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Abstract— Networks of mobile autonomous vehicles rely analysis is performed to analyze the performance. Several
heavily on wireless communications as well as sensing des&c works have considered the effects of graph topology on
for distributed path planning and decision making. Designng e convergence of the distributed consensus/gossip based

energy efficient distributed decision making algorithms inthese lgorith f llaborati trol licati
systems is challenging and requires that different task-aented algorithms for collaborative control applications (e.gee

information becomes available to the corresponding agents a  [21], [11], [24], [13] and the references therein). In [2]dan
timely and reliable manner. We develop a systems engineegn [13], we provided a rigorous evaluation of network topology

oriented approach to the design of networks of mobile au- effects on the performance of these algorithms and showed
tonomous systems, in which a cross-layer design methodolog ¢ efficiency of certain small world topologies. The design

determines what structures are to be used to satisfy differ . . . .
task requirements. We identify a three-tier organization d these philosophy behind these works is that of a top-down design,

networks consisting of connectivity, communication, and etion ~ 1-€. the graphs that optimize a single performance metric or
graphs and study the interaction between them. It is expecte  satisfy a favorable trade-off are selected as the candidate
that in each functionality of a network, there are certain the system structure. The results of such analysis are often
topologies that facilitate better achievement of the agest 5oy mntotic and valid for large number of agents [9]. There
objectives. Inspired from biological complex networks, we h Iso b ks that ider th lvsis of
propose a bottom-up approach in network formation, in which ave also een many yvor S that consider the analysis o
small efficient subgraphs (motifs) for different functiondities of ~ Network formation, starting from the local level. The focus
the network are determined. The overall network is then formed  of this bottom-up approach has been to discover how local
as a combination of these sub-graphs. We show that the bottom preferences and decisions will result in the emergenceadf re
up approach to network formation is capable of generating \yqrig networks with properties such as heavy tailed degree
efficient topologies for multi-tasking complex environmeits. N . ;
distributions and small world effect [9]. Using any design

. INTRODUCTION philosophy, the intended links are to be realized via low
Design of energy efficient distributed path planning andower wireless media. The lower level design addresses chal

data dissemination algorithms in networks of autonomodgnges emanating fr(_)m realizing the ideal graph topologies
vehicles requires understanding of the system and commuffd consists of physical layer, MAC layer and network layer
cation complexity, identifying tasks and their requiretisen constraints. Some recent works have addressed cross layer

and trade off analysis of the performance metrics. Perfofj-esign for optimizing energy efficiency in wireles.s sensor
mance of a network of vehicles, from the perspective etworks for control applications [22], [18]. A crucial poi

achieving goals and objectives in a timely and reliable mari$ that the behavior of low power communication links cannot

ner is constrained by their collaboration and communicatio®® adequately c_apturded V"'} Sbllmplﬁ on-off b_maryf m_oo:els
structures and their interplay with the vehicles’ dynamic<dU€ t0 asymmetric and unreliable characteristics of weele

The safety and efficiency considerations require that theggmmunlce_l;lonsh [25]. deend th evels of d
networks are endowed with structures that facilitate effiti We consider the interdependence of these two levels of de-

information transmission. The objective of this paper is t&ign and develop a systems engineering framework to capture

develop a framework for the design of efficient information_the de?'?(;‘ requirements zﬁectlvel%/. Our_ main anm;mnt'o
transmission structures for collaborative mobile agents. 'S Itlwlg old. First, Wei intro uie a three-tier ofrganlzat m

