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Abstract—Vehicular Cyber-Physical Systems (VCPS) provide
human drivers with various services related to road safety, and
on-road infotainments. Since a service (message) delivery includes
service transmission, service display and driver processing, many
challenges arise due to limited network resources, possible pre-
emption and contention between services for the display and
non-negligible driver processing delay. In this paper, we address
a new Driver-centric Service Delivery Problem (DSDP) from a
cross-disciplinary resource allocation standpoint. Our goal is to
deliver a number of services to a set of intended drivers in a given
time period so as to maximize the system-wide performance in
terms of fotal utility income (TUI) to drivers. We show that DSDP
differs from all existing problems and is NP-Complete. A number
of efficient heuristics are proposed to address several issues,
including wireless transmission failure as well as distributed
implementation of the multi-sender systems. Utilizing real traces
collected from taxis in the city of Shanghai, we also present a case
study in a more realistic scenario and conduct comprehensive
simulations providing numerical results.

Index Terms—Service delivery, driver-in-the-loop, resource
allocation, vehicular cyber-physical systems, NP-complete.

I. INTRODUCTION

EHICULAR Cyber-Physical Systems (VCPS) can signifi-
V cantly improve road safety and enrich driving experience
and on-road infotainment. Although a lot of research has been
done in this field, it has been divided into two main focus
areas. On one hand, traditional Human Factors (HF) based
research mainly focuses on how human drivers could be af-
fected by external factors such as road signs, on-board warning
systems, weather, or other environmental and psychological
aspects [2]-[9]. On the other hand, most existing works on
VANETS pay attention to only communication and networking
protocols design [10]-[18]. However, given the complex nature
of the multiple interactions (and influences) among the cyber
system, transportation system and the human elements, VCPS
research requires a cross-disciplinary study. Compared to
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Fig. 1. Service delivery process in friver-in-the-loop VCPS.

existing research, the novelty of this work comes from our
integrated study of all three aspects: cyber, transportation and
HF.

Fig. 1 depicts an on-road service delivery process in Driver-
in-the-Loop VCPS. Typically, a complete service delivery to
a driver goes through three steps: 1) service transmission. A
service provider (or sender) transmits a service (or message) to
a driver (or receiver); 2) service display. The on-board system
receives a service, and then presents the service to the driver
through Human Machine Interfaces (HMI). Note that a service
may be presented using multiple modalities (audio, visual,
tactile, etc), but hereafter, we use the phrase "service display"
to loosely refer to all possible service presentations; 3) driver
processing. The driver tries to comprehend the service and
decide appropriate actions as needed, e.g., maneuvering.

More specifically, a service, which could be for example, a
safety warning message, is transmitted from a sender to some
intended receivers via the wireless medium. Note that firstly,
different services require different amount of transmission
time. As an example, a text message (e.g., a price bulletin
from a gas station) can take much less transmission time than
a message with video content (e.g., an advertisement from a
restaurant). In this work, we assume that network resources
can be used to send only a limited number of services in a
given time period.

Secondly, a service can be pre-empted during display (even
though different services may be displayed on different modal-
ities), and only a complete (and well-presented) service display
can activate the processing of drivers’ cognitive systems. More
specifically, if a service is pre-empted, the driver’s attention
will shift to focus on the new service.

Thirdly, the amount of mental resources consumed by the
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driver to process different services may also be different. e.g.,
a speed warning could be processed immediately whereas a
driver may take more time (i.e., more mental resources) to
process a more complicated message. Note that initially, the
driver is idle and ready to process a service. When a service is
being processed by the driver, his/her cognitive system turns
into a busy status, during which he/she will not be able to
react to any other services.

In this paper, we address a new Driver-centric Service
Delivery Problem (DSDP) from a cross-disciplinary resource
allocation standpoint. In this problem, a list of services needs
to be delivered to a set of intended drivers and each service
has a given service utility. In particular, a service can produce
a utility income (or Ul) at a receiver if and only if the
receiver can fully process the service in a given time period
(say K time units), without any interruption (i.e., service pre-
emption). A solution to DSDP is primarily concerned with
both service selection and scheduling in the given time period
with the objective of maximizing system-wide UI, by consider-
ing the limited wireless network and human mental resources.
We also address several important issues, such as wireless
transmission failure, as well as distributed implementation
of service delivery in a multi-sender scenario, where service
collision may happen if a driver receives more than one service
in a time unit. In addition, we also present a case study
representing a realistic scenario by considering a number of
practical aspects. Since DSDP has some unique challenges,
which differentiate it from all existing problems studied in
prior research, novel and holistic solutions are needed.

