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Abstract— In many cooperative control methods, the network
topology inruences the evolution of its continuous states. In
turn, the continuous state may incuence the network topology
due to local restrictions on connectivity. In this paper we
present a grammatical approach to modeling and controlling
the switching of a system’s network topology, continuous con-
trollers, and discrete modes. The approach is based on embedded
graph grammars, which restrict interactions to small subgraphs
and include spatial restrictions on connectivity and progress.
This allows us to direct the behavior of large decentralized
systems of robots. The grammatical approach also allows us to
compose multiple subsystems into a larger whole in a principled
manner. In this paper, we illustrate the approach by proving
the correctness of a cooperative control system called the load
balanced multiple rendezvous problem.

I. INTRODUCTION

Large scale networked systems such as automated highway
systems, air-traffc control systems, and cooperative robotic
systems present unique modeling and control challenges.
Sensory, communication, or computational limitations often
require that a desired global behavior is produced using only
local control of each robot, node, or subsystem. Further-
more, these subsystems often exhibit complex interactions
between their continuous modes, network topology, and
logical modes.

In this paper, we introduce the notion of an embedded
graph grammar which extends the graph grammar model
[1] from a purely topological construct to one that includes
geometry, continuous dynamics and local conditions on the
evolution of those dynamics. We present this model through
an example that also highlights a hierarchical and systems-
oriented approach to using graph and embedded graph
grammars. Methods such as the composition of grammars,
structured labeling and lexicographic ordering of Lyapunov
functions on grammars allow us to design grammars in a
principled manner.

After briexty discussing related work, we present a moti-
vating example called the load balanced multiple rendezvous
problem. Section IV defnes embedded graph grammars and
discusses our use of temporal logic on graph transition
systems. Sections V through VII present grammars and
controllers designed to address each of the subtasks in the
example. In Section VIII, we compose these elements to
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create an embedded graph grammar and prove it meets the
desired specifcation.

II. RELATED WORK

Researchers are currently uncovering rich connections
between graphs, information Xow, and formation control
[2],[3],[4]. Local restrictions on communication may induce
arbitrary switching in the network. In light of this, Ji and
Egerstedt [5] design graph-based controllers that maintain
connectivity as robots rendezvous. Jadbabaie et al. [6] ap-
proach the issue differently, constructing controllers that are
stable under arbitrary switching sequences.

Klavins [7] examines the notion of explicitly controlling
the graph structure by describing the self-organization of
robot formations as a graph process. Klavins, Ghrist, and
Lipsky[1] introduce graph grammars to assemble any pre-
specifed graph from an initially disconnected graph. By
restricting rewrites to small subgraphs, graph grammars
provide a useful method to program the concurrent behavior
of large decentralized systems of robots [8], [9]. Olfati-Saber
[10] investigates controlled switching in robot formation
using a global hybrid automata.

However the interplay between all these elements (infor-
mation Xow, hybrid switching, local restrictions on sensing,
and continuous dynamics) in cooperative control remains
largely uncharted territory. Our goal is to introduce embedded
graph grammars as a single graph-centric model containing
all these elements.

III. MOTIVATING EXAMPLE

Consider a group of networked robots with range lim-
ited communication executing formation control on Mars
in search of ice. Simultaneously, a number of robots sense
ice. We call these robots bases. A reasonable goal would
be to route other robots (commuters) in essentially equal
numbers to the base locations while maintaining connectivity
in the overall system. The problem is complex, containing
elements of well known formation control problems such
as multiple-leader rendezvous, connectivity maintenance, and
load balancing.

As shown in Figure 1, our solution to the problem is
to compose three distributed algorithms that, when run in
parallel, result in the desired global behavior. These are:
Distributed Cycle Removal (DCR), which removes cycles
from the graph; Load Balancing (LB), which distributes
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Fig. 1.

commuters equally among the bases; and Connectivity Main-
tenance and Rendezvous (CMR), which maintains con-
nectivity while allowing commuter robots to rendezvous
at the appropriate base. The solution combines controlled
switching of a locally restricted network and continuous
spatial dynamics. Labeled graphs and their realizations in
continuous space are a natural model for such systems.
So in Section IV we develop the formal defnitions of
embedded graph grammars and in Section IV-E we return
to this example and formally specify the Load Balanced
Multiple Rendezvous Problem(LBMR). We then propose a
embedded graph grammar to solve the problem and prove
its correctness through composition.

IV. EMBEDDED GRAPH GRAMMAR DEFINITIONS
A. Graphs and other Notation

For clarity, we introduce some notation. If 3 is a set of
labels, a labeled graph is the quadruple (V, E, [, e) where V
is a set of vertices, F is a set of edges, [ is the vertex labeling
function that maps vertices into 3, and e is the edge labeling
function that maps edges into .. We denote by G the space of
labeled graphs and by G the space of unlabeled graphs. Often
the label set ¥ is a cartesian product of atomic label spaces
we refer to as £felds. We often name £elds. For example the
system introduced in Section IV-E has a node label space
given by ¥ = {base,unknown} x N x N x N where the
felds are named (mode, owner, dist,degree). We use dot
notation to indicate the values of label £elds for specifc
robots. For instance i.owner = 10 indicates that robot ¢ has
the value 10 in its owner £eld.

