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Abstract—Connectivity maintenance is critical for networked
robot teams to exchange information and coordinate actions,
yet enforcing persistent global connectivity can be unnecessarily
restrictive when communication ranges are limited and teams op-
erate at scale. In practice, robots must be allowed to temporarily
disconnect in order to spread out efficiently, and then deliberately
reconfigure their motions to achieve local reconnection and main-
tain time-aggregated connectivity, enabling information to flow
across the team over a window of time. In this paper, we propose
a novel motion coordination framework for robots to maintain
time-aggregated connectivity while progressing to their individual
goals. Built as a modular layer on top of robots’ nominal motion
plans, the framework encompasses (a) a time-window aggregated
minimum spanning tree (TWA-MST) approach to dynamically
decide which robot pairs should reconnect and when, and (b) a
novel notion of adaptive prescribed-time control barrier functions
(adaptive PT-CBF) that enforce reconnection through motion
reconfiguration. This allows robots to follow their nominal plans
while minimally adjusting motions to ensure time-aggregated
connectivity over a prescribed time horizon. We provide both
theoretical analysis and experimental results to demonstrate the
effectiveness of the proposed methods. Project website is available
at https://wenhaol.github.io/Time_Aggregated_Connectivity,

I. INTRODUCTION

Multi-robot systems are efficient in spatially distributed mis-
sions, e.g., search-and-rescue, exploration, and environmental
monitoring, where they can share information and make col-
lective decisions within a multi-robot communication network.
Ensuring information flow across the robot teams is often
addressed by enforcing persistent global connectivity, which
requires robots to coordinate motions and remain in a single
connected component at all time [1]. While effective, this
often yields conservative motion behaviors that conflict with
spatial coverage and task progress, making them particularly
inefficient for dispersing robots in challenging environments.

In practice, many multi-robot missions do not require
continuous team-wide communication. Instead, periodic syn-
chronization can be sufficient to maintain coordination and
situational awareness as information propagates throughout the
whole team within a period of time. This motivates intermittent
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connectivity [2| 3], where robots are allowed to temporarily
disconnect and later reconnect, relaxing communication con-
straints so robots can focus on task execution and connect
only when necessary. These efforts motivate the perspective
that information flow across the team may be achieved through
connectivity of a time-aggregated graph, i.e., the graph formed
by accumulating communication edges between robots over
a time horizon, rather than requiring a connected multi-
robot graph at every instant. For example, many coordination
objectives only require such a time-aggregated connectivity
over recurring time intervals to achieve global consensus on
information and coordinated behaviors [4-6].

To the best of our knowledge, prior work has mainly focused
on persistent connectivity maintenance or rigidly defined local
intermittent connectivity enforcement, but has rarely consid-
ered intermittent local reconnection for maintaining team-wide
connectivity from a time-aggregated perspective. This paper
considers the following setting: each robot has a high-level
planner (assumed a prior) that produces a pre-planned or re-
planned nominal trajectory, while a motion coordination layer
will be developed to operate as an overlay service that refines
motion execution to satisfy communication objectives [[7H9].
Two challenges arise under this setting for time-aggregated
connectivity maintenance. First, given pre-planned trajecto-
ries, intermittent connectivity requires jointly deciding which
communication edges to restore, and when to activate them,
while minimizing the overall reconnection efforts alongside
with their original task. Existing intermittent-connectivity ap-
proaches typically rely on fixed periodic schedules [10], pre-
defined intermittent rendezvous [11]], or rigid reconnection
strategies [2] that are disruptive and could dominate over
robots’ original plans. Second, once reconnection events are
scheduled, robots must be able to reach the required proximity
by the intended time. While Control Barrier Function (CBF)
based methods have been widely used to enforce persistent
connectivity maintenance [12H14] through set invariance, in-
termittent reconnection requires convergence to connectivity-
satisfying set from connectivity-violating configurations by a
deadline. Prescribed-time CBFs (PT-CBFs) provide a mecha-
nism to enforce such convergence by an explicit deadline [15].
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However, in the context of intermittent reconnection for time-
aggregated connectivity, it is difficult to predefine appropriate
deadlines that ensure successful reconnection, as well as
determine which robot pairs should reconnect and when, so
that robots can remain close to their nominal task-related
trajectories while achieving time-aggregated connectivity over
recurring time intervals.

In this paper, we propose a time-aggregated connectivity
maintenance framework that enables robots to disconnect tem-
porarily while guaranteeing timely reconnection with minimal
coordination overhead. The contributions are summarized
as follows: (a) we introduce a Time-Window Aggregated
Minimum Spanning Tree (TWA-MST) on the spatio-temporal
multi-robot networks for reconnection scheduling with reduced
efforts and time-aggregated connectivity guarantees, (b) we
propose the adaptive prescribed-time control barrier function
(adaptive PT-CBF), which automatically selects a feasible
prescribed time 7}, online and defines control constraints
enforcing prescribed-time reconnection, and (c) we provide
theoretical analysis and extensive experiments to validate
the proposed approach, demonstrating effective reconnection,
efficient task execution, and scalability to large robot teams.

II. PRELIMINARY

We consider a team of N mobile robots operating in a
d-dimensional workspace. The dynamics of each robot ¢ &
{1,..., N} is denoted by:

X = fi(xi) + gi(x4)u, )]

where f; : R? — R% and g; : R? — R%*4 are locally Lipschitz
continuous. u; € R is the control input.