The main contributions of this work are as follows:

1) To the best of our knowledge, this work is the first
that takes a cross-disciplinary and holistic approach to the
on-road service delivery problem from a resource allocation
standpoint.

2) We show that DSDP is NP-complete, and in particular,
we discuss the novelty of DSDP by comparing it with many
existing problems, such as the Knapsack Problem and its
variations, the Job Scheduling Problem, the Multicast Packing
Problem and other well-known theoretical problems.

3) We propose a list of heuristic algorithms for DSDP to
address the challenges related to limited wireless network
and human mental resources, service display pre-emption,
transmission failure, as well as distributed implementation.

4) We present a case study of a small area in the city
of Shanghai and examine practical issues, including vehicle
mobility by utilizing real traces collected from taxis, dynamic
service arrivals, and heterogonous driver processing capabili-
ties.

5) We analyze the performances of the proposed algorithms
based on large-scale simulations and provide useful insights.

The remainder of the paper is organized as follows. In
Section II, we present assumptions, models and problem
definitions. We discuss the problem novelty in Section III. The
proposed algorithms are described in Section IV, followed by
their performance evaluation in Section V. Section VI presents
a case study in a more realistic scenario. We discuss related
work in Section VII and Section VIII concludes the paper.

II. PROBLEM DESCRIPTION

We consider the service delivery problem in a given period
T, which is divided into a set of K time units 1, 2,...t,...K.
In this section, we will start with a basic scenario, where
there is only one sender (e.g., a road-side unit/AP), which
will use a wireless transmission channel to deliver a set of
services to a set of receivers within its transmission range
in the given K time units. Then, we introduce an extended
scenario with multiple senders, followed by examples for
the two scenarios. In this work, we are mainly concerned
with one-hop service delivery because it is a typical and
dominant transmission model in VANET. How to apply the
basic ideas of the proposed solution framework to multi-hop
communications is an open question left for future work.

A. Service and Utility

In describing the services and their utilities, we will largely
borrow the notations from our previous work on the HF-
aware Service Scheduling Problem (HFSSP) [1]. However,
note that this work on DSDP is much different from and more
challenging than HFSSP because in this case, we consider
many new issues related to limited wireless network, display,
and human mental resources, possible transmission failures,
possible service display pre-emption, distributed implementa-
tion in the multi-sender scenario, as well as vehicle mobility,
dynamic service arrivals and other practical issues.

We denote a set of N services by S={s;} where i = 1 to
N, and a set of M receivers by R={r;} where j = 1 to M.
Each service s; is targeted for a subset of the M receivers,
denoted by R; C R. For each service s;, which receivers it
should be delivered to can be determined either by the sender
of the s;, or based on any existing service subscription made
by the receivers. For simplicity, we assume that each service
has identical utility to the different receivers it is targeted for,
and the utility of service s; is given by a function u(i,t).
We will examine the following two cases. In the first case,
we assume a step function of time ¢ which returns a constant
during the K time units. That is:

w(i, t) = Chifl <t < K,and 0 otherwise (1)

where C; € [1,C] for a positive number C. In the second
case, we assume a more general time-variant utility function,
which is defined as:

w(i, t) > p(i,t'),ifl <t <t < K,and 0 otherwise (2)

The utility function as defined in Eq. (1) generally models
non-safety application scenarios, in which services (such as
infotainment messages that will improve trip experience) al-
ways have some fixed (time-invariant) utility to receivers. The
utility function as defined in Eq. (2), on the other hand, can
often be used to model safety-related application scenarios,
in which time-critical safety warning messages whose utility
may decrease with time. Note that, it is a non-trivial task
to determine the utility of each service. However, the focus
and contributions of this work are the algorithms designed
for service delivery, which are applicable to any reasonably
defined utility functions [26].
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B. Modeling

As mentioned earlier, a service delivery process includes
service transmission, service display and driver processing.
Below, we describe basic assumptions, some of which will be
relaxed later in our case study.

a) Service transmission. Although IEEE 802.11p is a re-
cently proposed MAC standard for VANETS, its disadvantages
in supporting broadcast have been documented. For example,
as indicated in [31], one of the disadvantages of the IEEE
802.11p standard is that, for broadcast frames, no RTS/CTS
exchange is used and no acknowledgement is transmitted from
any of the recipients of the frame. The lack of RTS/CTS ex-
change results in a hidden terminal problem which reduces the
frame delivery ratio of the broadcast service. Accordingly, the
use of TDMA for broadcasting in VANETS has been proposed
[18][31][32]. Since in our basic scenario, there is only one
sender having the capability of scheduling transmissions (e.g.,
a road-side AP), it is natural to use a TDMA-based model.
In addition, the problem model and the proposed algorithms
to be described can also be extended to other scenarios using
different transmission models as well.