If S is a set of vertices, G[S] denotes the subgraph of
G induced by S. For any graph G the neighborhood of a
vertex ¢ € Vi is denoted N¢ () and the closed neighborhood
is denoted Ng[i] = Ng(i) Ui. When G is a digraph, we
denote the out- neighborhood by N(; (i). We denote the Xoor
function by |z].

Defnition 4.1: A function f is well defned with respect
to an equivalence relation ~ if x ~ y implies f(z) = f(y).

B. Embedded Graph Transition Systems

Consider a system of N communicating robots, each with
an identical state space X.

Defnition 4.2: An embedded graph + is a pair v = (G, x)
where G is a labeled graph and z : V' — X is a realization
function. The space of all embedded graphs is denoted T.

Embedded graphs model the network topology, discrete
and continuous states of an interconnected collection of
robots, vehicles or particles in the following manner. A

(d)

Subtasks in the load balanced multiple rendezvous problem. a) An initial state. (b) Cycle removal. (c) Load Balancing. (d) A £nal state.

vertex ¢ € V indicates the index of the ith robot. The
presence of an edge 5 € E corresponds to a physical and/or
maintained communication link between robots ¢ and j. The
vertex label [(7) keeps track of local information and also
indicates the operational mode of robot 7. The edge label,
e(ij), contains information maintained by two connected
robots. The realization function x assigns to each robot a
continuous state or realization in the state space X.

We write G, z~, V5, and E, to denote the labeled graph,
continuous state, vertices, and edges associated with an
embedded graph v. If S C V,, then the embedded graph
induced by S, 7S], is given by the pair (G[S], z|,).

An embedded graph transition system is a triple (7o, A, u)
where 7, is an embedded graph describing the initial state,
A C T x T is the embedded graph transition relation and
u: VxI' — TX is the vector £eld describing the continuous
xow. In the systems we consider (v1,72) € A implies z., =
Z.,, thus an embedded graph transition system describes a
hybrid system where the discrete (or jump) states are labeled
graphs and the continuous states are realization functions.

Defnition 4.3: A trajectory is a map o : RZ% — T such
that there exists a sequence 7y, 71, T2, ... Where

1) z4(4) is continuous.

2) 1 < Tx4+1 and if the sequence has any £nite length
N, 75 £ .

3) For all t,t' € [Tk77—k+1), Ga(t) = Ga-([;/).

4) 7, # oo and ¢ > 0 if and only if there exists a
transition((G, z*), (H,z*)) € A such that (G,z*) =
limy_,,, o(t) and o(1;) = (H, z*).

S) Forall i € V and t € [r,7 + 1), $a,0)() =
u(i, o(t)).

We denote the set of nondeterministic trajectories of a
system by 7 (7o, .4, u). When the dependence on o is clear
we will often write y(t) to mean o(t), z(t) instead of
T4(1)» and Gy, instead of G, (7, ). Embedded graph transition
systems allow the control of the evolution of the geometry,
network connectivity and logic variables of a system. How-
ever, their direct implementation is undesirable because the
global graph matching problem is computationally intense
(especially from a distributed point of view), the model lacks
local restrictions on sensing and communication, and the
transition relation is not permutation invariant.

C. Locality and Embedded Graph Grammars
By explicitly including notions of locality in our model,
we can address the issues above by ensuring

1) Graph matching involves only a small subset of ver-
tices,
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2) The Xow and transition relations use only the in-
formation available to robots via local sensing and
communication, and

3) The Xow and transition relation are permutation invari-
ant.

The £rst choice facing a system designer who will use
embedded graph grammars is the construction of a prox-
imity function, 1, describing local restrictions on sensing
and communication. A proximity function takes embedded
graphs as inputs and returns a digraph () where an edge
tj is in Ey(,y if robot i can sense and (if it chooses)
communicate with 7. A proximity graph is shown in Figure 2.
We call the out neighborhood of i, N, by )( i) the proximity

neighborhood. We call the set of vertices F, (i) £ {j €
Vy|Jj € Ng,(i)N NJ(V)( i)} the friends of i. In keeping
with existing graph literature we write F'[i] to mean F (i) U1
We say an embedded graph « is edge-consistent when every
edge ij in E, is also in Fy). We denote by D the set
of all edge-consistent embedded graphs. And denote by
Dg, = {y € D | G, = G} the subset of edge-consistent
graphs with the topology of G.