Communication Model: We consider two proximity-based
communication models in the robot team: (i) short-range
communication with radius R, € Ry for intermittent high-
fidelity data exchange, and (ii) long-range communication with
radius Ry € Ry (R, < Rg) for lightweight, persistent
coordination information exchange. This setup is motivated
by practical multi-robot scenarios such as underground explo-
ration [16], where robot teams often employ heterogeneous
communication devices with different communication capabil-
ities. For example, long-range link can be supported by Sub-
GHz radios for lightweight state and control message exchange
over extended distance (e.g., up to several miles), whereas
short-range link can leverage Wi-Fi for higher-bandwidth data
transmissions such as images, videos, and maps.

Let d; ; denote the Euclidean distance between robots 4 and
7. The corresponding time-varying graphs induced by the robot
motions are G°(t) = (V,E°(t)) (short-range communication
graph) and G4(t) = (V,£%(t)) (long-range coordination
graph), where an undirected edge (v;,v;) exists in £°(t) or
E4(t) if di; < R. or d; ; < Rq respectively. We distinguish
the roles of the two graphs: the long-range coordination
graph G4(t) is required to remain connected at all times
to maintain continuous team-wide coordination information
exchange, while short-range communication links in G°(t)

only need to be activated intermittently for time-aggregated
connectivity (defined in Sec. [[I-C) of G(¢).

A. Safety Barriers Certificates

Assume K static polyhedral obstacles can be commonly
represented by L discretized obstacles modeled as rigid
spheres along the boundary of the static obstacles [14} [17]].
Each discretized obstacle can be denoted as o € {1,...,L}.
Consider the joint robot states X = {x1,...,xy} € R, the
joint discretized-obstacle states x°™ = {x9P5 ... x5} €
R4 the minimum inter-robot safe distance as Ry € R,
and the minimum obstacle-robot safe distance as R.,s € R.
The desired sets for any pairwise robots ¢, 7 and obstacle o
satisfying inter-robot or robot-obstacle collision avoidance can
be defined as:

hzs',j(x) = Hxl - xjH2 - szv'i > J,
H; ;= {x € R¥™N|RS ;(x) > 0}, ®)
hRs (x, x°P%) = []x; — x9"%||? — R2,, Vi, 0,

Hg,t;s — {X c ]RdN7 Xobs c RdL‘thS(X7 xgbs) > 0} 3)

%,0

By combining these pair-wise robot-robot safety sets and
robot-obstacle safety sets, the overall safety sets can be ex-
pressed as:

HE = m Hi,j’ Hobs _
{Vi>j}

M H )
{Vi,o}

To guarantee the safety of the multi-robot system, Control
Barrier Function (CBF) [18]] have been used to derive the
admissible joint control u = {uy, - -+ ,uy} € R?" that render
the forward invariance of the safe set in Eq. (Z) and Eq. (3).
The results can be summarized as:

Lemma 1. Control barrier function [Summarized from [[19]].
Given a team of robots with each robot’s dynamics defined by
Eq. (1) and the safe set H; ; as the O-super level set of a con-
tinuously differentiable function hj; ; (x) for pair-wise robots i
and j, the function h; ; (x) is called a control barrier function
if there exists an extended class-IC function K(-) such that
SUPyepan {hi j(x,0)} > —a(h(x)). The admissible control
space for any Lipschitz continuous controller u enforcing the
safe set forward invariant thus becomes:

B; j(x) = {u € RIN : h$ .(x,u) + K(h5 ;(x)) > 0}. 3)

With this, the admissible control space render the safe set
in Eq. @) forward invariant (i.e, keep the system safe) can
be summarize as B(x) = {u € R™ : 0¥ (x,u) +
vhs ;(x) > 0, Vi > j} and B°"(x,x°%) = {u € R :
Iif}(’f(x,x‘)bs, u) + vhf}f(x,x‘)bs) >0, Vi,o}.

Remark 1. 7o enforce safety in environments with obstacles of
irregular geometries, one can adopt other CBF variants, e.g.,
Minkowski-operation CBF [20], by replacing safety functions
b' .
hew in Eq. (3).
In the rest of this paper, we select C(h(:)) = ~vh(-) with ~y as a user-
defined parameter [19].



B. Global Connectivity of Coordination Graph

To enable reliable coordination, it is desirable to maintain
global connectivity of the long-range coordination graph G4.
Global Connectivity: A graph G = (V,€) is globally con-
nected if, for every pair of vertices v;,v; € V, there exists
a path over the graph that connects v; to v;. With this, we
define pairwise coordination distance condition as:

h (%) =R — |lxi — x>, V(vi,v;) € €Y, (©6)
Y= {x eRWN: hd i (x) > 0}.

Work in [12] introduced a sparse connectivity maintenance
algorithm, referred to as Minimum Connectivity Constraint
Spanning Tree (MCCST), that dynamically selects an optimal
minimum spanning tree as robots move to achieve minimum-
effort global connectivity maintenance. Denote the selected
edge set by £9* and the resulting subgraph of G4 by G =
(V,E9%), ie., G¥* «+ MCCST(G?). We redefine G4* as the
coordination graph for the rest of the paper.

To maintain G%* so that the robot team can coordinate
to achieve other objectives, we define the desired coor-
dination set as HY(GY*) = Nvi v;)ca- H' . Based on
Lemma the corresponding admissible control set that
renders H4(GY*) forward invariant becomes B9 (x,G%*) =

{u € RN ¢ i (x, 1) + yhd (%) > 0, W(v;,0;) € gd*} .

C. Time-Aggregated Connectivity

We define pairwise short-range communication condition as:

h$ ;(x) = RZ — |lxi —x4[1%,  V(vi,v;) € €, (7
H ;= {x e RV hg (%) > 0}

In the following, we characterize the connectivity of the
time-varying short-range communication graph G¢(¢) over a
finite time window, referred to as time-aggregated connectivity.
Definition 2. Union of graph. Given a time-varying commu-
nication graph G°(t), a time window length T > 0 and a
starting time to > 0, we define the union of graph G"(to) of
G°(t) over the interval [to,to + T] as:

G(to) = (V Usreprg, g1 £(7) = (V,€9). ®)

An edge (v;,v;) exists in G"(ty), if it is connected at least
once during the time interval [to,to + T).