In the field of collaborative control the flow of information c0llaporative control networks consisting of conneciivit
between a group of entities requires different apparatdssan communication, and action graphs an_d study the mteracuop
performed for different goals. Therefore the term ‘net\/\’/orkbe'["veen these graphs. We then design a bottom-up archi-

is used to describe various structures that cover diﬁereFﬁCtrre toh enhancekth(a perforrlnz_;\nceh(_)f suchh nletworks abnd
aspects of information transmission. In the high level giesi analyze the networks that result in a hierarchical manner by

networks are often modeled as graphs and graph theordfterding efficient sub-networks. _
The structural implication of the results of our earlier wor
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connected, whereas long range links should provide glob System'requiremelits

connectivity. To design efficient local connectivity Palt®, [ requrements Y|  Action graph meﬁmww]
in this paper we use the idea of network motifs whict

was first proposed in the context of biological networks Motif

[19]. Network motifs are task specific local connectivity requirements

patterns, which exist with much higher frequency in rea

biological networks compared to those in random network:
These are sub-networks of low number of nodes (usually ©
:L)e\,\;hezssz E)hef:ltsffzgCoeptllr:n?zeetv(\;ce):lt(jl,nI?::%::i:;femﬁzgfgI:‘lrhg 1. A systems engineering approach to task orientedlidgpalesign
local scale. Recently, certain algorithms for determirgngh

sub-networks using convex optimization methods have been ) ) o
proposed, which essentially treat the problem as a system” Vehicle detects a moving threat if it is within it
identification problem from equilibrium information [26], _dlstance, and can be destroy_ed by the threat if their distanc
[14]. Such approaches can not be taken in the context /€SS tharRe (< Rq). The vehicles can sense each other and
collaborative vehicles, since the system can not be treat@tain information about each others’ positions and véieei

in equilibrium. Instead, we use a simulation testbed to find they are within the neighboring distanBe= Ry. There is a
network motifs for local communication structures. Hehe t desired inter-vehicle distand® (less tharRs). The vehicles
group mission consists of several tasks such as search §p¢ Provided with wireless communication radios and can
eration, data gathering/processing, target finding andelea com_munlcate. The W|reles_s channels are vu_InerabIe toga(_jln
follower explorations. Each task gives rise to certain fsoti @nd interference [20]. In this paper, we consider: (a) Rigsi
that are specific to that task and the partial knowledge dfyer losses and attenuation (b) Media access layer losses a
the environment specifications that the agents operate fPntention, which occur as the result of interference, when
In this way, the most efficient task-specific local topolagie Multiple nodes are transmitting data simultaneously.

are extracted. Switching suitable graphs when the moge Thee essential graphs

of operation is changing can be handled by solving the . .
resulting reachability problem using methods for symbolic There are three graphs that describe the network of moving

planning such as graph grammars [15], [23]. Based Oylehicle_s: aconnectivity.graphacommunication grap,ha.nd
such switchings, we also address the effects of split/mer "’_‘Ct'on graph The first two graphs descrlb_e the infor-
ation exchange in the network whereas #wtion graph

operations on the spectral characteristics of the regplti . o .
captures the collaborative task specific requirements.

connectivity graphs. . . . L
The paper is organized into the following sections. The We order the vehicles and identify each one with its

basic set up of the problem, the taxonomy of coIIaborativg'de)l(‘ Thg;cinn;cgavity g[rahphls m(_)deled asa dynf;:mic ghr_a?h
control networks and the motif generation algorithm ardopology c=(¥,&(1)). The vertices represent the vehicles

presented in Section 2. Section 3 addresses the hierdrchiéa(:] there is a 3@-directippal link beMe%n FWO ryodiea’yfdj
network formation design and the effects of merging th&/1th corresponding position vectogs and p; at timet

C and y
motif selection, simufation and test

motifs on network performance and structure. Simulations IIpi(t) — pj ()] < Rs.
and discussion are provided in Section 4. Section 5 conslude o .
the paper. By #{(t), we denote the set of the (connectivity) neighbors

of vehiclei, defined by.4{(t) 2 {jer@®):j#i|pmt)—
pj ()] < Rs}. We also use the notatiop~ i, if j € ..