For each service s;, we assume that it could be scheduled to
transmit at the beginning of time unit ¢ as a multicast operation
(we denote such a transmission start time of s; by Tryans(7)),
and then received by its receivers after Dpy.qps(7) time units
(i.e., at the end of time unit (t+ D7yqns(i) — 1)) if there is no
transmission error. Since we assume that a sender will only
deliver a service to its receivers when the sender comes into
contact with receivers within 1-hop transmission range, the
multicast operation could be performed by a single broadcast.

Note that in this study, we opt to focus on higher-layer
issues and ignore the detailed lower-layer issues such as
wireless channel modeling, MAC protocols or even routing
and transport issues. Nevertheless, we consider the issue of
lossy transmission by defining #fp(i, j) to be the transmission
failure probability, or #fp, of transmitting service s; to receiver
r;, which may be obtained based on statistics about current
channel condition, service size, distance or other factors.
In addition, we assume that a new transmission cannot be
launched if there is an on-going service transmission.

Since the network resources are limited in the sense that
not all the services can be sent out in the given time period,
we consider the following two network models to describe the
limited network resources:

Network Model I: Different services have different trans-
mission times but each service takes at least one time unit
to be transmitted (i.e., Dppans(i) > 1 for any service s;).
Accordingly, all the K time units can be used for service
transmissions (of less than or equal to K services) under this
model.

Network Model II: Each service can always be transmitted
in one time unit (i.e., Dprens(i) = 1). However, a sender
can only select fewer than K time units randomly for service
transmissions. That is, although the given time period is still X
time units, the sender can only transmit Q) < K services. This
model considers the probability that the network resources are
shared by other applications, and therefore, we need to avoid
injecting too much traffic into the network. In either model,
we assume that, at the sender side, a service can be sent at

515

most once (this assumption will be relaxed in the multi-sender
scenario, in which each service is allowed to be sent for more
than once).

b) Service display. A service successfully transmitted will
be displayed at the beginning of time unit ¢ + Dryans (%)
if Trrans(i) = t. We denote the amount of time units to
completely display service s; by Dp;sp(i) > 1. At the same
time, we consider service pre-emption by assuming that if a
newly received service s, appears while s; is being displayed
at receiver r;, then s; will be pre-empted by s} and r; will
start to focus on s (and the incomplete/unsuccessful display
of s; cannot induce r;’s cognitive system to become busy for
service processing).

It is worth noting that although we adopt the above service
pre-emption model, a safety-critical warning will not be pre-
empted by a non-safety message if doing so results in a utility
loss. In addition, we are not concerned with service display
buffering, which may be used to avoid service pre-emption.
More specifically, at the receiver side, only one service can
be displayed at a time, and a service will not be redisplayed
regardless of whether it has been pre-empted in the past. These
assumptions are not as restrictive as they appear to be. For
example, if a service has been delayed/cached or has been
transmitted/displayed for multiple times, in each time, it can
be regarded as a new service (i.e., the utility of such a new
service will be re-assigned) in our model.

¢) Driver processing. A complete and well-presented service
s; turns a driver’s cognitive system into a busy status and
we denote by Dp,.(7) > 1 the receiver (driver) processing
time for service s;, which is the same for all receivers (This
assumption will be generalized later to consider heterogeneous
receivers). Let ¢ = Trppans(i) be the time when service
s; is transmitted, and Toompiete(i,t) be the time when the
service is completely processed by the receiver, then we
have Tcompiete(i,t) = t + Drotar(i) — 1, where Droar(4)
is the total time duration for service transmission, service
display and driver processing, i.e., Drotai(i) = Drrans(i) +
Dpisp(i) + Dproc(t). Prior to Toompiete(i,t), a receiver r;
will not be able to respond or pay attention to any other
services while he/she is already in the busy status (processing
the current service) due to limited mental resources. This
provides the upper bound on the number of services that a
receiver can process during the given K time units.

It is worth noting that while both network models as-
sume limited network resources for service transmission, the
effect of limited display and the driver’s mental resources
is more pronounced in Network Model II than in Network
Model I since Dy.qns(i) accounts for a smaller percentage of
Drotar(i) in Network Model II. Accordingly, as to be shown
in Section V, under Network Model 1II, it is more important
and beneficial to design an algorithm to effectively deal with
possible display pre-emption and driver overload.