Definition 3. Time-aggregated connectivity . Given the start
time ty and a time window length T, the communication
graph G(t) is said to satisfy time-aggregated connectivity
over [to,to + T, if the collection of all edges that appear
during [to,to + T contains a path between any two vertices
in communication graph G°(t) (i.e., the union of graph G" (o)
of G(t) is globally connected.).

With that, given any prescribed globally connected union of
a graph G® = (V, £Y) containing a predetermined combination
of edges, we define the desired set that guarantees satisfaction
of time-aggregated connectivity as follows:

H (6" to) = {x e RN (
V(i,j) € EY, 37 € [to, to + T, x(7) € Hf,j}-

D. Problem Statement

We assume a high-level motion planner has been given
that provides nominal task-related trajectories for all robots
and the corresponding nominal trajectory tracking controllers,
which remain accessible to all robots via the connected long-
range coordination graph. Typically, the high-level planners
aim to optimize for collision-free trajectories without account-
ing for more complicated constraints such as connectivity
maintenance due to the evolving complexity. In this paper,
our objective is to dynamically revise robots’ motion from pre-
planned or re-planned trajectories in a post-hoc fashion with
minimum control deviation, and ensure (a) global connectivity
of the long-range coordination graph, (b) time-aggregated con-
nectivity of the short-range communication graph through in-
termittent, sequentially scheduled reconnections among robots,
and (c) collision avoidance with other robots and obstacles.

III. METHOD

A. Time-Window Aggregated Minimum Spanning Tree

In this section, we seek to address a core question: when and
which short-range communication edges should be triggered
for reconnection so that the robot teams can achieve time-
aggregated connectivity without overly compromising task
execution. Rather than enforcing persistent connectivity, our
scheduler looks ahead over a finite horizon, leverages pre-
dicted time-varying edge costs, and aggregates them within
a rolling time window. Based on these aggregated costs, we
then employ a lightweight heuristic to choose a cost-effective
combination of edges for reconnection.

To quantify the reconnection effort, we assign a nonnegative
weight to each candidate edge (v;, v;). In particular, we use the
inter-robot distance as the instantaneous edge weight w;; (t) =
d;j(t), where d;;(t) denotes the Euclidean distance between
robots ¢ and j at time t¢. This choice captures the intuition
that establishing (or maintaining) a short-range communication
link requires the robots to come within the communication
radius, and larger separations typically imply higher motion
cost and stronger control intervention.

Given nominal trajectories and the coordination graph
through which robots share their current locations and veloci-
ties, we roll out the corresponding nominal (planned) motions
over a finite look-ahead horizon of length T,. Accordingly, at
each update time ¢, we evaluate the instantaneous edge weights
w;;(7) along these nominal trajectories for all 7 € [t, t +T,,].
Since the coordination graph remains connected, the shared
state and nominal-plan information can be disseminated team-
wide; therefore, we perform reconnection scheduling on a
complete candidate graph G5 = (V, &%) with £ £ {(v;,v;) |
1 <4 < j < N}. Given this planned window, we then define
a horizon-aggregated weight for each candidate edge based



on w;;(T) over [t, t + T,,], which serves as the graph weight
used for reconnection scheduling, as formalized below:

0,4 (T S i id = i d;; . 9
Wi (t) enin W 3(7) cein 3(7) ()
Intuitively, w;;(t) captures the best reconnection oppor-

tunity for robots 7 and j within the upcoming horizon: it
is the smallest inter-robot distance they would attain along
the shared nominal plan over [¢, t + Ty]. Hence, a smaller
W;;(t) indicates that the nominal motion already brings the
pair close at some time in the window, making this edge easier
to restore, whereas a larger value suggests they remain far
apart throughout the horizon. With these horizon-aggregated
edge weights, we define the corresponding weighted time-
window aggregated graph as G5(t) = (V, €% W (t)), where
W (t) = {wi; (1)} (vi,0;)ex-

With this, because executing a reconnection action may
deviate robots from the current nominal plan, once a recon-
nection is triggered we re-invoke the upstream planner at
the trigger time of the selected edge(s). Specifically, for an
edge (v;,v;) scheduled within the current look-ahead window
[tk, tr + Tw], let tg € [tk, tx + Tw] denote its trigger time.
When the trigger occurs (possibly for multiple edges), we
replan at {541 = tg;, thereby updating the nominal trajectories
and recomputing the aggregated weights on the next look-
ahead window [tg41, tgr1 + Tw]-

Consequently, to ensure the consistency of the reconnection
across replanning iterations, we should enforce that any edge
previously selected and triggered must remain in the tree.
To this end, we maintain a set F(t;) C £° that collects all
previously selected edges. At the same time, given the updated
horizon-aggregated weights at each replanning instant ¢, we
select the remaining edges to minimize the total aggregated
distance. This yields a constrained minimum spanning tree
(MST) problem on G*(t):

F(te) €E(T),  (10)

G°* = arg min

w;i(t s.t.
TET(G®) % i (te)

J)EE(T)
where T(_C’;S) denotes the set of all spanning trees over G°.
Finally, since any spanning tree contains exactly N —1
edges, establishing team-wide connectivity via sequential re-
connections requires committing (and eventually realizing)
at least V —1 edges in total; thus, in the worst case the
system may need to replan at least N —1 times to complete
all required reconnections. Moreover, because each trigger
time satisfies ¢{5 € [ty, tx + Ty], the subsequent planning
window naturally shifts to [ty -+ t%, te + tﬁ; + Ty] (or
equivalently [txt1, tk+1 + Tw]). To transfer the constrained
MST in Eq. (I0) into a regular MST problem, we propose the
following reweighting mechanism.

