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1. Introduction

Detecting and monitoring collective movement patterns amongst moving entities—such
as flocks, convoys and leadership—has many applications (e.g., traffic management (Je-
ung et al. 2008), crowd safety (Batty et al. 2003), and animal behavioral research (Laube
et al. 2004, Benkert et al. 2008). Emerging technologies, such as mobile geosensor net-
works (mGSNs), offer potentially new ways to monitor dynamic spatial phenomena, how-
ever in turn require new decentralized algorithms, able to detect such patterns despite
particular constraints of decentralization.

Decentralized spatial computing (DeSC) does not assume that individual components
(i.e., sensor nodes) can simply access a global data store, nor that they have knowledge
of an overall system state (Lynch 1996, Duckham 2013), but rather components must
cooperate to compute within constraints of limited-range and transient communication.

Despite these distinct constraints and challenges, there are compelling motivations for
autonomously detecting and monitoring such dynamic groups in the network. Consider
as a motivating example a team of firefighters, needing to coordinate and work together
in an emergency response situation. Team members—concerned for one another’s safety
in this challenging, potentially hazardous setting—need to keep track of who is in their
group, and whether this changes. To assist, a network of personal sensors fitted to team
members could be tasked with monitoring the group in an automated way.

This article describes ongoing research into designing, simulating and evaluating de-
centralized spatial algorithms, with the following main contributions:

• decentralized detection and monitoring approaches for convoy patterns are demon-
strated, with computation occurring in the network, without central control (nor any
persistent leader directing operations), and without quantitative positioning;

• a series of specific decentralized algorithms are detailed, whereby nodes cooperate
and share the necessary information; from an initial näıve approach, various further
strategies demonstrate considerable efficiency improvements, achieved by organizing
information flow in a more structured way, and by progressively devolving deduction
and decision-making to the local level; and

• these algorithms have been implemented and tested in agent-based simulations, and
results of empirical evaluation are described (confirming effectiveness and efficiency
characteristics of the specific algorithms, and illustrating more broadly the utility of
such approaches in studying and characterizing decentralized algorithm behaviors in
complex dynamic systems).

The remainder of this article is organized as follows. The research background, and
previous related work, is reviewed in Section 2. Approaches taken in designing, imple-
menting and analyzing decentralized algorithms are discussed (Section 3). The series of
decentralized algorithms is then described and specified in detail in Section 4, together
with results of analyses for each. Discussion follows (Section 5), and conclusions and
suggestions for further work (Section 6).

2. Background and related work

The quantity of available movement data is rapidly increasing, as technologies such as
GPS and wireless devices become commonplace, and as geographic information science
grows increasingly data-rich (Miller and Han 2009). A growing range of tools and tech-
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Figure 1. Comparison of convoy and flock approaches, monitoring
objects over three successive timesteps (in this example, an elon-
gated constellation of five objects remains density-connected with
respect to r, while at maximum three objects could be contained
by flock disk of radius r (after Jeung et al. 2008).

niques have been developed for analyzing movement data (e.g., approaches reviewed in
Gudmundsson et al. 2008, Laube 2009, 2014, and taxonomies, frameworks and patterns
detailed e.g., Dodge et al. 2008, Andrienko et al. 2011).

Amongst these, various approaches seek to characterize groups of objects moving to-
gether in some manner through time. One such pattern that has received considerable
previous attention is that of the flock. The flock pattern has been formalized as a set of
n mobile nodes, such that for every moment in a time period of k consecutive time steps,
there exists some disk of pattern radius r that contains every node (i.e. an (n, k, r)-flock
after Benkert et al. 2008). A range of algorithms have been discussed for computing flocks
(Gudmundsson and van Kreveld 2006, Gudmundsson et al. 2007, Benkert et al. 2008,
Laube et al. 2008, 2011). While flocks provide an intuitive and convenient formalization,
such a rigidly-defined disk-based definition may excluded arbitrary-shaped groups, as
illustrated in Figure 1 (after Jeung et al. 2008).

An alternative, more flexible group movement pattern is that of the convoy, defined
as set of at least n moving objects remaining density connected with respect to distance
r for a least time period k (i.e., an (n, k, r)-convoy). Intuitively, two objects are density-
connected if some sequence of objects exists connecting them, with the distance between
any consecutive objects ≤ r (after Jeung et al. 2008). (Some further discussion on this
definition is included in Section 3 below.) Such a density-connection approach allows
inclusion of arbitrary-shaped groups, including linear formations and movements (e.g.,
within transportation networks).