C. Definitions

Based on the above notations and assumptions, one intuitive
assumption is that a receiver will obtain an utility income
of (i, Toompiete(i,t)) when it completes the processing of
a received service s;. Since not all services transmitted can
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Fig. 2. Examples illustrating service delivery at receiver 1.

be successfully displayed (due to possible pre-emption) and
processed in time (due to the fact that the driver is busy
when the service is displayed), we define B(i,j,t) to be a
binary function such that B(i,j,t) = 1 if the service s; is a)
transmitted at time ¢, and b) completely processed in the given
K time units; and B(i, j, t) = 0 otherwise. More formally, we
have:

Definition 1 Urility Income: A utility income UI(i,j,t)
produced by service s; at receiver r; is defined as:

UI(Zv.]at) = B(Zv.]at) X :u(iaTcom;DthG(iat)) (3)

Given limited network and mental resources and a list of
services, a sender needs to select and schedule a subset of
services to deliver, which calls for a service schedule:

Definition 2 Service Schedule: For an instance with given
parameters S, R, T, a schedule 2 is defined as:

Q=(5,1),QC8SxT @)

where the 2-tuple (s;,¢) means the sender starts to send
service s; from time unit ¢ by satisfying the constraints and
assumptions mentioned earlier, e.g., a service transmission
cannot be launched if another service is currently being
transmitted (However, the sender does not have to launch a
new transmission even if the wireless medium is idle).

Definition 3 Driver-centric Service Delivery Problem
(DSDP): Given a list of services {s;} to be sent in K time
units and a set of receivers {r;}, find a schedule 2 such that
the fotal utility income (or TUI) can be maximized, i.e.:

K N
TUIQ) => > Y Ul(i,jt) =

t=1i=1 jER;

K
ZZ Z B(Z’j7 t) X :u(iaTComplete(i,t))

t=1i=1 jER;

(&)

In this work, we use the utility to model service priority.
One reason for doing so is that we can easily change the
priority of a service by using a time-variant utility function
as in Eq. (2). Another reason is that considering utility makes
more intuitive sense than considering priority. For example, a
safety warning message in general has a higher utility value
and thus is more likely to be delivered than a non-safety
warning message, unless the former is outdated already. Also,
based on our model, a message (even if it is important) should

not be delivered to its receivers if they are currently busy
processing other services. In both cases, the deciding factor is
whether delivering a message will contribute to a higher TUL
A higher TUI means that more services are delivered at the
right times and can thus benefit the receivers, which should be
the ultimate goal anyway. Note that in this sense, a higher TUI
is not directly related to the traditional network performance
metrics in terms of a high throughput, low delay and high
delivery ratio. We believe these traditional metrics do not
matter as much when considering human drivers’ information
processing capability.

Definition 4 Decision Version of DSDP: does there exist
a service schedule € such that the TUI(2) is more than a
given positive number g?

Theorem 1: DSDP is NP-complete.

Proof: Please refer to our detailed technical report [30].

It is worth noting that in our previous work [1], it was
assumed that all the services can be scheduled and sent
(since there was no resource limitation, service pre-emption or
transmission failure). Accordingly, minimizing total utility loss
(For a scheduled service s;, the utility loss is the difference
between its initial utility, i.e., u(i,1) x |R;|, and its induced
utility income at its receivers) was equivalent to maximizing
the total utility income. In DSDP, however, only some of
services can be scheduled/delivered such that a solution with
a lower total utility loss does not mean a higher total utility
income.

D. Multi-sender Case and Distributed Implementation

In the multi-sender case with Network Model II, more
than one sender are allowed to launch a new transmission
in the same time unit but a service collision may happen at a
receiver r; if he/she receives two or more services in the same
time unit. If two or more services collide at r;, they will be
discarded and r; will not be affected. For such a multi-sender
case, we will extend the centralized algorithms proposed for
the one-sender case in the basic scenario to their distributed
versions (See Section IV.G).

