 and Z5 € K, Py canbe T, H{*, ... HE YA, . ZB H} . HE
(similarly if some set ZZ comes before Y4). MDFS starts to backtrack. When it backtracks
to HJB (a head on P), every set Y4, ZB € K has been popped. The edge (Tﬁl, Hj‘il) that
is on the strongly simple path P would be considered before H jB is popped if Tﬁrl is not
marked “pushed”. Assume it is the case. Under our consideration, the head H]-AH has
been pushed. In fact, the edges on the strongly simple path from H jAH to H;f‘_l have been
considered and pushed. Hence, H;“ € L[Tjiz]a where Tjﬁg CH ﬁrl is a tail, since the path
from Tf—li-Z to H;f‘ has been found by MDFS. As a result, PUSH(Hf) is performed next, a
contradiction.

Suppose Tj]il is marked “pushed”. It means that the edge (Jﬁ_l, Hjﬁl) has been con-

sidered earlier by a previous search path, i.e. H4 ;| is pushed and popped before the current

j+1
search path, and PUSH(H JB ) was performed under Case 1.2.ii. Because of this, the edge
(TfiuH jﬁl) is not considered during the current search. MDFS performs the operation

POP(HJB), and moves to Case 1.2.iii. The head HJB is treated as it has been pushed pre-
viously. Thus, MDFS checks each tail that is a subset of H jB . In this case, MDFS finds
TjB+1 such that H4 € L[Tﬁl] since a strongly simple path from TjB+1 to HA has been found
under our consideration. As a result, PUSH(H#) is performed next, a contradiction. Note:
if some set ZB comes before Y4 in P;, MDFS would have been in Case 2.3.ii and Case

2.3.iii, which is symmetric to Case 1.2.ii and Case 1.2.iii.
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For the case where some sets Y4 and Z8 € Kg. Let Q € Kg be a path containing Y4
and ZB. By the assumption of the lemma, 3 Y4, Z8 € K U Kg containing vertices from
H# and HP at the moment PUSH(UP) is performed. This means that the path Q from
tail VX1 to head UX2, where UX2 € L[VX1] and X1, X, € [A, B], is added to Kg after
PUSH(U?®). Suppose @ is not on Py, i.e. @Q is on the current search path but comes before
Py. If Py is a subpath of the strongly simple path P, MDFS can replace ) with another
path Q' from VX! to head UX? not containing Y4 and Z? by the assumption that P is
strongly simple path at the moment PUSH(U?®) is performed. If P; is not a subpath of P
and MDEFS cannot replace ), then MDFS starts to backtrack. Eventually, it will backtrack
to a head HJX, X € [A, B], such that T, H{*, ..., HYX is a subpath of P. Then, by the same

reason stated above, H{‘ € L[T])frl] MDFS picks t}Jle strongly simple path P’ from T])frl to
HA such that @ can be replaced with another path @', where Q' does not intersect with P,
and pushes P’ and H;f‘, which leads to a contradiction.

Suppose Q is on Py implicitly, i.e. Py = T, H{, ..., HJX, Q, H,g(, ..y HB | where TP, H{,
7HJX and H,g(,...,Hﬁl belong to K, and @ belongs to Kg. If TlB,Hf‘,...,Hf( and
H ,5( ,..., HB | are two subpaths of P, then there exists a strongly simple path Q' from
Tj)_(H to H ,5( . MDFS can replace Q with @’ due to our consideration that the edges on @Q’
have been considered and pushed. In fact, this replacement can be applied to all paths
in Kg that are on P;. More precisely, if all heads on P; that are in K also belong to P,
then MDFS can apply the replacement for each path in Kg that is on P; so that paths in
Kg will be subpaths of P. Thus, there is not any set in Kg containing H;f1 and H7],3 CIf
TIB,H{‘, ,HJX or H,f, ...,Hf_l is not a subpath of P and MDFS cannot replace @), then
MDFS starts to backtrack. Eventually, it will backtrack to a head H{;( , p < j, such that
TB, H{Y, ..., H;( is a subpath of P. Then, by the same reason stated above, HA € L[Tp)frl].
Hence, either PUSH(H?) can be performed next, or Y4 and ZP € K which is the above

case, and both of them result in the contradiction that PUSH(H/) is not performed.