Several other patterns and structures for group movement have been described, e.g.,
moving clusters, where a group of objects move in close proximity over time, but where
identity is relaxed and some individuals may leave or join a group (Kalnis et al. 2005).
Swarms relax the constraint of consecutive time points, so that individuals may tem-
porarily leave and rejoin the group (Li et al. 2011). The trajectory grouping structure
(Buchin et al. 2013) is a comprehensive structure able to capture information about
topological changes and subsets of entities traveling together, allowing for and describ-
ing, for example, groups beginning, ending, splitting and merging. Leadership/following
has been formalized as single file movement (Buchin et al. 2013); as leaders and followers
defined by proximity within a wedge-shaped “front region” (Andersson et al. 2008); and
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as hierarchical leader/follower relationships based on time-delayed movement changes
(Nagy et al. 2010). Such patterns are not considered in the decentralized algorithms pro-
posed in this article. However, the key principles of decentralized information sharing
strategies, as described here for convoy detection, are applicable to further decentralized
algorithms for detecting other such related patterns.

Indeed, most previous approaches to detecting movement patterns, as described above,
assume centralized information storage and computation. However emerging technologies
such as mobile geosensor networks challenge these assumptions. Mobile geosensor net-
works (mGSNs) are wireless networks of miniaturized, sensor enabled computing devices
(called “nodes” or “motes”) attached to mobile entities, each able to collect data, com-
pute and communicate, and tasked with monitoring aspects of geographic space (Nittel
et al. 2004). Such technologies requite alternative decentralized spatial computing (DeSC)
approaches, with new decentralized spatial algorithms, able to operate despite challenges
mentioned above, and in particular geographic constraints to the movement of informa-
tion (Duckham 2013). Recent work has focused on detection of flocks using decentralized
algorithms (Laube et al. 2008, 2011), and moving objects in transportation networks
(Both et al. 2013). However, this paper is the first to address the efficient decentralized
detection of convoys.

3. Design and evaluation approach

3.1. Preliminaries

We model a system of mGSN nodes (representing, e.g., individual mobile geosensors
attached to monitored animals) and communication links (amongst neighboring nodes in
close enough proximity for direct, one-hop wireless communication), described as a time-
varying, undirected communication graph, G(t) = (V,E(t)). The graph G(t) comprises
a discrete set of nodes V (modeling the mGSN nodes); a discrete set of times T ; and a
time-varying set of edges, E(t), such that for some time t ∈ T , E(t) ⊂ V × V is the set
of communication links, as represented in Figure 2.

We assume that nodes possess only qualitative information about their respective
neighborhoods (i.e., nodes don’t enjoy absolute positioning capabilities such as GPS,
but rather only relative spatial knowledge of their neighbors in communication net-
work). We make here the assumption that the density-connected distance threshold for
convoys that can be detected matches the sensing/communication range of the sensor
nodes (i.e., convoy parameter r = c, the communication radius). In this case a convoy
consists of a group of nodes of count ≥ n remaining connected in G(t) for ≥ k consec-
utive timesteps. While this simplifying assumption limits the practical usefulness of the
algorithms, range-finding positioning systems could be used to generalize our algorithm
to cases where r < c at least.

We further assume that wireless communication between sensors can occur much faster
than the physical movement of objects. Thus, we assume it is possible for multiple com-
munication messages to be relayed in the time it takes an object to move a only short
distance at most. Our algorithms require that a round of communication can be com-
pleted before the communication network changes (i.e., before the set of communication
links E(t) alters). In our simulations, this is achieved by ensuring communication is
completed in one discrete movement timestep. Communication is not assumed to be syn-
chronous, but is assumed to be reliable (i.e., messages may be delayed and arrive out of
order, but will be received and processed eventually).
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Figure 2. Mobile geosensor network model: sensor nodes (black dots) each have a limited
radius within which communication is possible (represented by dashed black circles in (b);
at a given time, the set of nodes, together with edges representing current communication
links (represented by dashed black lines in (c), comprise the communication graph.

It is assumed that nodes have a fixed and unique identity, and know the identities of
their neighbors at each timestep (and in algorithm 4 (below), nodes additionally know
the degree of their neighbors (i.e., how many neighbors each neighbor has).