E. Examples

Fig. 2 shows examples illustrating the service delivery
process at receiver 7. Fig. 2(a) shows that service s; is trans-
mitted from time unit ¢ = @ and it will produce Cy = p(1, f)
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units of Ul since r; will be able to process it successfully and
the driver processing will be complete at time unit ¢t = f. In
the example shown in Fig. 2(b), we cannot obtain any UI from
either service sy or service ss because s, is pre-empted by s3
and the driver processing of s3 cannot be completed within the
given time period (i.e., [1, K]). In addition, s4 cannot produce
any UI either because the driver is busy processing s3 and will
not pay attention to s4 when it is displayed. Fig. 2(c) gives
an example of the multi-sender case under Network Model
II: if both s5 and sg, sent by two different senders, arrive at
receiver 71 at time unit e 4+ 1, a service collision happens.
Consequently, we cannot obtain any UI at r; from s5 and sg.
Note that, since each service has multiple receivers (e.g., 71,
ro, and 73 are the receivers of sg), delivering service sg could
produce various Uls at different receivers. More specifically,
as illustrated in inset in the bottom left corner of Fig. 2, sg
may generate a Ul at 2 and lead to a service pre-emption at
r3.

III. PROBLEM NOVELTY

In this section, we compare DSDP with many existing prob-
lems, including the Job Scheduling Problem (JSP), Knapsack
Problem (KP), and our own previous work HFSSP [1] etc.
Generally speaking, DSDP differs from and is more complex
than all those other problems as it involves all four issues:
scheduling, resource allocation, pre-emption and multicast
delivery, while others involve only some of the issues, as
illustrated in Fig. 3 (see also [30]).

Nevertheless, we have strived to borrow some useful ideas
from the solutions to JSP, KP and HFSSP when tackling
the new challenges present in DSDP, and compare their
performance as to be discussed next.

IV. ALGORITHM DESIGN FOR DSDP

In this section, we first study several heuristic algorithms for
selecting the next service to schedule in DSDP assuming the
single-sender case in the basic scenario, and then present the
distributed versions of a couple of these algorithms suitable
for the multi-sender case.

Although DSDP is different from many existing problems
as discussed in the last section, we are interested in not
only designing several new algorithms for DSDP, but also
modifying the algorithms for existing problems (e.g., KP, JSP,
and HFSSP) to solve DSDP, in order to gain insights into the
effects of transmission loss, display pre-emption and driver
status on the designs and performances of various algorithms.
Table I shows the list of algorithms to be studied for the
single-sender case and the related factors leading to utility
loss. Compared to the JSP-based, KP-based and HFSSP-based
algorithms, Table I shows that only the new algorithms, called
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TABLE I
ALGORITHMS AND UTILITY LOSS FACTORS CONSIDERED
(x: NOT CONSIDERED /: CONSIDERED)

Algorithms Trans. Display Driver’s Online/

’ Loss Pre-emption | Busy Status | Offline
Random X X X Off
KP-based N4 X X Off
JSP-Based X Avoid X Off
HFSSP-Based N4 X N4 On
PRA V4 V4 V4 On
FPRA V4 V4 X Off

Pre-emption and Resources aware Algorithm (PRA) and its
Feedback-free variation (FPRA) consider the utility loss of
a service due to transmission failures, display pre-emption
and driver overload (being busy in processing a service when
another service is displayed).

Note that all the algorithms below follow the same general
framework: starting with ¢ = 1, a service si is selected
for transmission based on an algorithm-specific strategy. The
algorithm then selects the next service when or after the
current service transmission completes. This continues until
either the time runs out (i.e., K time units) or ) < K services
have already been scheduled under Network Model II. Below,
we briefly describe the basic ideas of each algorithms, whose
detailed description can be found in [30].

A. Random Algorithm

This is a baseline solution, which is used mainly for com-
parison. For a given time unit ¢ without on-going transmission,
this algorithm will randomly choose whether to launch a new
transmission. If so, it arbitrarily selects an unscheduled service
to deliver.

B. KP-based Algorithm (KPA)

The central idea of classical algorithms for KP is to check
the profit and weight for each item, and choose the one having
the best benefit-cost ratio at each time.

C. JSP-based Algorithm (JSPA)

An effective heuristic for JSP is to schedule a job with
the shortest completion time first. Accordingly, in the JSP-
based algorithm (JSPA) for DSDP, we order all unscheduled
services s; in ascending order using Dy ,:q;(7), and then select
the first (i.e., with the smallest Dyporq;(2)) that will not lead
to any service pre-emption. This requirement is imposed to
avoid service display pre-emption in JSPA since a pre-empted
job must be resumed in JSP but a pre-empted service cannot
be re-displayed in DSDP.