(a) (b)

Fig. 2. Proximity Graphs. (a) Robots with range limited communication.
(b) The resulting proximity graph is the disk graph.

Defnition 4.4: Consider the pairs (A, ) and (B, p) where
~ and p are embedded graphs and A C V, and B C V.
We defne the point of view equivalence relation [11] ~ by
(A,v) ~ (B, p) if there exists a bijective map h between the
proximity neighborhoods |J;c 4 Ny (+)[i] and U ;¢ g Ny (p) 7]
such that

1) Forall i € A, h(i) € B,

2) Forall k € [y Nw ylil, (k) = x,(h(k)), and

3) For all ¢ € A, h is a label preserving isomorphism

between G, [F[i]] and G,[F[j]].

We say a controller v : V x I' — X is locally imple-
mentable if it is well defned with respect to the point
of view equivalence relation ~. As shown in Figure 3
when the vertex set contains only one element, A = {i},
the information available to compute the control w(i,~y) is
restricted to the embedded graph induced by the friends of
i, y[F[i]] (obtained via communication) and the continuous
states (obtained via sensing) of the proximity neighbors of
i.

The formation of new links and the updating of the
robots labels is executed on a local scale by the use of
guarded rules. A guard g is a function g : P(V) x T’ —
{true, false}. A guard g is locally checkable if it is well
de£ned with respect to point of view equivalence relation,
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(a) (b)

Fig. 3. Friends and Neighbors from the point of view of vertex 1.
(a) An embedded graph, . Solid lines indicate edges in the embedded
graph and dashed lines indicate proximity edges. The numbers are vertices
and the letters are vertex labels. (b) Locally implementable information
available to vertex 1. Vertex information is not available due to permutation
invariance. Vertices with proximity edges and embedded graph edges from
1 are in the friends of 1, F'(1). Vertex 1 can access label, edge, and state
information in F'(1). The vertex marked with an asterisk is in the proximity
neighborhood, Nw(,y)(l), thus only its continuous state is accessible. Note
that the embedded graph is not edge-consistent because although at some
time vertex 3 established an edge with 1, currently 3 lies outside the
communication range of 1.

~ and g(A,7y) = true implies 1 (v[A]) is connected. A
guarded rule, r = (g,L,R), is a pair of labeled graphs
over some small vertex set Vi, = Vi and a locally checkable
guard function g. Given a rule, a witness is a label preserving
subgraph isomorphism mapping V7, into G.,. If a witness is
found and if g(h(VL%)) = true, the rule is applicable via an
action (r, h). Formally, the application of an action (r, k) on
an embedded graph v = (G, x) produces a new embedded
graph v = ((V, E’,l',¢’), ) defned by

B = (E—{h(i)h(j)lij € EL}) U
{r())h(j) | ij € Er}
' )if 4 9{ h(Vy)
') = { lpoh™ 0tf1erw1se

oy (1)1f2¢h(V)f'¢h(V)
@) = { eRjo hil(i)hflij)ootflerwise.j:

That is, we replace h(L) (which is a copy of L) with h(R)
in the graph G,. We write ~y ok, +' to denote that we obtain
G’, from G by applying action (r, h).
Consider the rule (g., L, R), given by
c 1,d
No= /N @
3,6 2,d—3,d

)

1

/
gr : 2,b
where the guard function g(A,~y) is true if the set of vertices
A checking the rule only have neighbors in A, that is
UieaNy(y) (i) = A. Figure 4 demonstrates the application
of this rule to an embedded graph.

We often display rules in tables and use schema to rep-
resent multiple rules with a single diagram. Figure 5 shows
four rules. In rule r; of Figure 5, the pair of £eld names
(owner, dist) appears above the transition arrow, indicating
that the pairs labeling the vertices in the left and right
graphs have values corresponding to those £elds. For rule
71 to be applicable we must £nd a label preserving subgraph
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Fig. 4. Application of the rule in Equation 1. (a) An embedded graph, ~.
The mapping h; 2 {1 — 1,2 — 2,3 — 3} is a subgraph isomorphism
but does not preserve labels, so the rule is not applicable. The mapping
ho & {1~ 4,2~ 6,3 — 5} is a label preserving subgraph isomorphism,
however the guard is false because Uie{4,5,6}Nw(w)(i) = {3,4,5,6} #
{4,5,6}. The mapping h3 = {1 — 8,2 +— 7,3 — 9} shown in bold is a
witness that satis£es the guard so the rule is applicable here. (b) Applying
the action, (r, h3) replaces the subgraph G[h3(V7 )] with the graph h3(R)
shown in bold.

isomorphism, h, mapping the left graph L into G such that
if h(1).owner = m and h(2).owner = n, then the guard
n > m is satisfed. Label £elds not displayed in a rule are
not changed if that rule is applied.