The convoy definition given in Section 2 does simplify somewhat from more involved
density-connectivity definitions, e.g. where (Jeung et al. 2008, Ester et al. 1996) dis-
tinguish core points (meeting a minimum-neighborhood criteria, say with respect to
a minimum-points parameter m) and other (directly or indirectly) density-reachable
points. We adopt the somewhat simpler approach, described above, considering two ob-
jects to be density-connected if any sequence of objects exists connecting them, with the
distance between any consecutive objects ≤ r. This is equivalent to (Jeung et al. 2008,
Ester et al. 1996) in the case that m = 2, and allows inclusion of, e.g., highly elongated
and single file constellations. We also use the parameter n representing the total number
of objects in the group (rather than a minimum points parameter m). If it was desired to
be able to support more involved density-based notions, modifications to our algorithms
could do so—at cost of some greater complexity—e.g. if nodes were to exchange and
store not just a list of nodes, but information about other nodes’ connectivity.

3.2. Algorithm design and specification

Considerable complexity can arise from interactions amongst entities in multi-agent de-
centralized systems. Seeking to manage this complexity, the approach taken here to de-
signing decentralized spatial algorithms (following (Santoro 2007, Duckham 2013) aims
to define simple and unambiguous protocols specifying how nodes may behave and in-
teract. Protocols detail restrictions, events, actions (that individual nodes may perform
in response to events), and a finite set of states (between which nodes may transition; a
node’s action in response to an event will depend on its current state). Care is also taken
to distinguish the sensing abilities and local data available to individual nodes (distin-

guished in the algorithm specifications using “overdot” notation, e.g., i̊d would denote a
node’s identity considered from its own perspective).

Particular importance is placed on minimizing communication, as geosensor networks
are assumed to be strongly resource-constrained, and wireless communication to be highly
expensive in energy terms (much more so than computation, with figures such as 3 or 4
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orders of magnitude difference given, e.g., (Zhao and Guibas 2004).
An explicit aim of this work was to investigate algorithms and spatial information

systems that do not have access to, or otherwise rely on, quantitative position informa-
tion. This has practical motivation in the context of low-cost mobile and wireless sensor
networks, as positioning technologies such as GPS may not be available (e.g., with very
simple, small and low cost sensors), or be prohibitively energy-intensive.

The following protocols then describe decentralized algorithms whereby nodes cooper-
ate and share information needed to support decentralized convoy-type queries, without
relying on centralized control, coordinate information, nor any persistent “leader” to
coordinate computation, and doing so in a way which minimizes communication.

3.3. Modeling environment

Algorithms were implemented and analyzed via simulations, using the NetLogo agent-
based modeling environment (Wilensky 1999). Procedures to model and measure com-
munication among nodes were added to the simulation models (drawing on and extending
open source code libraries accompanying (Duckham 2013). As discussed above, consid-
erable complexity can arise amongst systems of multiple moving entities; agent-based
modeling provides a helpful tool to simplify and explore behaviors of such a system,
allowing simulation of moving objects, as well as communication and computation char-
acteristics of the decentralized algorithms.

3.4. Movement data

Various simulated and real movement data sources were experimented with as a basis for
movement. Initially, individual agents were programmed to move based on simple rules
incorporating random variables. For simple random movement, agents moved forward in
fixed steps with random bearing (i.e., with equal probability of selecting any direction
at subsequent steps). In a correlated random walk (CRW), agents’ directions and step
lengths were drawn from Gaussian distributions (with µ = 0, σ = 45◦ for turn angle, and
µ = 1, σ = 0.1 for step length, respectively). In the case of Lévy flights, direction was
chosen as per the previous CRW approach, but step length was drawn from a standard
Cauchy distribution (with location t = 0 and scale s = 1), following approaches, and
adopting code libraries, of (O’Sullivan and Perry 2013).

The intent of these approaches was to approximate movement of, for example, wild an-
imals (Lévy flights for example have been suggested to approximate movement behaviors
such as predator search (Sims et al. 2008). In our experience, however, these individual-
based movement approaches tended not to naturally generate groups of moving entities
that persisted together yet exhibited dynamism—key characteristics sought for testing
our algorithms—and so were not used for further analyses.

Wilensky’s NetLogo Flocking model (itself inspired by Reynolds’ Boids simulation
(Wilensky 1998, Reynolds 1987), was slightly modified to introduce additional stochas-
ticity (drawing step length from a µ = 1, σ = 0.1 Gaussian distribution) and trialled
next. This movement type proved suitable for generating dynamic groups of moving ob-
jects, with known, modifiable characteristics. We used this as the movement basis for
our algorithm performance analyses, enabling us to run controlled experiments, varying
factors of interest (e.g., network size) and measuring responses (e.g., messages).