D. HFSSP-based Algorithm (HFSSPA)

The basic idea of the utility income-dominant algorithm
proposed for HESSP in [1] is to transmit a service that
will produce the largest UL. But note that, HFSSP ignores
possible utility loss due to pre-emption, or in other words,
the possibility that the display of service s; may pre-empt an
existing display.
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E. Pre-emption and Resource-aware Algorithm (PRA)

We introduce a new algorithm for DSDP called PRA which
selects a service using 1) its absolute potential UI; 2) its
relative potential Ul; and 3) its benefit-cost ratio (similar to
that used in KPA) in succession. The basic idea is that PRA
will choose a service which can contribute to TUI and has
relatively high relative potential UI (i.e., the produced UI is
large compared to its intrinsic utility), and has the best benefit-
cost ratio by considering the consumed resources.

F. Feedback-free PRA (FPRA)

In order to simplify the implementation of PRA and also
to understand the performance degradation by eliminating the
need for feedback information on the service transmission and
driver status, we design and evaluate a variation of PRA called
Feedback-free PRA (FPRA).

The main challenge in designing FPRA is to estimate the
absolute potential Ul of sending s; at time t because the
receiver status is no longer known. FPRA overcomes this
challenge by using conservative estimates of its potential UI
at each of its receivers.

G. Distributed PRA and FPRA (DPRA and DFPRA)

Due to limited space, we mainly focus on the distributed
versions of PRA and FPRA (denoted by DPRA and DFPRA)
when services are provided by multiple senders (denoted by
Dy, ¥y = 1,2,...V ) in the vicinity. We assume Network Model
II wherein each sender could deliver up to ), services during
K time units, but the total service delivery opportunities are
still limited, i.e., @ = @, < K. In addition, each sender only
has some static global knowledge, e.g., the total number of
senders (i.e., V) in the vicinity, and will and will not obtain
feedback information from all the receivers in the case of
DPRA and DFPRA, respectively. In particular, senders do not
coordinate with each other.

A main challenge in the distributed system with multiple
senders is how to avoid service collision at a receiver caused
by having multiple senders transmit to the receiver at the same
time, while also avoiding waste of various resources by letting
go service delivery opportunities. The main idea is that in
each time unit ¢, one of the senders is regarded as a master
sender, which still follows PRA or FPRA introduced in the
previous section to select a service. In the meantime, other
senders (which are regarded as secondary users) will take a
probabilistic approach to decide whether they should also send
a service.

V. A BASIC SCENARIO AND PERFORMANCE EVALUATION

In this section, we consider a basic scenario with some
simplified assumption and evaluate the performances of the
proposed algorithms through simulations of a large number of
test cases. For a given parameter setting, we randomly generate
1000 test cases. We take the performance of the random
algorithm as base line and define the average performance
improvement ratio (APIR) of algorithm A to the random
algorithm as:

(TUIx — TUIpaN)
TUIpan

APIR = (6)

TABLE II
DEFAULT VALUES OF EXPERIMENT PARAMETERS
No. of Total Services (IV) 30
No. of Total Receivers (M) 30
Avg. No. of Receivers Per Service (w) 10
Total Time Units (K) 50s
Maximum Utility of Service (C') 100
Service Utility Function Eq. (1)
Threshold for Relative Potential Utility (c) 0.5
Maximum Ratio of Dp,¢q; to K (1) 0.5(~25s)
Maximum Ratio of D7,qns 0 Drotar (17) 0.2
Serv. Delivery Opportunity in Net. Model II (Q) 10
No. of Senders in the Multi-sender Scenario (V') 3

where TUI4 and TUIran are the sum of the TUIs of
algorithm A and the random algorithm over all test cases,
respectively.

A. Simulation Setup and Default Parameter Settings)

We evaluate the service delivery algorithms in a two-road
intersection area, where one or more senders are assumed to
deliver services to their one-hop receivers. For the time being,
we do not address the vehicle mobility issue by assuming that
all the vehicles involved are currently stopped by red lights.
In addition, we assume that one time unit corresponds to one
second and set K = 50 to be the duration of one time period
for scheduling purposes. In the next section, we will consider
vehicle mobility and also a larger K.

Table II lists the default parameter settings based on em-
pirical data provided in [21-23] (see also [30] for detailed
description).

B. Simulation Results

Fig. 4(a) shows the APIR of each algorithm as w increases
under Network Model I. As can be seen, PRA performs
best among all the algorithms. Moreover, FPRA also yields
a satisfactory performance. This seems to indicate that the
feedback information from receivers is not as helpful in this
case as we might have expected. This is because, even if the
sender chooses the best service for transmission next based
on the current feedback, it cannot guarantee that the service
would be well received, due to possible transmission failure.