Thecommunication grapls also a dynamic grap¥icom=

In this section, we describe our systems engineering”’,&com(t)) in which the links are uni-directional and exist
based approach to the design of efficient network topologieghenever the communication between the corresponding
for collaborative vehicles. The idea is to capture the taskodes is successful. In simulation studies, it is usually
requirements inaction graphs form efficient sensing and assumed that based on the allocated energy, the transmissio
communication subgraphs based on trade-offs between thewer is set so that in the case where there is no obstacle,
tasks’ importance, and integrate the topologies in a hieraa communication radiuB; is covered. This model has been
chical manner. The design procedure is depicted in Figure §hown to be misleading due to unreliability and asymmetry
We consider a group oh autonomous ground vehicles of real links and models. More realistic models incorporate
over an area C %2, with unknown obstacles and threats.sending and receiving radio parameters as well as the en-
There is very limited knowledge available regarding therironmental parameters [25], [16]. It is important to note
internal structure or the topology @f . The vehicles explore that the existence of a communication link is meaningful in
the area« under little or no direct human supervision,a statistical sense. Furthermore, any time a node’s attempt
perform collaborative activities, cover a target araC o/, to transmit data fails, it starts a re-transmission procedu
while avoiding any obstacles and threats and exchangingtil a time-out happens. We assume that a link between
information. two nodes exists at timg if and only if the transmission

Il. TASK-ORIENTED MOTIF SELECTION IN THE
COLLABORATIVE VEHICLES FRAMEWORK



is successful within the specified time linfttt + Trimeoud, Using partial knowledge about the environment, (e.g.
where Trimeout denotes the time-out interval. the number of obstacles and threats and their expected
The action graphdetermines which node requires access position) expected mission environments are generated.
to which node’s information for a given purpose at a given 5) Running simulations:The simulations involve each
time. Action graphs are used to capture the specific require-  node minimizing its corresponding energy function via

ments of each task. In this work, we impose a minimal gradient descent method,
constraint of action graphs with strong connectivity for
. . : oy 9%ia(pi)
assuring safe operation of the vehicles. pi(t) = ——2—=. (1)

opi

using only information local in time and space to the
node [6]. Independent simulations are run to average
out the effects of terrain uncertainties.

6) Analysis: The resulting connectivity and communica-
tion subgraphs are analyzed to determine the most

B. Tasks, motifs, and an algorithm for motif generation

We now determine a framework for extracting connectivity
and communication network motifs for collaborative cohtro
of vehicles. Network motifs were first introduced as buifglin
blocks of complex networks in the context of gene tran-
scription networks [19], [1]. A network motif is a subgraph . . - . :
that recurs in complex networks with much higher frequency per_5|stent subgraphs in successful missions with valid

) . ) action graphs.
than in random networks. It is shown that certain subgraphs ] _ ) )
of 3 and 4 nodes persist in gene transcription networks p{fe Will apply this algorithm to a collaborative control
an algorithm that compared their occurrence versus randdifoblem in Section IV.
networks. The application of the algorithm to other types of _ ) )
networks (food webs, neuron connectivity, electronicuits; C. Relays and hierarchical network formation
and World Wide Web) suggested that persistent motifs are Our previous work [13], [3] shows that efficient network
task dependent and represent the underlying functionaliggructures are locally well-connected and also suppligtl wi
of the network. For example, similar motifs can occur iflong range links that provide reasonable global connegtivi
electronic circuits and food webs, when the underlyinguch long range links are implementable using a hierarthica
functionality is to provide efficient flow of energy. Also, structure. After designing efficient clusters of small nemb
biological networks are evolved to address multiple tasks iof nodes (motifs), each cluster elects a head-node equipped
a robust manner, i.e. the topologies in biological network&ith multi-mode communication capabilities as well as
provide satisfactory performance for conducting multipléonger range sensing devices. These cluster-heads nmaintai
tasks rather than optimizing the conduction of a single.taskhe cluster’'s connectivity with the rest of the network thga

The motif selection algorithm can be adopted for theommunicating with aerial platforms (APs) that act as relay
collaborative control framework, using a (potential) gyer in the network (See [4] and [5]).
minimization method. The idea is to find small persistent
connectivity and communication topologies that evolve in Ill. SPECTRAL PROPERTIES OF THE HIERARCHICAL
the course of missions using the partial knowledge of the DESIGN

terrain. The algorithm uses the following principles: A graph theoretic approach is used to study the connectiv-