Further real movement data were obtained from studies of GPS-tracked homing pi-
geons, Columba livia domestica (Nagy et al. 2010), and radio-tracked African buffalo,
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Figure 3. Illustrative movement traces from simulated and real data sources: (a) sim-
ple random movement; (b) correlated random walk (Gaussian-based); (c) Lévy flight
(Cauchy-based); (d) Boids/NetLogo ’Flocking’; (e) GPS-tracked homing pigeon move-
ment; (f) radio-tracked African buffalo movement.

Syncerus caffer (Cross et al. 2009) (data re-used with permission from original inves-
tigators; our appreciation to Dr. Mate Nagy and Dr. Paul C. Cross respectively). Our
algorithms were tested using these real data sets, providing illustrative examples of these
algorithms in operation, however these real data were not used for the main performance
experiments. Figure 3 shows some illustrative example movement traces from the various
simulated and real data sources.

3.5. Empirical evaluation

The characteristics and performance of algorithms were examined in terms of effectiveness
and efficiency. To test efficiency, communication scalability experiments were performed,
analyzing how the total number of messages that must be sent (in order for nodes to
coordinate and share the required convoy information) varies with the number of nodes
in the connected group. Results are presented and discussed in Sections 4 and 5 below
for the different algorithms.

To test effectiveness, veracity checks were implemented, verifying (as the simulation
ran) that the membership of detected convoys identified by the decentralized algorithms
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(a) (b) (c)

Figure 4. Illustrative example pigeon convoy sequence: (a) 3 entities first meet (gray,
indicating pre-convoy state), while one singleton remains non-connected; (b) at a later
time, 3 entities have remained together in a density-connected convoy (orange), and the
singleton (gray) joins; (c) subsequently the convoy comprises 4 entities (orange).

matched that of the centralized check. The centralized check was allowed direct access
to full information of all agents, to compute convoys directly following the previously
described approach of (Jeung et al. 2008). By contrast, the simulated decentralized algo-
rithms are programmed to observe strict enforcement of nodesÕ locally-limited knowl-
edge, with information shared only via explicit communication amongst nodes, as per
the algorithm specifications.

The algorithms were also tested with the real data sets described above, with equiva-
lent communication procedures and veracity checks as for the simulated data. Modeled
communication ranges were scaled to match the real data, to simulate geosensors de-
ployed on actual moving entities. Technologies vary, however communication ranges for
wireless sensors in the range of meters to approximately 100m have been discussed in the
literature (e.g., Zhao and Guibas 2004, Sohraby et al. 2007). Informed by this, scenarios
with 10m and 100m communication ranges (relative to the real-world spatial dimensions
of the data) were used. For the pigeon data set, either communication range consistently
produced convoys of, e.g., n > 3 connected entities over k > 3 consecutive timesteps,
with considerable dynamism observable in the groups (from visual inspection). Figure 4
(screen output from the NetLogo simulation) shows an illustrative example brief sequence
of one such convoy. We did not have access to any “ground truth” for comparison, to as-
sess whether such groupings were biologically meaningful. In contrast to the pigeon data,
no convoys were detected in the buffalo data set (even relaxing parameters to n = 2,
k = 2 timesteps and r = 100m), which we attribute to the extremely sparse nature
(spatially and temporally) of this particular movement data set.

4. Decentralized algorithms

4.1. A1, näıve approach

In a first näıve approach (A1), nodes periodically broadcast their identities, then re-
ceive, assimilate and forward any new information. By this process new information
propagates (either directly from neighbors, or indirectly via forwarded messages) until
eventually each node in G(t)) possesses a full set of identities in the connected group. By
repeating this periodically at successive timesteps, nodes can accumulate then compare
neighborhood sets for successive timesteps, to determine whether, at the present and
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preceding k− 1 time steps, a requisite group of nodes have remained density-connected,
as per the convoy definition. (This set comparison is not shown in the decentralized
algorithm specification below, which rather focuses on how nodes cooperate and share
necessary information in order to be able to each make such comparisons.)