Definition 4. Reweighted time-window aggregated graph.
Let V = {v1,...,un} be the robot set and let £5 =
{(vi,vj) | 1 < i < j < N} denote the complete candidate
edge set. At time t, suppose the upstream planner provides
nominal trajectories over [t, t + Ty|, which are updated in a
receding-horizon manner and shared among robots via the

connected coordination graph. Let w;;(t) denote the time-
window aggregated weight defined in Eq. (). With this, we
define the effective (reweighted) edge cost:

i (t),

Oij (t) =1,
oij(t) =0, an
where 0;j(t) € {0, 1} indicates whether edge (v;,v;) has been
triggered, and A € {\ : w’T(t) L Wy (1), Y(i,7) : 045(t) =
L, V(@' j') : 0wy (t) = 0}. The induced reweighted time-
window aggregated graph is G*(t) £ (V,&5,W(t)), where
W(t) = {’LD’LJ (t)}(vi,vj)eft"

Definition {| constructs a reweighted time-window aggre-
gated graph G5(t) = (V, €%, W(t)) that embeds the edge-
persistence requirement into an ordinary MST computation.
Specifically, once an edge (v;,v;) is triggered (ie., 0;;(t) =
1), its aggregated cost is discounted by a large factor A as
in Eq. (TI). The choice of A\ guarantees a strict separation of
priorities: every triggered edge has an effective cost w;;(t)/A
that is much smaller than the cost of any untriggered edge,
regardless of how w;;(t) changes under receding-horizon
replanning. As a result, the MST computed on Gs (t) is driven
to respect the persistence constraint by construction: it must
retain all previously triggered edges, and then completes the
spanning tree by optimizing over the remaining (untriggered)
edges. We next establish this property formally. Lemma [3]
proves the consistency over time of the resulting tree sequence,
i.e., under receding-horizon replanning at update instants {7y},
it can be guaranteed to preserve all edges triggered prior
to (and including) 7. Building on this consistency result,
Theorem [6] further shows that solving a standard MST on the
reweighted graph G3(t) is equivalent to solving the original
constrained MST problem in Eq. (I0). Namely, the computed
solution is an optimal solution that satisfies the persistence
constraint while minimizing total aggregated cost for future.

Lemma 5. Consistency over time (persistence of triggered
edges). Consider a sequence of replanning instants {Ty}1>0.
At each Ty, the reweighted time-window aggregated graph is
formed according to Definition 4} Let F(7,) £ {(v;,v;) €
&% | 0ij(mk) = 1} denotes the set of edges that have been
triggered up to time Ty. Then, at every replanning instant, the
newly computed minimum spanning tree on the reweighted
graph must contain all edges in F(ti). In other words, once
an edge is triggered, it is preserved in all subsequent tree
selections despite replanning updates.

Proof: See the detailed proof in Appendix A. [ ]

Theorem 6. Time-window aggregated minimum spanning

tree (TWA-MST). Given the reweighted time-window aggre-

gated graph G5(t,) = (V,SS,W(tk)) as in Definition

where W (t,) = {wi;(t)} is given by Eq. (TI). We denote

the minimum spanning tree of G3(ty,) as:
T*(t) = arg  min

\ (12)
TENG) (i, 5)ee(T)

’LI)i]'(tk).



Then, T*(ty) is exactly an optimal solution to the constrained
MST problem in Eq. (T0) (i.e., T*(tx) = G**). With this, We
call T* (tx) as Time-Window Aggregated Minimum Spanning
Tree (TWA-MST) of the original aggregated graph G*(t},).

Proof: Let F(ti) = {(i,5) € €% | 04;(tx) = 1} be the set
of previously triggered (fixed) edges. By Definition[d] all edges
in F(t)) are assigned discounted costs w;;(tx) = w;;(tx)/A,
while all other edges keep w;;(ty) = W;;(tx), and the choice
of \ guarantees a strict priority separation: every triggered
edge has smaller effective cost than any untriggered edge.
Therefore, in any MST construction on _C’;S(tk) (e.g., Kruskal’s
algorithm), all triggered edges are considered before any
untriggered edge and, since F(tx) is acyclic, they are all
included, which partitions the vertices into sub-groups induced
by F(tx). After these “small” edges are fixed, the remaining
task is to connect the sub-groups using only untriggered edges,
for which w;;(tx) = w;;(t;) holds. Hence minimizing the
total reweighted cost is equivalent to minimizing the total
original aggregated cost over the added (untriggered) edges
subject to containing F(¢x), which is exactly the constrained
MST problem in Eq. (T0). Thus, the MST 7*(t;) of the
reweighted graph is an optimal solution to Eq. (T0). ]

With the computed time-window aggregated minimum
spanning tree in Theorem [6] we are able to provide a feasible
solution to decide how the information is scheduled to propa-
gate through the team of robots. To guarantee a timely recon-
nection whenever a pairwise communication edge is selected
to be restored, we continue to propose a novel reconnection
mechanism, adaptive PT-CBF, that forces the selected edge to
be connected before a feasible, non-conservative deadline.

B. Adaptive Prescribed-Time CBF

We first review two variants of control barrier function
formulations that can drive a system from an unsafe set
into a desired safe set: finite-time CBF (FT-CBF) [21]] and
prescribed-time CBF (PT-CBF) [15]. FT-CBF guarantee reach-
ing the safe set within a finite upper bound determined
by the initial condition and design parameters, whereas PT-
CBF aim to enforce safety satisfaction within a user-specified
horizon. We build on these ideas and develop an adaptive PT-
CBF that automatically selects a feasible prescribed time for
reconnection. PT-CBF commonly rely on time-varying scaling
terms that become unbounded at the prescribed deadline. We
first introduce the finite-time control barrier function.