An embedded graph grammar system (EGG) is a quadru-
ple (7o, @, 1, u) where g is an embedded graph representing
the initial state, ® is a set of locally checkable guarded rules,
1) is a proximity function and w is a locally implementable
controller. We denote the trajectories of a local embedded
graph grammar by 7 (v, ®, 1, v). An embedded graph tran-
sition ((G,z), (H,z)) is consistent with a rule r if there
exists a witness h such that (r, k) is applicable to (G, z) and

G " H. We denote by A(r) the set of transitions consistent
with rule r. If ® is a set of rules, A(®) = U,c3.A(r). The
relationship between the trajectories of an embedded graph
grammar and embedded graph transition system trajectories
is given by

T("YOv (I)a 77[% ’I,L) = T(’YO» A(@)a u)
D. Temporal Logic and Proof Techniques

By a proposition, we simply mean a subset of embedded
graphs, P C I'. An embedded graph v satisf£es a proposition
P, denoted v |= P, if v € P. We often construct propositions
that only refer to the topological elements of embedded
graphs. Given a logical statement on graphs P, the indicator
function I(P) evaluates to 1 if the statement is true and
0 otherwise. The LTL specifcation eventually always P,
written FGP, means for every sequence in T (o, ®, v, u)
there exists some k (not necessarily the same) such that
for all n > k, GG, € P. When this is true we write
(70, ®,%,u) = FGP. We often prove an eventually always
specifcation by constructing a discrete Lyapunov function.

Defnition 4.5: Let < be an ordering on R"™ with an
unique zero element. A discrete Lyapunov function for the
system (o, P, 1, u) is a function ¥V : G — R™ such that

a. Vis a positive decreasing function over all trajectories,

b. V > O implies that at least one action (r,h) is

eventually applicable, and

c. V(Gx) = 0 implies that for all future graphs G,,

V(G) =0.

FriP4.10

Theorem 4.1: Let (o, ®, %, u) be any system where the
set of reachable labeled graphs is £nite. Let P be a propo-
sition on graphs and V be a discrete Lyapunov function for
the system (o, ®, ¢, u) such that V(G) = 0 implies G € P.
Then (o, P,%,u) E FG P.

Different literatures have different Xavors of this theorem.
For example, the theorem (and its proof) expressed in the
temporal logic of actions can be found in [12].

E. Load Balance Multiple Rendezvous Revisited

We now have the formal language to express the LBMR
problem. Let X = R?. Let ij € Ey ) if and only if ||z, (i) —
z+(j)]] < A. Suppose B denotes the set of robots labeled
base, H O B denotes the set of vertices in a path between
two bases (informally called highway robots) and C = V\H
(informally called commuters). If ¢ € B we denote the subset
of commuter robots with an edge to ¢ by C;. Defne the
proposition for load balancing by

IC]

PLB:{7€F|Vi6B7|Ci‘:LEJ'} @)

Def£ne the proposition for distributed cycle removal by
Ppcr ={v €T |G, is a connected tree}. 3)

Finally, let Pcpsr denote the set of embedded graphs where
an edge between a base ¢ and commuter j implies that x; =
x;. We can now formally state the load balanced multiple
rendezvous task.

Task 4.1: Design an embedded graph grammar
(70, @, 1, u) such that for all trajectories o, the graphs are
connected, edge-consistent and

thm O'(t) S PDCR ﬂPLB mPCJWR-
— 00

We introduce a locally implementable controller v in sec-
tion V, and two grammars ® por and ®rp in sections VI
and VII. The embedded graph grammar (vo,®pcr U
®1p,1,u) defnes an algorithm that removes cycles, con-
verting highway robots to commuters. It then routes com-
muters to the bases along the highways. This method does
not require maps or even a global coordinate system. For
proof simplicity, we assume that % evaluates to an integer,
noting our grammar converges to an invariant set when this
is not the case.

V. CONNECTIVITY MAINTENANCE
We introduce a locally implementable controller v similar
to the one def£ned in [5].
A. Control Law

Suppose E; denotes the set of edges ij where either
i.mode = base or j.mode = base but not both and j is
in F(i). Let E5 be the set where neither are bases and j is
in F'(i). De£ne the function

LA~ ||y —x4||)7t ifijeE
U;; = 2 ' i if id ’
) { (A~ |z —ay))"L it ij € Ey.
and de£fne the total potential function by
U(y) = Z Uij (7). “

ijeEsUE,
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(owner, dist)
1) n>m: (m, J) (n,4) (n,i+1) (n,4)
(owner, dist)
r2) i<ji+1l: (n,4) (n, ) K (n,4) _— (it 1)
(owner, dist)
3) n#0 (n, i) (n, 1) — (n, i) (n,4)
(n,])\ ( dist) (n,3)
7“4) =k A j=it1 / owner, dist
’ e (n,i) — == ——=—=——- (n, k) (n,i) —=——=—-=—-—— (n, k)

Fig. 5. Rule set for distributed cycle removal, ® pcr. The boolean statement to the left of the colon is the guard. If a match of the graph on the left side
of the transition arrow is found that also satisfes the guard, it can be replaced with the graph on the right side. The label £elds involved are (owner, dist)
and the light dashed lines in the fourth rule indicate that an edge may or may not be present.