Algorithm 1 Näıve approach
Restrictions: Reliable, fully asynchronous communication; undirected time-varying communica-

tion graph G(t) = (V,E(t)); surjection id : V → N; nbr : V × T → 2V

State Trans. Sys.: ({init, idle}, {(init, idle), (idle, init)})
Initialization: All nodes in state init
Local data: curr (set of nodes per timestep); Timer1 (local timer)

init
1: Spontaneously

2: broadcast (msge, {i̊d})
3: become idle

idle
4: Receiving (msge, c)
5: if c− curr 6= ∅ then
6: set curr := curr ∪ {c}
7: broadcast (msge, curr)
8: When Timer1 elapsed
9: become init

4.2. A1 results

Veracity checks (discussed above) confirmed that the convoy memberships computed by
A1 matched those of the centralized check. Results from the communication scalability
experiments for A1 (using the NetLogo Flocking model, described in Section 3.4, as the
basis for movement) are shown in Figure 5. This plots the total number of messages sent
against the number of nodes in the connected group (per single timestep). As can be
seen, the total number of messages sent increases rapidly as the number of connected
nodes increases (described by the relationship y = x2, with R2 = 1, i.e., communication
scalability in the order of O(|V |2).

So while A1 does enable the necessary information sharing, in a decentralized manner,
it would be desirable to increase the communication efficiency (given the importance
placed on minimizing energy-expensive communication in resource-constrained mGSNs,
as discussed above)—as the approaches taken in A2, A3 and A4 seek to achieve.

4.3. A2, tree-based collation and distribution (TBCD)

The above näıve approach generates a lot of redundant communication, with nearby
nodes relaying similar information to one another (resulting in rapid growth in commu-
nication as the number of nodes increases, as shown in Figure 5). Alternative approaches
would seek to minimize communication by organizing information flow in a more struc-
tured way. A2—tree-based collation and distribution (TBCD)—uses the approach of
computing an overlay tree structure (containing all nodes and a subset of edges in G(t)),
and using this to collate and distribute neighborhood information more efficiently. This
overlay tree is constructed in a decentralized manner, building on approaches to leader-
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Figure 5. Results of communication scalability experiments for
A1 and A2.

ship election in distributed systems (e.g., trees from multiple initiators (Santoro 2007,
Duckham 2013), though here we construct a bi-directional tree directly).

Essentially all nodes initiate prospective trees, each initially “named after” the originat-
ing node’s unique identifier. Nodes each store locally the identity of the lowest-numbered
tree m they have knowledge of (initially this matches their own identity, though whenever
a lower-numbered tree is discovered, via a received message, m is updated to this new
identity). Each node also stores a parent identifier (set to the sender of the lowest known
tree), and a list of children (populated from responses to accepted tree messages). Con-
struction of this tree typically takes several rounds, as nodes hear about lower-numbered
trees (originating directly from a neighbor, or having been forwarded), and update their
local m, parent and children data. The structure is assumed complete on expiry of
Timer1, after which each node has information about its parent (if any) and children
(if any) in the newly constructed overlay tree. Once this structure has been created, it
is used to collate and distribute neighborhood information (from leaves, each node ap-
pending their own identifier to curr and forwarding root-ward, then returning to leaves,
after which every node will have a full list of group identities).

4.4. A2 results

As for A1 above, veracity checks confirmed that convoy memberships computed by A2
matched those of the centralized checks. Figure 5 plots the results of scalability exper-
iments for A1 and A2 (using the NetLogo Flocking model as the basis for movement).
As can be seen, A2 message counts increase much less rapidly with number of connected
nodes compared with A1 (with a fitted regression relationship of y = 12.26x − 54.58,
R2 = 0.98 for A2, i.e., suggesting linear order average communication complexity com-
pared with polynomial for A1 above). A2 shows some variation in the number of messages
per level (number of connected nodes), which can be interpreted in terms of the algorithm
communication strategies, as discussed in Section 5 below.
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Algorithm 2 Tree-based collation and distribution (TBCD)

Extends Algorithm 1 with following modifications:
State Trans. Sys.: ({init,tree,clds,done}, {(init,tree), (tree,clds), (clds,done), (done, init)})
Local data: additional local data m (tree identifier, initialized to i̊d), parent (parent identifier)

and children (list of children); additional Timer2

tree
1: Receiving (tree, i, j)
2: if j < m then
3: set m := j
4: if parent 6= i then

5: send (addc, i̊d) to node with identifier i

6: if parent 6= −1 then send (remc, i̊d) to node with identifier parent
7: set parent := i

8: broadcast (tree, i̊d, j)
9: Receiving (remc, i)