Lemma 7. Finite-time control barrier function [Summarized
from [21]]. Given a team of robots with each robot’s dynamics
defined by Eq. (1) and a desired set C = {x € R" | h(x) > 0}
defined by a continuously differentiable function h : R" —
R. The function h(x) is called FT-CBF on a set D if there
exist real parameters p € [0,1) and ¢ > 0, such that for all
x € D, and h(x) + ¢ - sign(h(x)) - |h(x)|? > 0. Then any
locally Lipschitz continuous controller u(x) that satisfies the
above inequality renders C forward invariant when x¢ € C,
and drives the state into C in finite time when xo € D\ C.
In particular, the finite-time CBF guarantees that the state

L - ;
reaches C within TeTcBF = ﬁ |h(x0)| P and remains

in C thereafter.

Lemma [7| provides an explicit upper bound on the reaching
time. However, in practice, using this method, the progress
toward the threshold can become increasingly slow when
the state approaches the boundary of the safe set (e.g., near
h(x) = 0), which may delay the moment when the system
actually crosses the desired communication threshold in recon-
nection tasks. To explicitly regulate the completion time, PT-
CBF introduces a time-varying barrier gain (often constructed
from a blow-up function as in Definition so that safety
satisfaction is enforced no later than a prescribed deadline.

Definition 8. Blow-up function|[Summarized from [15]]] Let
[a,b) be a finite time interval with a < b. A function
n(t) : [a,b) = R is called a blow-up function if: 1) n(t)
is continuous on [a,b), 2) n(t) is strictly increasing on [a,b),
and 3) tlir{fl n(t) = +oo.

S

Lemma 9. Prescribed-time control barrier function [Sum-
marized from [15]]. Given a team of robots with each robot’s
dynamics defined by Eq. and let h : R™ — R be a contin-
uously differentiable function. The objective is to drive h(x)
Sfrom an unsafe value (h(xq) < 0) to a safe value (h(x) > 0)
within a prescribed horizon [to,to + T}). The function h(x)
is a PT-CBF if there exist ¢ > 0 and a blow-up function p(t)
such that the locally Lipschitz continuous controller u(x) can
enforce h(x)+cu(t) h(x) > 0, Vit € [to,to+Ty). Then the
system is guaranteed to enter the safe set C = {x | h(x) > 0}
at or before the prescribed time ty + T}, even when starting
from an unsafe state.

While PT-CBF provides a direct mechanism to enforce a
user-specified completion time, its performance critically de-
pends on the prescribed horizon Tj,. If T}, is chosen too small,
the resulting constraint can become overly aggressive and may
render the Quadratic programming (QP) infeasible or prevent
the robots from entering the communication range. Conversely,
choosing a large T}, can make the reconnection behavior overly
conservative, leading to a delayed reconnection and increased
task disruption.

This motivates an adaptive mechanism that selects a feasible
and effective prescribed time online. Motivated by the above
limitations, we propose an adaptive PT-CBF that retains the
prescribed-time reachability property while automatically ad-
justing T}, according to the initial barrier value and design
parameters.

Theorem 10. Adaptive prescribed-time control barrier func-
tion (Adaptive PT-CBF). Given a team of robots with each
robot’s dynamics defined by Eq. (1)), let h : R™ — R be a
continuously differentiable function defining the desired set
C :={x € R" | h(x) > 0}. Then h is an adaptive prescribed-
time control barrier function if there exists real parameter
p € (0,1) and ¢ > 0, so that

h(x) + cpu(t) sign(h(x)) |h(x)|” > 0, (13)



holds for all t € [0,T},), where the blow-up function u(t) is
m
defined as p(t) = (Tf" ) +a, tel0,Ty), with o >0

—
and m € 2N (i.e., m is a positive even integer). The prescribed
time T}, is chosen adaptively according to

_ |ax0)[*7F

T - b
P e(1—p) po

po=1+a>1. (14)

With this, the following properties hold for the corre-
sponding closed-loop solution x(t): 1) (Forward invariance)
If xo € C, then h(x(t)) > 0 for all t > O; that is, the safe
set C is forward invariant. 2) (Prescribed-time reachability) If
xo ¢ C, i.e., h(xq) < 0, then there exists a time t* < T, such
that h(x(t*)) =0, and h(x(t)) > 0 for all t > t*.

Proof: When h(x) < 0, Eq. (I3) with sign(h) = —1
becomes h(x) > cu(t) ’h(x)’p. Define V (x) := |h(x)| =
—h(x) in this region. Then V (x) = —h(x) < —c u(t) V(x).
Since p(t) > po for all ¢ € [0,7,(x¢)), we obtain the
conservative inequality V(x) < —cuoV(x)?, 0 <
p < 1. By separation of variables and integration from

V(xp) = |h(x0)| down to 0, one obtains the convergence
bound 7T}, < %, which, by construction, equals 77, in

Eq. (T4). This proves starting outside C, the trajectory reaches
h(x) = 0 within the prescribed time T}, (x() and remains in C
thereafter. When h(x) > 0 we have sign(h) = 1 and Eq. (I3)
yields i(x) > —cpu(t) h(x)?, which is a standard CBF as
stated in Lemma Thus, if h(xg) > 0, the trajectory remains
in C for all ¢t > 0, establishing set forward invariance property.
|
Based on the reconnection schedule returned by TWA-MST
T*(t) in Theorem@ we introduce the following reconnection
admissible set enforced by adaptive PT-CBF, which transfers
state constraints in Eq. (9) into following control constraints:

Bx,g°(1),1) = {u e RN

fLE'] (x(t)) + cp(t) sign(hs;(x(t))) ‘hfj(x(t)){p
> 0.9(vi,v;) € (T () }-

With all components established above, we now summarize
the overall framework in Algorithm [I] The algorithm describes
the proposed control framework, clarifying how replanning,
edge selection, and pairwise reconnection actions interact over
time to realize the complete reconnection process.