The controller u is de£ned by

(i,7) 0 i.mode = base )
uih —Vz,U  i.mode = unknown
where
T — 1
RS e
o1 2 Ui = a3l = A — o]

Since the controller depends only on F'(i) it is locally
implementable.

B. Convergence

We must show that if we £x a graph G and implement the
control law u on any edge-consistent graph (t), then y(¢)
is edge-consistent for all ¢’ > ¢. Additionally, we must show
that x(t) converges to safe confgurations in which if the
rules introduced in section VII insert edges, the embedded
graph remains edge-consistent.

Proposition 5.1: Suppose < is any connected edge-
consistent graph and that G(t) = G for all ¢’ > ¢. Then
the continuous state x(t) of the system evolving under u
converges to the set of limit points M = {z, | 7 € D¢ and
U(z.,) = 0}. Furthermore any point in M is a £xed point.

Proof: Without loss of generality, suppose one base
¢ has coordinates z; = (0,0). Let Qy = {z, |z, €
Dg, U(x) < U(xzo)}. Qo is closed and bounded by
r = |G|A. Since U = —%T%—g < 0, then by LaSalle’s
invariance principle [13] every solution converges to M.
Furthermore since whenever U = 0, then & = 0, it follows
that any = € M is a £xed point. ]

Additionally, v(¢') must be edge-consistent for all ¢ > ¢
since U;; — 0o as A — ||z; — z;|| — 0.

We call any vertex ¢ where degree(i) = 1 a leaf vertex.

Corollary 5.1: Suppose i,j € V are any vertices such that
degree(i) = 1 and ij € E. If xj denotes a £nal value of
z;(t), then z; converges asymptotically to z7.

Proof: Suppose x; # x;. Because ¢ is only connected
© 3Vell = (g afe—ay # 0 Since U =
=Y iev (V)T (V,Ud), it must be the case that U <o,
implying that a confguration with x; # x; is not in M. H

We have shown that each leaf converges to its neighbor’s
position. We next construct a grammar in Section VI that

forms trees (and thus leaves). Then we construct a grammar
in Section VII that changes the connectivity of leaf robots so
the controller u can direct their progress toward the bases.

VI. DISTRIBUTED CYCLE REMOVAL (DCR)

We wish to construct a rule set, ® pc g, such that even-
tually it is always the case that G, is a connected tree
(proposition Ppcog). We denote by |Cg| the number of
cycles in a graph G.

A. Grammar

Figure 5 shows the rule set designed for distributed cycle
removal. In the initial graph G.,, (owner,dist) = (¢,0)
if node ¢ is a base. Otherwise, (owner,dist) = (0,|Gyl).
The algorithm propagates a nondeterministic ordering based
on path length from a base node and uses the ordering to
determine where to cut a cycle. The guard for r; requires
the owner £eld of the £rst node to be less than the owner
feld of the second node. As seen in Figure 6, when this
is the case, the £rst node assumes the owner value of the
second and sets its distance to be one unit larger. This
rule guarantees that eventually all vertices will have the
same owner. When two connected vertices ¢ and j share
the same owner, rule 7o updates their perceived distance to
the owner based on lowest value in their dist £elds. This
rule guarantees that the perceived distance, i.dist, converges
to the true distance, d(i,i.owner). As shown in Figure 6,
rules r3 and r4 determine when two paths from the same
base node meet (and thus a cycle is present) and delete a
connecting edge.

B. Proof of Correctness

In this section we show that (vo,Ppcr,¥,u) |
FGPpcr- Let V : G — R x R x R where

Vi (G) > jev | maxiep i — j.owner|
Vo(G) > jev li-dist — d(j.owner, j)| (6)
Vis(G) = |Cql

Let (R3, <) be the lexicographic ordering defned by
(a1,az2,a3) < (b1, b2, b3)

if a1 < by or there exists an k£ such that a; = b; for all i < k
and apy1 < bgy1. The lexicographic ordering is extremely
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(owner, dist)
(7_|1) / 2~ (7 : ) \/(3\2 =~
D¢ PP N
~(7, 1)' (7.2 (0,10— (3, 1)/
r3 \\// T7~——— o
1
- _\(o_wner, dist) B
e
L ~ _J\ (5.0
Ny 1) g — D)
T3 \\// T2
71

Fig. 6. Application of DCR rules. This £gure displays a graph before
and after the concurrent application of rules r1, 72, r3, and r4. The dashed
lines indicate the subgraphs where the rules are applied and small rectangles
indicate bases. The label £elds involved are (owner, dist).

useful in composing Lyapunov functions associated with
concurrently executing rules and grammars.