10: Remove i from children
11: Receiving (addc, i)
12: Add i to children
13: When Timer1 elapsed
14: if parent = −1 then
15: if children is empty then

16: set curr := {i̊d}
17: become done
18: else
19: become clds
20: else
21: become clds
22: if children is empty then

23: send (colx, {i̊d}, i̊d) to node with identifier parent

clds
24: Receiving (colx, c′, i)
25: Add c′ to curr
26: if colx received from all children then
27: Add i̊d to curr
28: if parent 6= −1 then

29: send (colx, curr, i̊d) to node with identifier parent
30: else
31: for each i in children do
32: send (disx, curr) to node with identifier i
33: become done
34: Receiving (disx, c′′)
35: set curr := c′′

36: for each i in children do
37: send (disx, curr) to node with identifier i
38: become done

done
39: When Timer2 elapsed
40: become init

4.5. Reactive tree-based collation and distribution (RTBCD/+)

By using the overlay network, the tree-structured approach of A2 significantly decreases
communication overheads compared with A1. Nevertheless, periodically rebuilding this
overlay structure still requires considerable communication. Furthermore, it is difficult
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to know a priori how frequently to rebuild (in order to strike a balance between greater
communication costs if rebuilding more frequently, and risking missing salient informa-
tion if rebuilding less frequently). To address this A3 (RTBCD) takes the approach of a
reactive system, driven by nodes locally monitoring change in their neighborhoods, and
only rebuilding the overlay structure in response to change.

If sensing a change from one timestep to the next (i.e., a node’s lost or found function
senses change, as in lines 1 or 8 in the algorithm specification below) the sensing node
triggers a tree rebuild process (sending a tree message, which propagates and triggers
all nodes to transition back to the tree building state, as in lines 15 onward, following
which nodes continue as per A2). Avoiding periodic rebuilds, at times of no changes in
neighborhood, is expected to reduce the average amount of communication required.

Algorithm 3 Reactive tree-based collation and distribution (RTBCD)

Extends Algorithm 2 with additional functions: found : V × T → 2V ; lost : V × T → 2V

done
1: When ˚lost(now) 6= ∅
2: set m := i̊d
3: set parent := −1
4: set children := ∅
5: set curr := {i̊d}
6: broadcast (tree, {i̊d} {i̊d})
7: become tree
8: When ˚found(now) 6= ∅
9: set m := i̊d

10: set parent := −1
11: set children := ∅
12: set curr := {i̊d}
13: broadcast (tree, {i̊d} {i̊d})
14: become tree
15: Receiving (tree, i, j)
16: set parent := i
17: set m := j
18: set children := ∅
19: broadcast (tree, {i̊d} m)

20: send (addc, i̊d) to node with identifier i
21: become tree

A4 (RTBCD+) furthers the devolution of decision making started in RTBCD to the
local level: nodes also differentiate types of changes. Doing so can further reduce com-
munication needs, as local nodes can deduce (based solely on information about their
neighbors), whether or not a full rebuild of the overlay structure is required, or whether
less expensive options (in terms of communication) might be adequate. More specifically,
there are four possible options for local changes detected by a node, shown in Figure 6.

a) Gaining a neighbor previously in the group requires no action, since the overall mem-
bership of the convoy remains unchanged.

b) Gaining a neighbor new to the group requires rebuilding the overlay tree, in order to
share information about convoy members amongst existing and new members.

c) Losing a neighbor that was singly-connected in the previous timestep requires updat-
ing other nodes in the convoy of this single departure only.
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Figure 6. Local deduction: nodes monitor and deduce different
cases of change (a)–(d) between successive timesteps t1 and t2,
and initiate information sharing strategies accordingly.

d) Losing a neighbor multiply-connected in the previous timestep requires rebuilding the
overlay tree, as unlike the singly-connected case, a node sensing loss may not be able
to unambiguously determine the identities of all lost nodes. For example, in Figure
6(d) the node labeled “2” senses the loss of node labeled “3”, but has no knowledge
about loss of the node labeled “4”, with which it shares no communication link.

Such local deduction can reduce communication requirements. Indeed, there may also
be additional advantages in characterizing and monitoring such change events. In the
case of the motivating example—a group of firefighters responding to an emergency
situation—a single person becoming separated from the group may constitute a salient
event, for example, triggering an alert in the automated convoy monitoring network.