Looking at Fig. 4(b) (which, along with the following sub-
figures, use the same legends for various algorithms), it can be
seen that the relative performance of the different algorithms
under Network Model II is somewhat different from Network
Model I. In particular, the performance improvement (over
Random) of PRA is more obvious due to its superior strategy
for dealing with limited display and drivers’ mental resources.
In addition, JSPA appears to perform better than HFSSPA
and KPA when w > 15 (however it is still worse than PRA
and FPRA). This shows that when each service has a large
number of receivers, it is more effective to not allow service
pre-emption, as in JSPA, because the induced utility loss due
to service pre-emption outweighs the obtained utility income.

Figs. 4(c) and (d) show that the APIRs of almost all the
algorithms increase as r increases under the two network
models. This is because a large r implies that each service
consumes more resources on average, and therefore, the ran-
dom algorithm, which does not adopt any rational strategy
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in service selection and scheduling, performs much worse
when compared to other heuristic algorithms for a large r. In
addition, similar to the observation from comparing Fig. 4(a)
and (b), PRA provides better improvements under Network
Model II than under Network Model 1.

Next, we examine how each algorithm performs if we
assume time-variant utility function as defined in Eq. (2)
instead of Eq. (1) by default. We take the approach used in [1]
to produce time-variant service utility, with which, the service
utility reduces by a x % percent of its initial utility after ¢
time units (where a is the utility decrease speed ranging from
[1, 5] in our simulations).

Figs. 4(e) and (f) show that how the APIRs of algorithms
change as we vary the utility decrease speed. PRA is still
the best solution, and in fact, its APIR goes up to 5 and
9 under Network Models I and II, respectively (from about
2 in the case of a constant utility function). This indicates
that, although the TUIs of all algorithms will decrease with
the utility decrease speed (not shown), the random algorithm
performs a lot worse in this case since a service having a large
initial utility may not get a chance to be delivered before its
utility significantly decreases, leading to a big utility loss.

In Fig. 4(g), we look at how PRA performs under differ-
ent threshold values («) used to qualify candidate services
according to their relative potential Uls (see [30] for the
formal description of relative potential UI and the use of «).
As can be seen, the moderate policy (av = 0.5) is the best
of the three. In addition, the conservative one (o = 1) is
relatively the worst, especially if there is a reasonable amount
of network resources available when under Network Model I
(leftmost part of Fig. 4(g)) or under Network Model II with
a large ) (rightmost part of Fig. 4(g)). This is because the
conservative policy may give up too many service transmission
opportunities while the other two can take advantage of the
available resources.

Fig. 4(h) further shows the APIR of each algorithm as )
increases under Network Model II. We can see that the APIRs

of most of the algorithms decrease with (). The reason being,
that the random algorithm benefits more from a larger amount
of network resources (i.e., a large Q).

Next, we show the performances of DPRA and DFPRA
under the multi-sender scenario and compare them with KPA
and the random algorithm, which can also be implemented
in a distributed fashion. In these sets of simulations, we only
consider Network Model II with @ = 18, and randomly assign
the transmission opportunities to the multiple senders.

Fig. 5(a) shows the APIRs of DPRA, DFPRA and KPA
as the number of senders (V) increases from 2 to 6. For
DPRA, a 40 — 70% improvement over the random algorithm
can still be achieved under different settings, although its APIR
decreases with V. While still significant, the improvement is
less than the case of a single sender. This is mainly due to
the following facts: 1) each sender can only perform local
optimization when selecting a few services it will send; 2)
the secondary senders take a probabilistic approach to decide
whether to transmit a service, which may lead to either wasted
transmission opportunities or service collisions.

Fig. 5(a) also shows that DFPRA performs slightly worse
than DPRA. This can be explained by the fact that DF-
PRA lacks more information about which services have been
transmitted to a given receiver. Finally, it can be seen that
KPA performs even worse than the random algorithm (i.e.,
its APIR < 0) in this case. This is because, according to
KPA, each sender launches a new transmission so long as it
finishes a previous transmission, and then there will be too
many service collisions and too much service pre-emption.

Fig. 5(b) shows the APIR of each algorithm as w increases
in the multi-sender case. Again, DPRA and DFPRA are
still better than the random algorithm although their APIRs
decrease with w. When w = 25, DPRA still has 30%
improvement over the random algorithm while KPA performs
much worse than the random algorithm.
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VI. A MORE REALISTIC CASE STUDY
A. More Practical Assumptions and Issues

In this case study, we extend our results by addressing
several more practical issues:1) Vehicle mobility; 2) Dynamic
service arrivals; 3) Transmission failure model; 4) Differenti-
ated service popularity and 5) Heterogeneous driver processing
capability. Accordingly, we also modify algorithms KPA, PRA
and FPRA and denote the modified versions by MKPA, MPRA
and MFPRA, respectively. (Please refer to [30] for more
discussions on these issues and the modifications).