Case 1.2.ii The tail 7.” has already been marked “pushed” before HZ” ; is pushed. This
is very similar to one of the above sub-cases. It means that the edge (7.7, H2) has been
considered earlier by another search path. Then MDFS performs the operation POP(HP2 ,),
and moves to Case 1.2.iii. The head HP ; is treated as it has been pushed previously.
Thus, MDFS checks each tail that is a subset of H? ;. Although HA € L[T.”] under our
consideration, where T2 C HE |, MDFS can only perform PUSH(H?) if H” does not
intersect the current search path P;, which implies that P; is a subpath of P. Otherwise,
MDEFS starts to backtrack. Eventually, it will backtrack to a head H JX , X € [A, B], such
that TlB,Hf‘,...,H]X is a subpath of P and HA ¢ L[Tfil} Hence, PUSH(H/) can be
performed next, a contradiction.

For X = B, MDFS is in Case 1.1 or Case 2.3.ii, which is symmetric to Case 2.2 and
Case 1.2.ii respectively. O
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Remark 5.7.1. The starting vertices and ending vertices of P in Lemma 5.7.1 can be

A-vertices or B-vertices, and Lemma 5.7.1 still holds.

The following lemma is important for the MDFS algorithm. Any search path P made
by MDFS continues to grow as long as P can be kept strongly simple.

Lemma 5.7.2. MDFS constructs only strongly simple paths.
Proof: (By induction on the number of PUSH operations). Note that only a PUSH

operation can destroy the strongly simple property.

Base case: This is trivial as the first PUSH operation PUSH(s) cannot destroy the
strongly simple property.

Inductive step: Suppose that all m - 1 numbers of PUSH operations do not destroy the
strongly simple property. Let us consider the m!* PUSH operation. A PUSH operation
occurs in Case 1.2 or Case 2.3. Because these two cases are completely symmetric, we only
need to consider one of them. Let us consider that the m** PUSH operation occurs in Case
2.3, i.e. the edge being considered is e = (TP, H#). Recall that if MDFS is in Case 2.3, no
vertex of H' and HP belongs to a set that is in K U K. (In fact, it is the same for Case
1.2)

Case 2.3.i and Case 2.3.ii For both cases, the operation PUSH(HZA) is performed. In
order for this PUSH operation to destroy the strongly simple property, there must exist at
least one set Y4 or ZP containing vertices from HZ-B or Hf respectively, where Y4 or Z8
belongs to the current search path K U Kg. However, such a set Y4 or ZP cannot exist.
Otherwise, the algorithm MDFS would not have pushed HiA in the first place.

Case 2.3.iii Since H# has been in K previously (mark pushed), the operation PUSH(H#)
is not performed. Instead, a head UX € L[V/] is pushed, where X € [A, B] and V4 C HA
is a tail in Ejs. Hence, the current search paths is extended by a path P = VZ-A, Q,UX,
but only UX is pushed onto the stack K; HZ-A, Q is pushed onto Kg. Similarly, this PUSH
operation destroys the strongly simple property only if there exists a set YX € P such that
YX or YX intersects with K U Kg. In order for MDFS to reach Case 2.3, H# (and VA)
do not intersect with K U Kg. Also, the algorithm only chooses a path P such that P does
not intersect with K U Kg. ]

The correctness of the algorithm can be derived from Lemma 5.7.1 and Lemma 5.7.2.
Theorem 5.7.1. MDFS finds a strongly simple path from s to t if such a path exists.
Proof: Suppose there is a strongly simple path P : s = Tl,HlB,TQB,Hf‘, '~-7T£17H1?717
Tk‘f‘, Hj, =t in Hyy. Tt is clear that the edge (71, HP) is considered by MDFS, and the oper-
ation PUSH(HP) is performed. Thus, HP and H{ | fulfill the assumptions of Lemma 5.7.1
with respect to the path HlB,T2B,H§4, ...,T,il,H,?_l. By Lemma 5.7.1, MDFS performs
PUSH(H}* ,) and hence, PUSH(t) is performed. Thus, MDFS finds a path from s to t. By
Lemma 5.7.2, MDFS constructs only strongly simple paths. ]
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5.7.1 Subtle Details of the MDFS-hypergraph Algorithm

In this section, we will outline how to construct L[V;X], for some tail VX where X € [A, B,
and how to retrieve the strongly simple path once it is discovered. In [8], a sketch of an
efficient implementation of the original algorithm MDFS for graphs is provided. Such an
efficient implementation requires two properties, but these two properties do not hold in
MDFS-hypergraph (it may be possible to modify the MDFS-hypergraph algorithm so that
a more efficient implementation is possible). Thus, we will describe a (not as efficient)
method for constructing L[V,X], including how to find the strongly simple path from V;X to
a head HIAB ¢ L[VX]. For simplicity, X always refer to either the A-vertex or B-vertex.