C. Algorithm Design

Algorithm [I] summarizes our receding-horizon reconnec-
tion scheme that couples time-window aggregation, TWA-
MST scheduling, and adaptive PT-CBF control. There is an
upstream MAPF planner that provides nominal trajectories
over a look-ahead window [t,t + Ty], which are shared
through the currently connected coordination layer. Using
these trajectories, we compute time-window aggregated edge
costs and update the weighted aggregated graph. We then
(i) maintain an in-range coordination tree via MCCST under
radius Rgq, and (i) compute a reweighted TWA-MST to obtain
a compact reconnection schedule with |V|—1 candidate edges.
Importantly, whenever a reconnection edge is triggered and
the robots deviate from the nominal plan, we replan nominal

Algorithm 1 Adaptive PT-CBF with TWA-MST Scheduling

Require: Start-Goal configurations, rolling time window 7%,, communication
radius R, safety radius Rs, coordination radius R4, upstream planner
(e.g. an MAPF planner [22])

Ensure: Executed trajectory x(-), applied control u*(-)

1: Initialize coordination graph G9*(t), Activation state o (0)

2: Plan Trajectories for the time window [O,Tw]], with trajectories and
nominal controls: I = {m;}}Y, with WZ[O’TW = {%;, ulom}0 Tl
t, =0

3: Calculate short-range communication graph Qs(tk)

4: Calculate TWA-MST 7T *(t)

5: Reconnection < False,

6: fort=0,...,Tdo _

7: if t == argmin.E(T*(0)) then:

8.

9

10

selected edge = vy, v;,
Reconnection <— True

trt+=1
11: end if
12: if Reconnection then:
13: Replan: update trajectories and nominal controls with II =
{r 3 with 72 = (&, unomy 6+ 7]
14: Update Short-Range Communication Graph: Q~S(tk.)
15: Update TWA-MST: T *(tx)
16: end if
17: if dist(xi,x;) < Rc then:
18: Reconnection <— False
19: end if

20: Control synthesis: u*(t) + CBF-QP in (T3):
21: Apply u*(t) and update x(t)

22: Update o(t) and Log {x(¢), u*(¢),o(¢)}

23: end for

trajectories and refresh aggregated weights and TWA-MST
accordingly, ensuring the schedule remains consistent with
the updated motion plan. With above mechanism, at each
time ¢ we compute coordination backbone and reconnection
schedule, and then solve standard QP to obtain control input:

_ . 2
u*(t) = arg min [la = u™m @)

st G () «+ MCCST(G4(1)),
G (t) + arg  min

TENGW) (i jyee(T)

ueB(x)N Bd(x, gd* (t)) n Bc(x, G (), t),

i=1,...,N.

Here u™™(t) £ [(wom(¢)) ", ..., (uhe™() "] is the
nominal tracking input provided by upstream planner, and
a; > 0 is control bound of robot i. The set B4(-) enforces
coordination-link maintenance for all edges in Ggd* (t), whereas
B¢ (-) enforces reconnection constraints only for currently ac-
tivated/triggered edge(s) selected from G°*(¢). All constraints
are linear in u, hence Eq. can be solved efficiently.

Wi (1), (15)

uill < i,

Proposition 11. Bounded-time time-aggregated connectivity.
Let T* (tx) be the TWA-MST computed at time ty, (Theorem 6
with edge set Ensi(ty) = S(f*(tk)). Following Algorithm
the edges in Enst (ti) are triggered sequentially. By Lemma
once an edge (v;,v;) is triggered, it is preserved in all
subsequent scheduled trees and the prescribed-time guarantee
ensures that the triggered edge is formed within Téj. Then
at most |V| — 1 distinct edges are triggered, each after
waiting at most one planning window of length Ty, and thus
time-aggregated connectivity is achieved within Tiee(ty) <
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Fig. 1: Colored curves show robot trajectories, and the overlaid arcs indicate the selected communication edges at the shown
time. Pink arcs denote edges that have been previously connected; solid red arcs denote edges whose connections are successfully
established; dashed red arcs denote edges currently being established but not-yet reconnected; and gray dashed arcs denote

selected but not-yet-triggered edges.

(VI = DT + 30, 0,060t To - BY time ti + Tiree(tr),
the union graph of established links contains the spanning tree
T*(tr) and is therefore connected.

Proof: See the detailed proof in Appendix B.

IV. RESULTS
A. Simulation Example

We evaluate our proposed method in a cluttered 32 m x 54 m
indoor environment with obstacles, using N = 8 robots. The
communication radius is set to R, = 3m and the safety
radius is set to Rg = 0.9m. The coordination range is set to
R4 = 30m, under which the long-range coordination graph
should remain connected throughout the execution. Nominal
reference trajectories are generated by a Multi-Agent Path
Finding (MAPF) planner [22]. The original planned trajectory
is as shown in Fig. [Ta] where each color corresponds to the
planned path of each robot. The pre-planed trajectory by the
MAPF planner requires Tyapr = 47.45s to finish all the tasks
for this scenario. To ensure a fair comparison, we initialize all
methods with the same start-goal configuration and evaluate
them under an identical experimental setup.

