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Abstract—Developing applications with pass-by communication is usually complex and expensive, since the applications heavily depend on the hardware to detect rendezvous (i.e., proximity)
of mobile entities. In order to reduce the complexity and cost of
the application development, we propose a device-independent
formalization of the pass-by rendezvous of mobile entities in
this paper. Specifically, we first define a pass-by rendezvous as a
phenomenon, where two mobile entities are closed enough at a
certain time. We then derive four properties from the definition
to be satisfied within any pass-by systems. The properties allow
indirect pass-by rendezvous between mobile entities with different
devices. Finally, we apply the proposed method to two different
practical systems (Bluetooth Low Energy and GPS). In the case
study, we see how the pass-by rendezvous can be implemented
in each system, and see how the indirect rendezvous across the
two systems can be inferred using the proposed properties.
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I.

I NTRODUCTION

With the recent advancement of embedded technologies,
the latest mobile devices are equipped with various sensors.
IoT and M2M allow various “things” to communicate with
each other. The mobile devices and the things are integrated
via network to implement smarter services.
The sensors on the mobile devices realize a new type of
communication, called pass-by communication [1][2]. It is a
form of wireless communication triggered when a user passes
by another user. When the users get close to each other, certain
sensors on their handheld devices detect a rendezvous (i.e.,
proximity) of the devices, which triggers certain communication or actions with the mobile devices.
To make the following discussion clearer, we use the term
pass-by rendezvous to refer to an event that two mobile entities
get close to each other. Also, the term pass-by system is used to
describe any system that detects the pass-by rendezvous with
a certain technology, to implement value-added services and
applications. Several pass-by systems have already appeared
for smart phones [3] and handheld game consoles [4][5]. These
pass-by systems are expected to create new values in various
application domains.
The conventional pass-by systems, however, have limitations with respect to portability and interoperability. In general, each pass-by system detects the pass-by rendezvous using
a proprietary protocol with specific sensors. Thus, applications
heavily relies on the underlying hardware. Therefore, there
is no compatibility between applications on different pass-by

systems. An application of a pass-by system cannot be ported
directly to other pass-by systems. Thus, the tight coupling
between the application and the device increases development
complexity and cost. Also, the lack of interoperability among
different systems restricts user’s choice of mobile devices. This
decreases system efficiency and user’s satisfaction, as well as
potential services and applications, significantly.
In order to cope with the above limitations, it is essential
to consider the pass-by rendezvous (as an event) and the passby system (as a device to detect the event), separately. In this
paper, we therefore propose a method that formulates the passby rendezvous in a device-independent manner.
More specifically, we first define the pass-by rendezvous
as a universal phenomenon where two mobile entities get
close within a certain distance at a certain time. Based on the
definition, we then derive four properties to be satisfied within
any pass-by systems. The first two properties are symmetry
and transitivity, which are derived from the nature of passby rendezvous. The last two properties are derived from
spatiotemporal information of mobile entities, which allows
to use geolocation systems and pass-by systems together to
complement each other. The properties derive indirect pass-by
rendezvous across different pass-by systems.
To see the effectiveness, we conduct a case study that
applies the proposed method to two different pass-by systems.
The one system is with Bluetooth Low Energy (BLE), and
another is with GPS. We also show how the indirect pass-by
rendezvous how the indirect rendezvous across the two systems
can be inferred using the proposed properties.
II.

F ORMULATING PASS - BY R ENDEZVOUS

A. Definition of Pass-by Rendezvous
To define the pass-by rendezvous without depending on
any specific system or sensor, we observe a rendezvous as a
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phenomenon. Figure 1 shows three mobile entities A, B and
C, where A gets close to B, and C is far from both A and B.
In this situation, we want to define a pass-by rendezvous of A
and B. Intuitively, this can be defined as a condition that “at
a certain time t, A and B are within a close distance l”.
More formally, the above condition can be defined by a
function. Let X be a set of all mobile entities, let D be a set
of all distance functions, and let T be a set of all time-stamps
(i.e., date time). A pass-by rendezvous is defined by a Boolean
function χ : X × X × D × T → {0, 1} such that:
{
1
· · · d(x1 , x2 ) < L at time t
χ(x1 , x2 , d, t) =
0
· · · otherwise
The function returns 1 if the distance between mobile entities
x1 , x2 is shorter than threshold L at time t. In Figure 1, the
shaded oval represents an area covering any rendezvous with
A, which is determined by L. The arrow represents an actual
distance d(A, B) < L. Hence, at this time t, χ(A, B, d, t) = 1.
Note that χ(A, C, d, t) = 0 since C is out of the area. Thus,
we can define the pass-by rendezvous by χ.
For convenience, we use notation ⟨⟨x1 , x2 , l, t⟩⟩ to represent 4-tuples x1 , x2 (∈ X), l (= d(x1 , x2 )), t such that
χ(x1 , x2 , d, t) = 1. For example, ⟨⟨Arisa, Bob, 0.5m, 201501-23T12:34:56⟩⟩ denotes a pass-by rendezvous, where Arisa
passed by Bob at a distance of 0.5m at 12:34:56 of 2015-01-23.
B. Properties of Pass-by Rendezvous
The device-independent definition of the pass-by rendezvous yields useful properties to be satisfied within any
pass-by systems.