The way of adding a head U# containing A-vertices and a head WP containing B-
vertices to L[V;X] is identical, so we only describe when to add U4 to L[V;¥] and how to
find the path from VZ-X to UA. Suppose a head U4 cannot be pushed onto K because there
are some sets Y4 or ZB in K U Kg containing some vertices from U4 or UP respectively
(Cases 2.1 and 2.2). MDFS starts to backtrack by popping the top element, when all sets
Y4 and ZB are popped from K U Kg, we need to find all tails VX where MDFS has found
a simple path from VZX to UA.

Finding all tails ViX can be accomplished by running a backward depth-first search for
the simplest case. Start at U4, and search the already considered edges (marked “pushed”)
backward, i.e. from head to tail instead, then consider each head marked pushed that is
a super set of the just visited tail. Label each searched edge “backward pushed”. When
aset YA (YB) or ZB (Z4) that intersects with any vertex in the current search path is
reached, this search path should not be extended any longer. Otherwise, it will not result
in a strongly simple path. The backward search terminates when it finds all the edges of
all strongly simple paths between U4 and each tail V;X .This may require to search every
pushed edge. As a result, this backward search produces a subgraph G4 of Hys induced
by all “backward pushed” edges, which consists of a sink U4 and multiple sources (tails)
such that there exists a strongly simple path from each tail to U4 in Gpa. Hence, we can
add U4 to L[V;X], for every tail VX in Gy;a. We call such a graph Gpa a backward search
graph.

In the general case, we have to run a backward MDFS starting at U4, and search the
“pushed” edges backward. The purpose of the backward MDEFS is to build a graph consists
of all pushed tails that can reach U4 through a strongly simple path, whereas the purpose
of the regular MDFS is to find a strongly simple path from the source to the destination.
If we only run a regular backward depth-first search, some tails may not be strongly simple
connected to U4. Hence, we run a backward MDFS to construct a backward search graph
G4 consists of the sink U4.

Let us now explain how to find a different strongly simple path for Cases 2.1.ii and 2.2.ii.

Suppose that the head H* being considered by the algorithm intersects with at least one
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set Y4 that belongs to a path Q € Kg. MDFS tries to find another strongly simple path
@' not containing Y4 to replace the path Q containing Y4 (similarly for case 1.1.ii). Let
Q= VZ-X, YA L UA, where U4 € L[ViX], and Gpa be the backward search graph with
sink U#. Finding a different strongly simple path @’ connecting V;X and U4 can be done
using Gya. Remove every edge from Gpa that contains vertex from H4 or HZ. If there
still exists a path Q' connecting VX and U 4'in the resulting graph GIU% 4, then replace @
with Q'. In other words, those removed edges do not form an edge-cut for V;X and U A The
new current search path can continue from H#, and Gg 4 will be used temporarily until
HA is popped. If HA intersects with multiple paths in Kg. We can do the same for all
backward search graphs one by one to find that many different strongly simple paths.

There is a more complicated case (which can be encountered by Case 2.3.iii and Case
1.2.iii as well). Consider the following: Let Q1,Qo, ..., Qx be paths in Kg and Gx be the
backward search graph with the sink HX. Suppose that a strongly simple path P from V;A
to HX cannot be found in G j;x because every such path P intersects with a path Q; in Kg,
i € [1,...,k]. However, it may be possible that @); can be replaced with another strongly
simple path @} so that P can be found in Gx, but another strongly simple path @), in Kg
needs to be replaced by another Q; first so that @} and P can be found. This can continue,
thus we need to consider all paths in Kg at once in general.

Let the current search path P, represented by elements in K U Kg, be the following:
s =T, HB, ... HX, Q1 H, .. . HY |,Q2, H},...,Qp, Hf, ..., HB | where every Q;, 1 <

i < k, is a path in Kg. Note that the head comes after eacﬁ Q; does not need to be
A-vertices. It is made this way for simplicity. The MDFS algorithm is considering the
next edge (Tf ,HpA) where H134 (or Hf) intersects with paths in Kg only. We want to
find a strongly simple path from s to H;,“. Let H be the graph induced by the subpaths
(HP,...,HA ) U (HZX, ...,Hg‘_l) U...U (HZA, ...,Hffl,H;j‘) and the backward search graphs
Gg, UG, U...UGq,. Then, run MDFS on H. If it can return a strongly simple path
P’ from s to Hl‘;‘, then replace the elements in K U Kg according to P’, and continue the
search from HI’;‘ (on Hyy).