1) Task specificationsThe tasks to be performed shouldjyy, of the composite graphs determined by the hierarchical
be selected. Typical tasks include search and targghsign. The set oh vehicles and their connectivity (or
finding, tracking, obstacle and threat avoidance, da‘@ommunication) network are modeled by a grapk (V, E).
gathering, exchange and processing information anfhe nodes of the graphy = {1,2,....n} represent the
leader follower explorgtions. In th.is step tas.k requireéyenicles and the edgds= {l4,ly,...,lc} represent the links.
ments are translated into constraints on action 9raphfne connectivity properties of a graph are captured by its

2) Energy assignmen€nergy functions{JJ(i)}Ei,’-)i(l,D Adjacencyand Laplacian matrices and their spectra. The
are attributed to each of thdl tasks {Tj}}_; for adjacency matrixA is a symmetricn by n matrix with 1
each vehicle. These functions are selected so th@ksp.0) in the (i, )" position, if there is iesp. is not) a
minimizing them would result in task achievement. link between nodes and j. We denote the characteristic

3) Task combinationTo account for multiple tasks that polynomial for the adjacency matrix b9(G) = det{ul —A)
each agent should perform, we combine them linearland its eigenvalues by; < b < ... < . The degree of node

Agenti is assigned with an energy function i, di is the total number of edges incident to it. LRtbe a
M _ diagonal matrix with thé'" diagonal entry equal td;. The
Ji(pi(t) = Zx\jJi{t(pi (t) Laplacian of a graph is defined as= D — A. The Laplacian

J:

is a positive semidefinite matrix. We denote its charadieris
The weights determine the importance of the tasks amgblynomial byW and its eigenvalues by; =0 < A, < ...An.
are used as trade-off parameters in studying the effect Many structural properties of graphs can be deduced based
of different tasks on the emerging topology. on the Adjacency and Laplacian spectra [8], e.g. the lower
4) Randomizing the environmerithe exact specifications the number of distinct eigenvalues &, the better the
of the terrain are often unknown prior to the missionstructural properties of the graph [10]. The distance of the



Fiedler eigenvalued, > 0 from zero determines how well- Proof: The proof follows by induction omN. If there
connected a connected graph is. kerregular graphd, = is only one clusteG; and one AP, using Lemma 3.1, results
k— un—1 and therefore small,_; is desired. We calculate in: ®(G) = AD(Gg) — P(Go— {r(Gi)}),

the characteristic polynomial of the adjacency matrix & th If we add a second clusteG;, using Lemma 3.1
hierarchical graph based on those of the starting subgrapyislds, ®(G) = A®(G1)@P(GCz) — P(G1)P(Gz — {r(G2)}) —
(ground clusters or motifs) as a generalization of a metha#(G,)®(G; — {r(Gy)}). Therefore the result holds fod =

of Gutman [12]. 2. Now, if the result holds fom=N — 1, using Lemma 3.1,
Consider a group of vehicles divided intbclusters (mo-

tifs) {G1, Gy, ...,Gn }. Each cluster consists of a few vehicles @®(G) = [A |'| D(Gy) — Z |_ICD (Gk).®(Gi —{r(Gi)})]

and their interconnections. The clus@ris connected to one k£l

and only one Aerial Platform (AP) in the higher level through D(GN) — |‘Lq> (G )P(GN —IN) =

one of its members, a designated cluster-h¢&gl). APs and

their descendent vehicles can form clusters connected to a N N

higher level AP. The process of going from tke- 15t level ATT®G)— S [1P(G0)-2(Gi —{r(Gi)}).