Table III summarizes the new values of the major param-
eters used in this case study, and the parameters that do not
appear in Table III will take the same default values as in
Table II. Note that, the maximum D74, is still 25s (although
now we do not set its value according to K as in Section V.A).

B. Testing results

Fig. 6(b) shows the performances of MKPA, MPRA and
MFPRA in the default setting. Generally speaking, both
MPRA and MFPRA have a better performance than either
the random algorithm or MKPA in this realistic scenario.
We also observe that MKPA can perform worse than the
random algorithm just as before but for a different reason than
that explained in the multi-sender case of the basic scenario
(see Fig. 5 and related discussion). Here the main cause is
that now a service is allowed to be delivered more than
once. Hence, since MKPA does not consider drivers’ real-time
status (see Table I) but only consider the number of receivers
that are currently in sender’s coverage, it will repeatedly
transmit a same service. Most of such service transmissions
will be useless and in fact waste transmission opportunities

TABLE III
PARAMETER VALUES IN MORE REALISTIC AND MOBILE SCENARIO
Total Time Units 250
No. of Senders 5
No. of Total Involved Vehicles 140
Distances between Senders 350-500m
Service Popularity Model Zipf
Transmission Range of Senders 150m

because they prevent the receivers from receiving other service
deliveries.

Fig. 6(c) shows how the transmission range of the senders
affects the performance of each algorithm. It can be seen that
each algorithm has an almost constant APIR over the random
algorithm. The reason is that for a given transmission range,
each algorithm has equal opportunities to deliver services to
vehicles, i.e., the time frames when vehicles are traveling
under senders’ coverage. Therefore, TUI largely depends on
service selection and scheduling algorithms.

Last but not least, similar to Fig. 4(d), Fig. 6(d) shows
that the APIR of both MPRA and MFPRA increase as the
maximum D;.;,; increases because each service will consume
more resources on average with a larger maximum Dy, and
both the random algorithm and MKPA perform poorly in such
a resource-limited situation.

VII. RELATED WORK

For existing Human Factors-related studies, the focus has
primarily been on the human drivers [2, 3, 5-9]. On the
other hand, several studies in the cyber field have focused on
VANET. Typical research issues addressed include data deliv-
ery and access [10]-[13][28], reliable broadcasting [17][18],
data aggregation[29], test beds [14], safety and security
[15][20] and safety alert messaging [16][27], etc. Moreover,
compared to our previous work [1], our current work considers
a number of factors which were missing from [1]. Please
refer to our technical report for more elaborations on the
comparison between this work and existing works [30].

Overall, this work is, unlike any existing work on VANET,
transportation systems or HFs in transportation systems, the
first that takes a cross-disciplinary approach to the design of
the Driver-in-the-Loop VCPS.

VIII. CONCLUSION

Vehicular Cyber-Physical Systems (VCPS) are expected to
improve road safety, driving experience and on-road info-
tainments. Different from existing research, this work has
adopted, for the first time, a cross-disciplinary and holistic
approach to study the service delivery problem in the Driver-
in-the-Loop VCPS by considering both the cyber and human
aspects. More specifically, the study addressed a new Driver-
centric Service Delivery Problem (DSDP) considering limited
wireless communications network resources, on-board display
resources and drivers’ mental (cognitive/processing) resources,
as well as practical issues such as possible transmission failure,
service display pre-emption and distributed implementation in
the multi-sender scenario. We have shown that DSDP is NP-
Complete and that it is different from all existing problems.
We have designed efficient heuristics for service selection and
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scheduling in order to maximize the system-wide benefit in
terms of the total utility income (TUI) to the drivers. A detailed
performance evaluation and comparison study of upper-layer
protocols and algorithms based on large-scale simulations have
also been presented. Furthermore, we have performed a case
study utilizing real traces, and more practical assumptions
related to vehicle mobility, dynamic service arrivals, differ-
entiated service popularity, service transmission failure model
and heterogonous driver processing capabilities. Our studies
and results have shown that it is not sufficient to borrow ideas
from existing solutions to similar problems such as the Job
Scheduling Problem or the Knapsack Problem, and that our
proposed algorithms can achieve a much better performance
than a random algorithm.
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