A further strategy is employed in A4 to reduce the communication cost of rebuilding
the overlay structure when this is required, by initializing all tree identifiers to ∞ on
entering the done state. In A2, multiple trees are initiated in parallel, each adopting
the initiating node’s identifier for m, then typically requiring several rounds of updates
(updating tree identifiers to lower values as received), until the lowest identifier comes to
dominate. This approach is necessary when no leader can be tasked with initiating tree
building—which is in turn a necessary assumption in a decentralized system of mobile
nodes, with no guarantee possible that a leader chosen at one timestep will be present in
a group at a subsequent timestep. In A4, however, those nodes(s) detecting change may
act directly as initiator(s), taking the change event itself as stimulus for tree initiation. In
the case that a single node senses change and initiates tree building, this node’s identity
will naturally dominate (as all other identifiers were previously set to ∞), resulting in
a tree being established without multiple update rounds, and thus more efficiently (and
yet the case of multiple nodes detecting change simultaneously is also accommodated, as
the lowest identifier among the change-sensing nodes will come to dominate).

4.6. A3 and A4 results

Veracity checks confirmed that convoy memberships computed by A3 and A4 matched
centralized checks. Efficiency characteristics were again assessed via scalability experi-
ments, using the NetLogo Flocking model as the basis for movement. Figure 7 shows
the total number of messages sent, varying with the number of connected nodes (per
timestep), for A2, A3 and A4 together. Similarly to A2 above, A3 and A4 also demon-
strate some variation in the number of messages at any given level of connected node
size, with an observed spread of points for each of the algorithms around a main observ-
able trend of increasing messages with more connected nodes. In addition to this overall
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Algorithm 4 Augmented reactive tree-based collation and distribution (RTBCD+)

Extends Algorithm 3 with following modifications: additional function ndeg : V × T → 2V ; ad-
ditional local data scnbr and litt; m initialized to ∞ for all nodes

done
1: When ˚lost(now) 6= ∅
2: if ˚lost− scnbr 6= ∅ then
3: set parent := −1
4: set children := ∅
5: broadcast (tree, {i̊d} {i̊d})
6: become tree
7: else
8: set curr := curr− ˚lost
9: broadcast (lose, ˚lost)

10: When ˚found(now) 6= ∅
11: if ˚found(now)− curr 6= ∅ then
12: broadcast (find, curr)
13: Receiving (tree, i, j)
14: set parent := i
15: set m := j
16: set children := ∅
17: broadcast (tree, {i̊d} m)

18: send (addc, i̊d) to node with identifier i
19: become tree
20: Receiving (lose, s)
21: if s− litt 6= ∅ then
22: broadcast (lose, litt)
23: set litme := litt ∪ {s}
24: When Timer2 elapsed
25: if litt ∩ curr 6= ∅ then
26: set curr := curr− litt
27: set litt := ∅
28: Receiving (find, s)
29: if s− curr 6= ∅ then
30: set curr := curr ∪ {s}
31: broadcast (find, curr)

trend and scatter, the observed pattern is rather more complex for A3 and A4 than for
A1 and A2 however. A3 and A4 show several other groupings of zero or low message
counts, appearing as strips of points at a lower slope, compared with the “main body” of
points with higher slope. This pattern can be explained in terms of the various algorithm
strategies, with interpretation given in Section 5 below.

Figure 8 shows average messages, calculated as the sum of messages sent, at each level
(number of connected nodes), divided by the number of observations at that level. As can
be seen, at low numbers of connected nodes both A3 and A4 show considerably reduced
average messages compared with A2, although this advantage appears to diminish as the
number of connected nodes increases. Further interpretation of this pattern is given in
Section 5 below. Figure 9 shows the proportion of change events (i.e. for each level (num-
ber of connected nodes), the proportion of timesteps in the total simulation experiencing
some change event).
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Figure 7. Results of communication scalability experiments for
A2, A3 and A4 (total message counts).
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Figure 8. Results of communication scalability experiments for
A2, A3 and A4 (average message counts).

5. Discussion

As A1 periodically floods messages amongst all connected nodes, it always results in
the same (high) number of messages per node. A2, A3 and A4 show an overall trend of
increasing messages as the number of connected nodes increases, but also some observed
variation in the number of messages at each level (number of connected nodes). This
variation can be explained as a characteristic of the tree-based routing approach utilized
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Figure 9. Proportion of change events varying with number of
connected nodes.

by these three algorithms. Differing configurations of nodes in a group will generate
different routing tree structures, even for same-sized groups (as trees are constructed
using an ordering based on node identity, so may change if the relative position of nodes
changes). This in turn results in different numbers of messages needed to traverse this
tree to collate and distribute the necessary convoy information.