to thek!" level consists of joining each of the APs in tki8 k=1 =1k

level to their descendants by a link with the constraint that u

each AP in th&c— 15! level is connected to one and only oneEXtension to higher levels of hierarchy is immediate at the
KM level AP. This process is continued till the highest level of0st of more indexing. Consider the case of the 3-level
the hierarchy with only one node is reached. Examples of gonnectivity hierarchy in Figure 2(b). Each of the gray
and 3 hierarchies are depicted in Figure 2. The charadteristhaded cluster§; consists of a first Level AP (cluster-head

function for the adjacency matrix of the hierarchical graphin the new setting) and its descendants. Theorem 3.1 can be
®(G), is calculated using the following lemma. invoked again to find the characteristic polynomial for the

composite graph'

=A |‘| (G — Zlﬂq) Gp). DG — {r(G)}),

in which the it" cluster, G, consists of the AP denoted
by r(G;') and first level motifs aresg, Gy, ..., Gy, , So that
(a) A two-level hierarchy (b) A three-level hierarchy P(G)=A ﬂkll(D(Gk) Z Y1 Mizi P(Gk)-P(Gi —{r(Gi)}),
anqu( —{r(G)}H) = ﬂkllq)(Gk)

IV. SIMULATIONS

Lemma 3.1: 1) If two graphs Gji(Vi,E;) and We illustrate our proposed algorithm by simulating a
Gy(V2,Ep) are disjoint, and their direct sum is scenario consisting of 4 collaborating vehicles, and study
given byG = G; @ G, = (V1 UV,, E; UEy), then the connectivity and communication networks emerging in

the process foN = 100 independent runs over a randomized
P(G) = @(Gy).@(Gr) () terrain. The tasks that each vehicle should perform, consis
2) If the link (i, ) is a bridge in a graph, i.e. its deletion Of: reaching a fixed target, obstacle avoidance, collision
will add a disjoint component to the graph, then: avoidance, and moving threat avoidance. We assume that the
o ] ] vehicles gather and communicate data for a joint estimation
®(G) =G —{(i,))}) —P(G—{i} —{i}), () effort. We assume that the action graph needed for thisteffor
where,G—{(i, )} is the graph resulting from deletion contains bi-directional link{(vo,V3), (Vo,V2), (V1,V2)}. The
of the edge(i,j) and G—{i} — {j} is the graph communication attempts are made when vehicles can sense
resulting from deletion of verticésand j and the links each other or a beacon signal indicating the existence of the
incident to them. others in the range.
Proof: The proof is standard and can be found in [8]. The terrain is a 700m 700m area7 with the target area
m being the neighborhood of the point (670,670). Only the
In the case of a 2-level hierarchy (Figure 2(a)), there is orfeumber and the approximate size of the obstacles are known

AP and the ground clustesG;, Gy, ...,Gy}, are connected before hand. In the simulations 10 obstacles are generated

to the AP byN links. The spectrum of the composite grapwniformly inside the area”. The vehicles start from around

can be obtained using the following theorem. point (100 100). Six moving threats rotate around the target
Theorem 3.1:For a 2-level hierarchical topology, with ©n two concentric circles. The detection rangéRis= 50m,
N clusters{G1, Gy, ...,Gn}, the characteristic polynomial is and Re = 125m. Each vehicle senses other vehicles in a

G G GN G*|

G*

Fig. 2. The hierarchical graph formation process

determined by: radius of Rs = 50m. A mission is declared ‘successful’ if
N N the majority of the vehicles safely reach the target.
D(G) =A |—| ZH(D —{r(G)}). @) Each vehicle maintains a potential functicky(pi) =
k=1 SlkA A (pi(1) + Andi(Pi(D) + A(pi(t)) + Am"(pi(D)),
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Fig. 4. A dictionary of all the connectivity and communicati motifs

Fig. 3. Sample mission terrain: Communication graphs f@pshots=
10,21,35 _ _
of section Ill. Therefore the graph consists of 69 nodes.