Proposition 6.1: If for some vertex i, i.owner # 0, then
there exists some path p(i.owner, i) such that the length of
p(i.owner, 1) is i.dist. (Proof omitted.)

Proposition 6.2: V in Equation 6 is a Lyapunov function
for the system (7o, ®por, ¥, w).

Proof: We show that }V meets the three requirements
in De£nition 4.5.

V is positive decreasing: We have constructed Vq, Vs, and
Vs such that applying rule r; to any graph decreases Vi,
applying rule r decreases Vs, and applying r3 or ry de-
creases V3. Using the lexicographic ordering we must show
that applying rules r3 or r4 does not increase Vs or V; which
is true because it does not change the owner or dist labels.
An application of ro does not increase V; because it does
not alter the owner label. Thus V is positive decreasing with
respect to <.

V = 0 implies that at least one action (r,h) is applicable:
Assume V > O but that no action is applicable. Note
that V; > 0 means r; is applicable, which contradicts
our assumption. Thus, V; = 0 and all vertices are
labeled with the same owner. However if V5 > 0, then
li.dist — d(i.owner)| > 0. This implies that there exists a
vertex j with an edge ij where either 1) j.dist < i.dist +1
and ro is applicable or 2) j.dist = i.dist and r3 is
applicable. If V5 = 0, then Proposition 6.1 implies that
every node is labeled with its true distance from the owner
node. Finally, if V3 = |Cg| > 0, then there must exist two
nodes ¢ and j such that i.dist = j.dist and either r3 or r4
is applicable.
If V(Gy) =0, then V(G,,) =0 for all n > k: When V; =
Vs = 0 the guards for rules r; and ry are false. Since no
rule forms an edge, |C| = 0 for all future graphs. [ |
Theorem 6.1: Given the system (vo,Ppcr,,u) it is
eventually always the case that G is a connected tree.
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Proof: The reachable set of graphs is bounded because
the vertex set and label sets of the system are £nite. V3 = 0
implies there are no cycles in the graph and Proposition 6.1
implies connectivity. Thus if V = 0, then v € Ppcr.
We then invoke the Lyapunov Theorem 4.1, to show it is
eventually always the case that G is a connected tree. ]

VII. LOAD BALANCING

Our goal is to route (in balanced proportions) all the
commuters to the bases. By A C C, we refer to the strict
subset of commuters without an edge to a highway robot
and informally call these alley robots. For instance in the
£rst panel of Figure 8, robot k is an alley robot. Suppose
G,, is a tree where every edge 7j is labeled with four £elds:
(bys, 845, bji, Si). Suppose we cut the graph at any edge ij as
pictured in Figure 8. We denote the resulting tree containing
vertex ¢ (respectively j) by Tj, (respectively T}). As seen in
Figure 8, the strength of T5, s;; = : the number
of commuter robots in the tree. The base mass, b;;, of tree
T; is the number of bases in the tree. Since initially the
structure of the graph and number of bases is unknown, we
consider a set of edge-consistent embedded trees wg € Ppcor
such that (s, si5, bji, $5) = (0,]|Guyl,0,]Guy|). We defne
the function err to be the number of edge £elds labeled 0.
We propose a grammar @5 such that (wo, ®rp,¥,u) E
FGPp, 5. Our approach is to route commuters in the alleys
to the highway where they can make locally optimal choices
that distribute them evenly to the bases.

A. Grammar

Figure 7 displays the rule set, ®; 5, designed for this
purpose. Rule r5 collects and propagates the strength and
base mass information through the graph. Rule rg moves
alley robots toward the highways. We defne the pressure
differential of an edge in the 75 direction by

Sij Sji
Py T by
As seen in Figure 8, if the pressure differential is greater
than zero, rule r; moves the commuter into the subtree
with the lowest pressure (where a subtree is chosen non-
deterministically if all pressures differentials are equal and
greater than zero.)

B. Proof of Correctness

Let (C;) = 1 if the number of commuters attached to ¢
is greater than zero, and zero otherwise. And [z] = z if
x > 0 and [z] = 0 otherwise. As in the previous section, we
associate a function with each rule, construct a lexicographic
ordering among them, and propose Y as a Lyapunov function
for the grammar where

T, = err
To = Yieaminjen d(ij) —1 (7
To = S (C) S en s - 3]

Rules 76 and r7 have guards of the form ||z, — z;|| < A
that guarantee the system remains edge-consistent when the
rules insert edges. In order to guarantee progress we must
show that these guards are always satisfed in £nite time.
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(b21, s21) (b1, 515) (ba1, 521) (O ey bi + B, 3 g ki + (1))
r5) Vi, k # j, 511 < |G| : < EARAY) — < k] botj
s3> - B> -
@%VA Qofb\‘/m;
5 S
n,d—1
l.owner = 2.owner = 3.owner A (n ) (n—1,d-1)
7“6) (degree, dist)
1EA N [lzr —zs|| <A (1,d) (z,d —2) (1,d = 1)——z+1,d— 2)
(degree, dist)
P12 s1j— 1,851 +1
r7) Ld € H A Yk pij > pie >0 A P () @w) — L2yl len o,
02 02
llzr —znll < A:
(1,v41) (1,w+1)

Fig. 7.
w(i) & I(i.mode # base A degree(i) = 1).