For example, let L be 1.0m. If we have ⟨⟨Arisa, Bob,
0.4m, 2015-01-23T12:34:56⟩⟩ and ⟨⟨Bob, Charley, 0.4m,
2015-01-23T12:34:56⟩⟩, then we can derive ⟨⟨Arisa, Charley,
d(Arisa,Charley), 2015-01-23T12:34:56 ⟩⟩
Note that l1 + l2 < L is the sufficient condition for P2.
Indeed, in some case ⟨⟨x1 , x3 , l3 , t⟩⟩ holds even if l1 + l2 > L.
C. Pass-by Rendezvous and Spatiotemporal Information
The distance between any pair of mobile entities can be
derived from the current location of the entities. This fact
implies that a pass-by rendezvous can be inferred from known
spatiotemporal information (i.e., data with location and time).
Conversely, spatiotemporal information can be also estimated
from known pass-by rendezvous.
In the following, we use notation ⟨x, p, t⟩ to represent a
predicate that mobile entity x is at position p (with a location)
at time t. Then, the following property holds.
Property P3 (Deriving pass-by rendezvous from spatiotemporal information): Let x1 , x2 be mobile entities. Let
p1 , p2 be positions each of which has a location. Let d′ be
a distance function defined over the positions. Let L be the
distance threshold. Let t be a time-stamp. Then,
⟨x1 , p1 , t⟩ ∧ ⟨x2 , p2 , t⟩ ∧ d′ (p1 , p2 ) < L
⇒
⟨⟨x1 , x2 , d(x1 , x2 ), t⟩⟩

(3)

Proof: At time t, x1 is at p1 , and x2 is at p2 . So,
d(x1 , x2 ) = d′ (p1 , p2 ) < L at time t. Hence, we have
χ(x1 , x2 , d, t) = 1.

The first property is symmetry. When A gets close to B,
we can also say that B gets close to A. Formally, this is due
to the symmetric nature of distance function.

Property P3 derives a pass-by rendezvous of x1 and x2
from the fact that their positions are sufficiently close. Even
if x1 or x2 does not have a proximity sensor, the pass-by
rendezvous can be inferred if individual locations are available.

Property P1 (Symmetry): Let x1 and x2 be mobile
entities, and let l = d(x1 , x2 ), and let t be a time-stamp. Then,

The next property does the opposite, which estimates the
spatiotemporal information from known pass-by rendezvous.

⟨⟨x1 , x2 , l, t⟩⟩ ⇒ ⟨⟨x2 , x1 , l, t⟩⟩

Property P4 (Estimating spatiotemporal information
from pass-by rendezvous): Let x1 , x2 be mobile entities.
Let p1 , p2 be positions each of which has a location. Let d′
be a distance function defined over the positions. Let L be the
distance threshold. Let t be a time-stamp. Then,

(1)

Proof: Since χ(x1 , x2 , d, t) = 1 and d(x1 , x2 ) =
d(x2 , x1 ), we can derive χ(x2 , x1 , d, t) = 1.
For example, if we have ⟨⟨Arisa, Bob, 0.5m, 2015-0123T12:34:56⟩⟩, then we also have ⟨⟨Bob, Arisa, 0.5m, 201501-23T12:34:56⟩⟩.

⟨⟨x1 , x2 , l, t⟩⟩ ∧ ⟨x1 , p1 , t⟩
⇒⟨x2 , p2 , t⟩ for some p2 such that d′ (p1 , p2 ) = l

(4)

The next property is transitivity. When we have a pair
of pass-by rendezvous, say “A meets B” and “B meets C”,
simultaneously, we can infer “A meets C”.

Proof: At time t, x1 and x2 are at a distance of l, and x1
is at p1 . Therefore, x2 must be at a certain position p2 whose
distance from p1 is l. So ⟨x2 , p2 , t⟩ and d′ (p1 , p2 ) = l.

Property P2 (Transitivity): Let x1 , x2 and x3 be mobile
entities. Let l1 = d(x1 , x2 ), l2 = d(x2 , x3 ), l3 = d(x1 , x3 ).
Let L be the distance threshold. Let t be a time-stamp. Then,

Property P4 estimates the position of x2 from the given
pass-by rendezvous of x1 and x2 , and the position of x1 . Even
if x2 does not have a geolocation sensor, its position can be
inferred from the pass-by rendezvous with located entity x1 .