Figure 7 shows the eigenvalues of the composite graph. Some
observations follow:

where, , J}, J° and J" are the component potential 1. The emerging connectivity motifs are well-connected,
functions relating to the target, neighboring vehicles,e. in the successful runs of simulations, the vehiclesnmai
obstacles and moving threats respectively, agdAn, Ao tain a well-connected topology. This confirms our previ-
and Ay are the corresponding weighting factors. Eaclyys assertion [3] that efficient networks are locally well-
vehicle moves in the gradient descent direction according tonnected. These locally well-connected graphs should be
Equation (1). The potentials are chosen so that they encofigerconnected using the hierarchical approach of sedtion
the intended behavior of the vehicles regarding ObStaC{g minimize a notion of graph distance between geographi-
avoidance, keeping distance from neighbors and targelly distant nodes as indicated in [3].
flndlng Correctly. The details for the choice of potential 2- The emerging communication motifs are most]y dis-
functions can be found in our previous work [6]. Theconnected. This primarily points out a major shortcoming
parametersig = 200,A, = 500,40 = 100Q and Am = 1000  of contention-based communication networks for estinmatio
are used in this paper. and control purposes in cluttered environments. Unless the

On the communication side, we model the physical layatumber of vehicles and the communication demand are
path loss by considering the obstructions occurring in tis¢ fi small, IEEE 802.11 based MAC protocols are unable to
Fresnel zone [7]. We use the IEEE 802.11 based mediugidress the specifications demanded by the action graph.
access control (MAC) protocol. The wireless medium ig\pparently, the terrain obstructions are fatal in scersrio
shared between vehicles using the CSMA/CA mechanismhere the group of energy constrained vehicles need to have
We use the UDP protocol at the transport layer, since smallggliable communications. This problem can be addressed by
delays are desirable for timely decision making, where cethe hierarchical design of Section Ill, where aerial vehi-
tain level of packet transmission errors can be overcome layes assist in providing connection between distant pérts o
aggregating data traffic from all vehicles. In our simulatip the terrain. Another avenue is to consider Stigmergy-based
the trajectory determination gradient algorithm (Equatiocommunication, where vehicles moving on the terrain leave
(1)) is implemented in MATLAB, and the simulation of “traces” that can be used by other vehicles. This approach
the wireless communication network is carried out in théas been recently addressed using RFID cards [17].
network simulator software, NS-2. 3-The Fiedler eigenvalue of the composite hierarchical

Figure 3 shows a sample run of the simulation. Th@raph isA; = 0.0464 This is an order of magnitude larger
resulting communication graphs at 3 snapshots10,21, than that of a ring topology over the same number of nodes.
and 35 are magnified in the figure, where onlyt at35 the For n= 69, such a graph has Fiedler eigenvalue di0B3
communication graph is connected. After runnidg= 100 Order of magnitude improvement in Fiedler eigenvalue cor-
simulation runs, 72 successful runs were identified, in Wwhicresponds to better connectivity [2].
3 or 4 vehicles reached the target. We identified a list of
the most persistent connectivity and communication motifs
Figure 4 displays the motif “dictionary” list. Figures 5 and In this paper, we provided a three-tier organization of
6 respectively show the percentage of occurrence among tb@laborative control networks consisting of connecyivit
most persistent motifs in connectivity and communicatiomommunication and action graphs. We proposed a bottom-up
graphs in successful missions. We now consider a three levedtwork formation design methodology based on finding ef-
hierarchical network with 4 APs in which all the vehicleficient small subgraphs optimized for effective performanc
motifs are in the form ofml constructed by the method We studied the structural properties of the composite graph

V. CONCLUSIONS
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Fig. 6. Comm. motifs of the highest frequency in successfisisions
[15]

based on the spectral analysis of the emerging networks. We
. : . ; . [16]
also studied the interconnection of the action, connegtivi
and communication graphs in a network of collaborativel7]
vehicles and showed that in complex and cluttered envi-
ronments, these graphs affect each other significantly. Agg
interesting observation is that conventional communicati
schemes are not efficient for collaborative control appliczlg]
tions, where unconventional and implicit communications;
use of stationary and mobile relays and hierarchical design
are to be implemented for satisfactory operation. (20]
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