To save computation, we can store every backward search graphs constructed during

the call to MDFS(H) for further search.

Time complexity The time complexity of Algorithm MDFS-hypergraph depends on the
implementation of backward search graphs and finding a different strongly simple path
using the backward search graphs. It should be pointed out that finding a different strongly
simple path using the backward search graphs may still be exponential in the numbers of
the edges of the constructed directed hypergraph Hj;. It may be possible to reduce the
running time of Algorithm MDFS-hypergraph. We will leave this as a future work:

Remark 5.7.2. Does there exist a polynomial time algorithm in the size of the directed

hypergraph Hys for finding a strongly simple path from s to t in Hy ?
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Chapter 6

Conclusion and Future Work

In this thesis, we studied the simplified ridesharing problem for the following variants:
(I) Constraints (C1) and (C3) are satisfied but (C2) detour is allowed.
(IT) Constraints (C2) and (C3) are satisfied but (C1) trips can have distinct destination.

(III) Constraints (C1) and (C2) are satisfied but (C3) trips can have multiple preferred
paths.

(IV) All constraints (C1), (C2) and (C3) are satisfied.

(V) Constraints (C2) and (C3) are satisfied but (C1) trips can have distinct destination

and drivers are not allowed to perform re-take.

We first proved variants (I), (II) and (III) are NP-hard for minimizing the number of drivers
and the total travel distance of the drivers. These results imply that if one of constraints
C1, C2 and C3 is not satisfied then the minimization problems are NP-hard. Next, we
provided a polynomial time exact algorithm (Algorithm RFP) for a special case of variant
(IV). In this special case, we restrict the unique preferred paths of all trips lie on a same
path of the road network. It is easy to see that Algorithm RFP has a polynomial time
running in the size of the input. We showed that Algorithm RFP can find a solution to
variant (IV) where the number of drivers is minimized.

Variant (IV) is a special case of variant (V) since satisfying C3 means re-take operations
are not involved. When re-take is not allowed, the NP-hard reduction for variant (IT) cannot
be applied to variant (V). We then show that variant (V) can be solved in polynomial time,
from a very simple case to the general case of this variant. When solving the general case,
the algorithm and its analysis for this case lead to a novel approach for finding a maximum
matching in hypergraphs with specific properties.

In order to prove that a matching in a hypergraph is maximum, we extend the well-

known maximum matching theorem for graphs to hypergraphs (which we call the maximum
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hyper-matching theorem). In particular, we define a graph structure called augmenting
graph, which generalizes the idea of augmenting path for graphs to hypergraphs. The al-
gorithm (Algorithm MMH) we proposed for finding a maximum matching in the special
hypergraph (pick-up relation hypergraph) relies on the maximum hyper-matching theorem.
Algorithm MMH finds a more restricted augmenting graph in each iteration. The correct-
ness of Algorithm MMH is based on the conjecture (Conjecture 5.4.2) that an augmenting
graph can be decomposed into a set of edge-disjoint restricted augmenting graphs. There-
fore, it will be worthwhile to prove Conjecture 5.4.2 and complete the correctness proof for
Algorithm MMH as a future work.

Although variants (I), (IT) and (III) are NP-hard, it would be interesting to know
whether good approximation algorithms can be made base on Algorithm RFP for these
three variants. These approximation algorithms and Algorithm RFP maybe also useful for
the generic ridesharing algorithm (where time constraints are considered). We only gave an
algorithm to each of the variants (IV) and (V) where the number of drivers are minimized.
It should be possible to have a polynomial time exact algorithm for minimizing the total
travel distances of the drivers as well for each variant.

The method for solving variant (V) is a byproduct of finding a maximum matching in
pick-up hypergraphs. It may be possible to solving variant (V) directly using a simpler
algorithm. Another interesting idea is to come up with a better running time algorithm
compared to Algorithm MMH for finding a maximum matching in pick-up hypergraphs.
A more interesting but challenging direction is to find out what kinds of hypergraphs or
properties a hypergraph must have such that a maximum matching in these hypergraphs

can be found in polynomial time.
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Appendix A

A Full Example of Algorithm 4

The following is a full example of the MMH algorithm for finding a maximum matching in
a hypergraph H with Property 5.1.2, given in Figure A.1.