⟨⟨x1 , x2 , l1 , t⟩⟩ ∧ ⟨⟨x2 , x3 , l2 , t⟩⟩ ∧ (l1 + l2 < L)
⇒
⟨⟨x1 , x3 , l3 , t⟩⟩
(2)
Proof: According to the triangle inequality, d(x1 , x3 ) ≤
d(x1 , x2 )+d(x2 , x3 ). Since l1 +l2 < L, we have l3 ≤ l1 +l2 <
L at time t. Thus, we can derive χ(x1 , x3 , d, t) = 1.

D. Effects of Device-Independent Pass-by Rendezvous
The proposed definition provides a universal and abstract
view of the pass-by rendezvous. This means that interoperability among heterogeneous pass-by systems can be achieved by
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values. Mapping from these values to a user name (within the
pass-by rendezvous world) is possible. The distance between
two mobile entities can be estimated from RSSI (Received
Signal Strength Indication) and Measured Power attributes.
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adding an abstraction layer on top of the systems, based on
the proposed definition.
The proposed properties can be fully utilized to derive
indirect pass-by rendezvous. Figure 2 depicts intuitive illustration of Properties P1 to P4. In the figure, a fact derived
from a property (which was unknown before) is drawn by a
dotted line. Even if there is no direct way to detect a pass-by
rendezvous of x1 and x2 , the four properties may indirectly
derive the rendezvous by connecting the existing facts.
By applying the four properties combinatorially to the
existing records of pass-by rendezvous, we can generate a huge
amount of data that detects many indirect pass-by rendezvous
within larger areas. Note that the generated data is portable,
which can be reused by various pass-by systems based on the
device-independent definition.
Moreover, according to Properties P3 and P4, we can use
spatiotemporal data for pass-by rendezvous, and vice versa.
This implies that a pass-by system and a geolocation system
(GPS, IPS, etc.) can be used together to complement mutual
features and purposes. Thus, the proposed method is expected
to expand the range of new applications and services with
pass-by rendezvous.
III.

Suppose that Arisa and Bob have smartphones with BLE
for pass-by rendezvous. When Arisa passes by Bob, Arisa’s
smartphone receives a signal, decodes the name of Bob, and
measure the distance. If the distance, say 0.7m, is below a predetermined threshold and it is 12:34:56 on 2015-01-23 now,
then Arisa’s smartphone emits a rendezvous event ⟨⟨Arisa,
Bob, 0.7m, 2015-01-23T12:34:56⟩⟩. If necessary, the event is
saved to a log file or uploaded to a cloud server. The same thing
can be done with Bob’s smartphone, according to Property P1.

E XAMPLE A PPLICATIONS

This section describes the idea how to apply the proposed
method to practical systems, taking BLE and GPS as examples.
A. Bluetooth Low Energy (BLE)
Bluetooth Low Energy (BLE) is a short-distance wireless
communication technology that can be used for proximity
sensing. The pass-by rendezvous can be implemented by using
BLE with the GATT (Generic Attribute) profile. Each mobile
entity is identified with proximity UUID and major/minor

Gathering GPS information from individual mobile entities
enables to detect pass-by rendezvous, as seen in Property
P3. An approach is to deploy a cloud server and to make
every mobile entity periodically send own ID and GPS data
to the server. Every GPS data (usually represented in NMEA
0183 format) contains longitude and latitude, from which the
distance between two points can be calculated.
Suppose that Bob and Charley are at location SIb and SIc,
respectively, and that the current time is 12:34:56 on 201501-23. Bob (or Charley) sends an event ⟨Bob, SIb, 201501-23T12:34:56⟩ (or ⟨Charley, SIc, 2015-01-23T12:34:56⟩,
respectively) to the cloud server. On receiving the events, the
server calculates the distance between SIb and SIc. If the
distance, say 1.1m, is below a threshold, the server emits a rendezvous event ⟨⟨Bob, Charley, 1.1m, 2015-01-23T12:34:56⟩⟩.
C. Indirect Pass-by Rendezvous
Suppose now that the distance threshold is 2.0m and
that we have the above two rendezvous ⟨⟨Arisa, Bob,
0.7m, 2015-01-23T12:34:56⟩⟩, ⟨⟨Bob, Charley, 1.1m, 2015-0123T12:34:56⟩⟩. Then, Property P3 derives ⟨⟨Arisa, Charley,
1.8m, 2015-01-23T12:34:56⟩⟩, which is an indirect pass-by
rendezvous generated from the two different pass-by systems.
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