Case Study 1: To evaluate the efficiency of the proposed
adaptive PT-CBF (our method) in Sec. [ll-B] we compare
it with PT-CBF [21] and FT-CBF [15l], while using our
method in Sec. to compute the reconnection graph for
all baselines. All methods share the same nominal plan and
matched parameters. For PT-CBF, we choose two prescribed
times 7, = 3s and T, = 15s. Fig. 2] summarizes the
results. As shown in Fig. 2] (a)—(c), our method achieves a
shorter traveled distance, lower control deviation, and faster
task completion than the baselines. Fig. 2d| further illustrates
the reconnection behavior on a representative edge (Robot 4—
Robot 6). As shown in Fig. 2d| all methods trigger the
reconnection process between Robot 4 and Robot 6 at the
same time ¢ = 8.35s. Starting from this identical trigger time,
adaptive PT-CBF drives the inter-robot distance below R, in
a timely manner and faster than PT-CBF (1}, = 15s) and FT-
CBF. PT-CBF (T}, = 3s) fails to bring the robots within R
due to the overly aggressive prescribed time. When T, is set
larger, PT-CBF becomes less aggressive, but the actual time
required for the robots to enter R, increases accordingly. In
contrast, FT-CBF exhibits increasingly slow distance reduction
as the robots approach R.. Overall, adaptive PT-CBF achieves
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Fig. 4: (a) Minimum separation distance over time across
robot—robot and robot-wall pairs. (b) Distances of TWA-MST-
selected edges during reconnection. Gray shaded intervals
indicate task-driven reconnection via planned motion, while
colored intervals indicate our adaptive PT-CBF enforced re-
connection. All edges reconnect within R, = 3 m.

a better trade-off between reconnection timeliness and task
efficiency under the same experimental setup.

Case Study 2: To evaluate the reconnection scheduling com-
ponent, we compare our scheduler against Minimum Con-
nectivity Constraint Spanning Tree (MCCST) [12], Time-sub-
interval minimum spanning tree (TSMST), and the Randomly
Selected Spanning Tree method baselines. For a fair com-
parison, TSMST and the Randomly Selected Spanning Tree
method adopt our adaptive PT-CBF constraints to enforce
their triggered reconnections, while MCCST [12] intrinsi-
cally enforces an always-connected requirement through its
connectivity-maintenance mechanism. TSMST computes an
MST using the instantaneous edge weights w;;(¢) at each
time instant ¢ € [tg, tx + T\w]. Consequently, the entire tree is
selected from a single-time snapshot (i.e., all edges are evalu-
ated at the same t), rather than selecting edges from multiple
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Fig. 5: Performance comparison versus the number of agents.
(a) Average control deviation. (b) Average additional travel
distance Ad = w where d; represents total travel
distance of robot ¢ and dyapr iS the nominal total travel
distance planned by MAPF planner. Solid lines denote average
over trials and shaded regions indicate the min—max range.

time instants within [ty, tx + Ty]. Among all those MST, we
select one with minimum total weight as Time-sub-interval
MST (TSMST) and the tree is triggered to be reconnected at
the same time. Randomly selected spanning tree randomly
selects a spanning tree from the set of all spanning trees of
G3(t) with the minimum total cost. Fig. [3| summarizes the
performance comparison. Our scheduler achieves the lowest
total control deviation and the smallest traveled distance while
completing the task, indicating that our scheduling yields
a more consistent edge set for reconnection with reduced
disruption to the nominal task execution. In contrast, MCCST
enforces persistent connectivity constraints, which can become
overly restrictive in cluttered environments, it fails to reach
the goals within the evaluation horizon. Compared with our
method, both TSMST and the Randomly Selected Spanning
Tree method incur substantially higher traveled distance and
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Fig. 6: (a) Average per-iteration computation time of the proposed method as the number of robots increases. (b) Sensitivity of
the proposed method to parameter ¢ in terms of average control deviation and reconnect time. (c) Sensitivity of the proposed
method to parameter p in terms of average control deviation and reconnect time. (d) Success rate (i.e., whether time-aggregated
connectivity is successfully satisfied) and average control deviation under different reconnect window sizes.

control deviation, with the Randomly Selected Spanning Tree
method consistently worse than TSMST. Besides, Fig. [2b| and
Fig. [3D] further verify the efficiency of the proposed control
constraints in enforcing the scheduled reconnection. Fig. fa|
shows that all methods satisfy the desired safety requirement.
Fig. {ib] illustrates the reconnection schedule produced by our
scheduler, where the shaded gray regions indicate reconnec-
tions induced by the original MAPF planner, while the colored
regions indicate reconnections between different robot pairs
enforced by the adaptive PT-CBF. Overall, our scheduler better
balances task efficiency and connectivity requirements without
enforcing always-connected behavior.

B. Quantitative Results

We first conduct large-scale quantitative evaluations in a
128 m x 128 m environment. We randomly generate 30 obsta-
cles and sample start and goal configurations for up to N = 60
robots. For each method, we repeat the experiment five times
with independent start and goal pairs. In all runs, the desired
aggregated reconnection procedure is successfully completed.
Fig. [5] reports the performance comparison. Our method
achieves lower average additional travel distance Ad and lower
total control deviation across different team sizes. Overall,
both metrics decrease as the number of robots increases. In
contrast, TSMST and Randomly selected spanning tree incur
substantially higher Ad and control deviation, indicating less
efficient coordination under the same task setup. We also
report runtime scaling in Fig. [6al In the 60-robot case on a
MacBook Air (M4), the average per-step computation time
for solving Eq. (T9) is about 15 ms, corresponding to roughly
67 Hz. Updating TWA-MST takes about 66 ms, but this com-
putation is only required during replanning rather than at every
control step, indicating favorable real-time performance. We
further evaluate the sensitivity of the proposed adaptive PT-
CBF controller to its main parameters, ¢ and p, in Eq. @,
and the effect of reconnect window length in Fig. [6(b)—(d). As
shown in Eq. (14), our Adaptive PT-CBF with a larger ¢ or
smaller p would allow a relatively lower prescribed time upper
bound 7}, thus enforcing shorter actual reconnect time. While
a smaller c or a larger p instead increases the prescribed time
upper bound, thereby enabling the robots to have a longer re-