$;i=4 o 8;i=3 =
7 pij=3 85i=2 Y Pu:% 551=3
bij—l bji:2 b'LJ:l bji—2
n = base
(a) A = commuter (b)
— — . = highway
Fig. 8. Graph transition due to the concurrent application of rules r¢ and

r7. The £gure shows the value of the pressure differential, p;;, between
subtrees T; and T (marked by dashed ovals). Rule 77 moves a commuter
from 4 to j, decreasing the pressure differential.

Proposition 7.1: Let v be edge-consistent with a £xed
topology G where ij,jk € Eg and i is a leaf. Then z;
converges to a set of points where ||x; — zx|| < A in £nite
time.

The proposition follows directly from Corollary 5.1 and the
fact that U < 0.

Proposition 7.2: 'Y as defned in Equation 7 is a Lyapunov
function for the system (wo, ®15,v,u).

Proof: We must again show the following.

T is positive decreasing: Showing T and Y5 decrease with
respect to the lexicographical ordering < is straightforward.
Rule r7is applicable when [s” — 7] > 0. Applying rule 77
[

across edge ij decreases the value of the p;; to 0 <
S'Jb—H] Since no other edges are affected, Y3 decreases.
ji

If T = 0 at least one action is applicable: Assume Y > 0
but no rule applies. The tree structure guarantees if err > 0,
then rule 5 is applicable, so it must be the case that T = 0.
By Proposition 7.1, eventually the guard ||z; — z;|| < ¢ for
rules rg and r7 is satisfed. Thus if A # &, then rg applies. It
follows that Y5 = 0 and all the commuters are attached to the
highway. However, if Y5 = 3¢ iy (Ci) 2o jen; [52 — 525] >
0, then 7 applies because there is a commuter connected

Rule set for load balancing, ® 1, 5. Note the inclusion of geometric conditions in the guards on 7¢ and 77. B(i) £ I(i.mode = base) and

to a node with a pressure differential. This contradicts our

original assumption, thus Y > O implies an action is

applicable.

If Y(Gg) =0, then Y(G,) =0 for all n > k: The guards

on the rules rg and r; are false when T = 0. Applying

rule r5 does not change the graph since all £elds are correct.
|

Theorem 7.1: (wo, L5, ¢¥,u) E FGPpp.

Proof: We must show that if T = 0 then for all k € B,
|Ck| = \B‘I Assume |Cy| < |‘B|‘ Since T = 0 implies all
commuters are attached to bases, there is a base ¢ such that
|Ci| > {51 Since T3 = Y,y (C3) iermlit — 5] =0,
this implies that 5” = % The total strength of the graph is

C
C] = = |Cil+ X e bii 5t

to the contradiction |C| — \lg‘l <|C| - \lg‘l Thus if T =0,
then for all i € B, |C;] = Ig} Since Y is a Lyapunov
function, we may invoke Theorem 4.1. [ |

This gives rise

VIII. CoMPOSITION OF EGG SYSTEMS

The preceding sections introduce two grammars, ®pcor
and ®;p and a continuous control law u such that the
system (’)/0, Ppor, Y, u) }: AF Py gand (WO, 1,1, u) ':
AF Prp. The correctness of each of the grammars is proved
using discrete Lyapunov functions. In this section, we com-
pose the grammars and show that for vy with the edge
labeling (0, |G, 1,0, |G+,])

(70, (®pcr U ®1p),¥,u) F FG(Ppor N Prg). (8)
A. Total System — Proof of Correctness

Building on previous results, we form a new function
X = (V1,V2, V3,11, T2, T3)

where RS is lexicographically ordered. We must show that
applying any rule from ®;p does not change the ordering
property of Proposition 6.1 since this property is necessary
to prove that V is a Lyapunov function. This is true since
® p repairs the dist £eld when it moves a commuter. And
we note that the convergence property in Proposition 7.1 still
holds for the composition.
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ww
o0

Lyapunov Values

. . e
(distance from a highway)
B = base robot

o A
A = commuter
® = unknown 1:_
= highway A

Fig. 9. Lyapunov functions for a representative run. A) Prior to an
application of r3. B) After an application of r3. C) The £nal state. Note
the lexicographic ordering allows X to be positive decreasing even though
T increases at B.