The pattern of messages associated with A3 and A4 is more complicated, but can be
accounted for in terms of these algorithms’ design strategies. In Figure 7, A3 and A4
both show a narrow horizontal strip of points at the zero message level. As Section 4.5
describes, A3 and A4 employ a reactive approach, with nodes locally monitoring change
in their neighborhoods, and only communicating more widely when necessary (where
relevant changes need to be shared with the group). This results in a divergence seen in
the plot, between instances where no communication was required (local monitoring only,
resulting in the zero-message level strip of points), and instances of higher communication
(when changes required information to be communicated amongst the group, resulting in
the main body of points). The number of instances requiring no communication decreases
moving left to right across the plot for A3, as the chance of events tends to increase with
increasing number of connected nodes.

For A4, a similar zero-message strip is seen, however this continues along the x-axis,
even as the proportion of events approaches 1. This is a result of A4’s additional ability
to locally deduce types of change, and avoid the need for communication in certain
deduced cases, as discussed in Section 4.5 above. For A4, a further narrow horizontal
strip of points (above the zero message level, but well below the bulk of plotted points)
corresponds to other deduced cases where alternate messaging strategies can avoid the
need for a full routing tree rebuild (also discussed in Section 4.5).

Figure 8 shows that at low numbers of connected nodes, the average number of messages
is considerably reduced in both A3 and A4 compared with A2. However this improvement
diminishes at greater numbers of connected nodes. Considering Figures 8 and 9 together,
and the algorithm strategies described, this diminishing improvement can be explained.
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At low numbers of connected nodes and few events, many observations show low or zero
messages, resulting in a lower average message count. At higher numbers of connected
nodes, and as the proportion of change events approaches 1, A3 then requires a full (and
more communication-expensive) tree rebuild each step, and so the messaging behavior of
A3 resembles that of A2 (in which the tree is rebuilt at each step irrespective of events).
Compared with A3, A4 retains performance improvements however, even at high event
frequencies, due to the additional enhancements (local deduction reducing the need for
some rebuilds, and initiating trees directly from change-sensing nodes, as discussed in
Section 4.5 above).

6. Conclusions and further work

Decentralized approaches for detecting and monitoring convoys have been demonstrated,
applying local operations and decision making to coordinate, share information, and in-
fer larger scale patterns. These approaches allow entities to operate without centralized
control (nor any persistent leader), autonomously computing convoy patterns in the net-
work, with potential applications such as automated environmental monitoring networks
and safety systems.

Specific decentralized algorithms—from an initial näıve approach, through further
strategies to organize information flow and devolve deduction and decision-making to
the local level—have been described, specified and implemented.

Empirical evaluation of the characteristics and performance of these algorithms (con-
ducted via simulation experiments with synthetic and real movement data) confirm al-
gorithm effectiveness and efficiency. This work also illustrates more generally the utility
of agent-based modeling and empirical evaluation as tools for exploring movement and
algorithm behavior (and dealing with complexity) in such dynamic systems.

Several areas for further work are suggested. As discussed, these current algorithms
assume only qualitative neighborhood information (not quantitative positioning, e.g.,
GPS). Demonstrating such coordinate-free algorithms was a key aim of this work, with
practical motivations (e.g., GPS may not be available, or may be prohibitively energy-
intensive in energy-constrained environments, as discussed above). However further work
aims to investigate whether adding quantitative positioning abilities may allow additional
types of inference and pattern sensing (such as sensing of scenarios where c 6= r. This
task may also be helped if, e.g., movement can be further exploited to promote informa-
tion “grazing” and sharing amongst nodes, in effect expanding nodes’ individual sensing
ranges (after Laube et al. 2011).

Short of full coordinate information, velocity and direction information (for example
from on-board accelerometers) could provide useful additional information for future
algorithms, e.g., with nodes sharing and comparing changes in such values with time to
agree a relative ordering suggesting leadership.

Decentralized detection of further types of collective movement patterns is also of
interest, e.g., leadership/following, and additional convoy-like patterns with more relaxed
constraints—as discussed, e.g., in (centralized) approaches by (Li et al. 2011, Buchin
et al. 2013). It is anticipated that principles and approaches to decentralized information
sharing and computation developed in this work should find application in computing
further such pattern types.
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