€15 €17

€3 eg

€1 [
(CEITD | et T 92T | Jueug S

€34

€24 €33

Figure A.1: A hypergraph H with Property 5.1.2 and matching M, where the bold edges
are matched edges and un-bold edges are unmatched edges.

The algorithm checks every unmatched edge e where e is incident to at most one matched
edge and calls the Search procedure. In this case, e; and e;3 will be checked. The
algorithm checks e; first. Suppose that the algorithm finds the augmenting path P =
e1, €2, €3, €4, €5, €6, €7, €8, €9, €10, €11, €12, €13. S0, initially 7" = P. Then, every unmatched
portal edge in P will be processed by the algorithm. es and eg are the only two unmatched
portal edges in P.

Suppose that eg is checked first. The algorithm tries to find an even length alternating path
starts at eq4 in H\T. However, such an alternating path does not exist. Thus, the algorithm
backtracks and tries to find another augmenting path starts from e; such that it does not
contain eg. The algorithm finds another augmenting path P = ey, eq, e3, eq4, €5, €4, €15, €16,
e17, €12, €13 and sets T' = P initially. Then it process the only unmatched portal edge e3 in
P. This time, it finds an even length alternating path P, = ejg, e19, €20, €21, €s, 7. Add Py
to T'. There is no more unmatched portal edge needs to be processed. 7' is an augmenting
graph, see Figure A.2.
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Figure A.2: An augmenting graph of H w.r.t. M.

Augment M with T, that is, M = M & T gives a larger matching (Figure A.3).

Figure A.3: The matching after the first augmentation.

After the augmentation, there is no more unmatched edge that is incident to at most one
matched edge. The algorithm checks each matched portal edge and calls the Candidate-
Search procedure. There are three matched portal edges, es, ea2, and es;.

Suppose that the algorithm checks eg first. e3 is removed from the current matching M
temporarily. The unmatched edges that are incident to at most one matched edge is checked,
i.e. a call to Search with H' = H\{e3}, M’ = M\{es} and each of es, e4 and e one by one.
When processing e, no augmenting path can be found in H’. Then, it checks e4 next and
finds an augmenting path from e4 to eig in H', namely P = ey, e5, €g, €7, €3, €21, €20, €19, €18.
T = P initially. The unmatched portal edge eg in P is processed. There does not exist an
even length alternating path starts from ej5 in H' \ T.. The algorithm backtracks and tries
to find another augmenting path not containing eg, but there does not exist one.

Hence, it returns to CandidateSearch, and checks egs. A call to Search with H' = H \
{ean}, M = M \ {es} and each of eg3,e95 and ezq. When processing ess, an augmenting
path P = es3, €94, €95 in H' w.r.t M’ is found. There is no unmatched portal edge in P.
T = P is returned, and M’ = M’ & T. The new matching M’ has the same number of
edges as M. Then, the algorithm processes esg w.r.t. M’. It finds an augmenting path
P = egg, €27, €38, €35, €36 and sets T' = P initially. The unmatched portal edge eag in P is
processed. There does not exist an even length alternating path starts from egg in H' \ T.
The algorithm backtracks and tries to find another augmenting path not containing esg,
but there does not exist one. The current matching is shown in Figure A.4.
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Figure A.4: The matching after the second augmentation.

The algorithm now checks the next matched portal edge e3; w.r.t. M’. The process is
identical to checking egs. Two augmenting graphs 77 and T5 are found w.r.t. M’, shown in
Figure A.5. Augmenting T} and T5 gives a matching M; that has one more edge than M.
Matching M; is shown in Figure A.6.

€33

(a) An augmenting
graph T} of H w.r.t.
M’ (b) An augmenting graph T of H w.r.t. M’

€33

Figure A.5: Two augmenting graphs of H' w.r.t. M’.

The algorithm checks e3 and esg by calling the CandidateSearch procedure. No augmenting
graph is returned. Since there does not exist an augmenting graph in H w.r.t. My, M is
maximum. In fact, this is the case by the maximum hyper-matching theorem.

Figure A.6: A hypergraph H' with maximum matching M.
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