To show that X is positive decreasing, under the ordering,
we only need to show that applying a rule from ® ;5 does
not increase V. This is the case since ®;p does not alter
the owner £eld, does not create cycles, and repairs the dist
feld. To show that X > O implies an action is applicable
we note that since the rules from ®;p have not changed
the information used in ®pog, V > 0 implies that a rule
is applicable. If V(G) = 0, then the graph G is a tree and
thus the @15 grammar has a valid initialization point. Since
® po g does not alter edge labels, V =0 A T > 0 implies an
action is applicable. Invoking the Lyapunov theorem proves
the temporal logic statement in Equation 8. By the conver-
gence properties proved in sectionV we have the desired
result that for all trajectories o € 7 (79, Ppor U PLp, ¥, u)

thm O'(t) € PocrN PN Poymg.
—00

Note that ®pcor and @y p are really compositions of sin-
gle rules. Given a collection of smaller grammars, our design
methodology is to: 1) Identify initialization conditions and
invariant properties of those grammars such as the ordering
property of Proposition 6.1. 2) Compose the grammars and
show the composition satisfes the initialization and invariant
properties. 3) Form a Lyapunov function for the new system
under a lexicographic ordering that allows us to build upon
previous results.

B. Simulation Results

We simulated the system in Matlab using cyclic initial
graphs ranging in size from 30 to 70 vertices. Every simula-
tion terminated with a correct topology and trajectories where

FriP4.10

the commuters were converging on the bases. Figure 9 shows
a representative run and the three Lyapunov functions V, Y
and X. Note the £gure presents qualitative information since
we use a normalizing scheme to represent the lexicographic
ordering. One of the more persuasive arguments for our
design is that the system can execute in a concurrent fashion
as shown in Figure 9. The £gure displays the states just
before and after an execution of rule r3 where YT increases
because commuters are added to the alleys. However, by
ordering the V elements of & before the Y elements, we
can guarantee that X' decreases.

I1X. DISCUSSION

The embedded graph grammar formalism models net-
worked hybrid systems with local restrictions on their in-
teractions. We have shown a mapping from an embedded
graph grammar to a non-deterministic hybrid automata. The
automata may be large, unwieldy and may obscure informa-
tion about the local processes controlling the evolution of the
embedded graph grammar. Nonetheless using this mapping,
we hope to £nd conditions on the structure of the embedded
graph grammar that will allow us to build upon existing
results in hybrid systems literature.

Additionally, we developed a notion of the composition
of grammars in our proof. In future work, we will de-
£ne formally the semantics of graph grammar composition,
examine which properties and behaviors are preserved in
grammar composition, and develop formal design methods
for composing grammars.

REFERENCES
[

—

Eric Klavins, Robert Ghrist, and David Lipsky. A grammatical
approach to self-organizing robotic systems. [IEEE Transactions on
Automatic Control, 2005. To Appear.

[2] A. Muhammad and M. Egerstedt. Connectivity graphs as models of
local interactions. Journal of Applied Mathematics and Computation.

[3] J. Alexander Fax and Richard Murray. Graph laplacians and stabiliza-

tion of vehicle formations. In 15th IFAC Congress, 2002.

Paulo Tabuada, George J. Pappas, and Pedro Lima. Motion feasibility

of multi-agent formations. IEEE Transactions on Robotics, 2005.

Meng Ji and Magnus Egerstedt. Connectedness preserving distributed

coordination control over dynamic graphs. Proceedings of the Amer-

ican Control Conference, 2005.

[6] A.Jadbabaie, J. Lin, and A. Morse. Coordination of groups of mobile

autonomous agents using nearest neighbor rules. IEEE Transactions

on Automatic Control, 48(6), 2003.

E. Klavins. Automatic synthesis of controllers for distributed assembly

and formation forming. In Proceedings of the IEEE Conference on

Robotics and Automation, Washington DC, May 2002.

[8] John-Michael McNew and Eric Klavins. A grammatical approach to
cooperative control. In R. Murphey O.Prokopyev and P. Pardalos,
editors, Cooperative Control and Optimization. 2005. In press.

[9] Eric Klavins, Samuel Burden, and Nils Napp. Optimal rules for

programmed stochastic self-assembly. In Robotics: Science and

Systems, Philadelphia, PA, 2006.

Reza Olfati-Saber and Richard M. Murray. Distributed structural

stabilization and tracking formations of dynamic multi-agents. In [EEE

Conference on Decision and Control, 2002.

Eric Klavins. Self-assembly from the point of view of its pieces. In

American Control Conference, 2006.

L. Lamport. The temporal logic of actions. ACM Transactions on

Programming Languages and Systems, 16(3):872-923, May 1994.

J. LaSalle. Some extensions of Liapunov’s second method. IRE

Transactions on Circuit Theory, 1960.

[4

[l

[5

=

[7

—

[10]

[11]
[12]

[13]

6087



	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search
	Next Document
	Next Result
	Previous Result
	Previous Document

	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