connection time. Motivated by this theoretical relationship, we
isolate the controller behavior from multi-robot coordination
effects to enable a fair comparison of the effects of ¢ and p
in a pairwise robot setting, as shown in Fig. [6{b)—(c). Fig. [6b]
confirms that increasing c leads to an approximately linear
decrease in reconnect time and the average control deviation
over the tested range. Fig. |bc| verifies that increasing p causes
both reconnect time and average control deviation to increase
nonlinearly. We continue to evaluate different reconnection
window sizes in the scenario of Fig. [I] As shown in Fig. [6d]
very short windows provide insufficient time to realize the
desired union graph, resulting in lower success rates and
larger control deviation. While very long windows tend to
reduce control deviation by enabling better future reconnection
opportunities, they require increased computation and memory
for MAPF replanning and trajectory storage. Thus, window
length presents a practical trade-off governed by available
computing resources and the configuration of the robot team.

V. CONCLUSION AND FUTURE WORK

In this paper, we propose a motion coordination framework
for multi-robot systems that balances task execution and
intermittent communication with time-aggregated connectivity
guarantee. We introduced a time-window aggregated minimum
spanning tree (TWA-MST) on the spatiotemporal multi-robot
communication graph to identify a compact set of low-effort
reconnection edges, together with an adaptive prescribed-time
CBF (adaptive PT-CBF) that enforces timely reconnection
of triggered robot pairs while minimally perturbing nominal
motions. Theoretical analysis proves the reconnection and
time-aggregated connectivity guarantees, and simulation re-
sults show improved performance compared with baselines
while scaling to large robot teams.

Future work includes developing decentralized implementa-
tion of our framework and extending to connectivity restora-
tion under failures and uncertainties (e.g., localization errors),
as well as incorporating more realistic communication models
(e.g., line-of-sight [17] and received signal strength based
models [23]) to capture directional and stochastic communica-
tion effects, such as bandwidth limits, packet loss, and delays.
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VI. APPENDIX

In this appendix, we provide detailed proofs of Lemma []
and Proposition [T1]

A. Proof of Lemma 5

Lemma 5. Consistency over time (persistence of triggered
edges). Consider a sequence of replanning instants {7y, },>0.
At each Ty, the reweighted time-window aggregated graph is
formed according to Definition 4} Let F(1;) = {(vi,v;) €
&% | 04j(mk) = 1} denotes the set of edges that have been
triggered up to time 1. Then, at every replanning instant, the
newly computed minimum spanning tree on the reweighted
graph must contain all edges in F(7y). In other words, once
an edge is triggered, it is preserved in all subsequent tree
selections despite replanning updates.

Proof: Fix any k and any triggered edge e = (v;,v;) €
F(7i). Since F(7i) is a forest (acyclic), every edge in it is
a bridge. Removing e disconnects the component containing
e into two vertex sets; let S, C )V be the set containing v;
after removal (hence v; € V \ S.). Let 6(S.) denote the
edges crossing the cut (S.,V \ S.). Clearly e € 6(S,), and
any other edge ¢ € 0(S.) \ {e} cannot belong to F(7y);
otherwise it would create a cycle, contradicting acyclicity.
Thus, §(S.) \ {e} C &%\ F(7). By Eq. (1), for e € F(m)
we have 0;; (1) = w;;(7)/A, while for any e’ = (v;r,v;/) €
&%\ F(m) we have Wy (1) = Wy (7). With the choice
of A in Definition @4 it follows that w;;(7%) < W (%)
for all ¢ = (vir,v;r) € 6(Se) \ {e}. Hence e is the unique
minimum-weight edge crossing the cut (Se,V \ Se). By the
cut property, e must belong to every MST of QS(Tk), and thus
(vi,v;) € E(T (1)). Since e € F(7y) is arbitrary, we obtain
F (1) C E(T (7)) for all k > 0, which completes the proof.

|

B. Proof of Proposition 11

Proposition 11. Bounded-time time-aggregated connectivity.
Let T* (t) be the TWA-MST computed at time ty, (Theorem 6
with edge set Engi(t) = E(T*(ty)). Following Algorithm
the edges in Ensi (ty) are triggered sequentially. By Lemma E]
once an edge (v;,v;) is triggered, it is preserved in all
subsequent scheduled trees and the prescribed-time guarantee
ensures that the triggered edge is formed within ng. Then
at most |V| — 1 distinct edges are triggered, each after
waiting at most one planning window of length Ty, and thus
time-aggregated connectivity is achieved within Tiyee(tr) <
(VI = DT + 3 (0r05) €80 (00) TY. By time ty 4 Tiree(tr),
the union graph of established links contains the spanning tree
T* (tx) and is therefore connected.

Proof: Following Algorithm at the beginning of a
reconnection process, i.e., in the first look-ahead window
starting at tg, our method computes the initial TWA-MST
T*(to) over the interval [to, to + Ty]. By construction of the
time-window aggregated edge weights, it is guaranteed that at
least one edge in 7*(to) is scheduled to be triggered within

this window. In the worst case, such a triggering occurs at the
end of the window, i.e., at tg + T,.

Once an edge (v;,v;) is triggered, Theorem [10| guarantees
that the corresponding robot pair can be driven back into
the communication range within a bounded time 7). At
the next replanning instant ¢;, the algorithm recomputes a
new TWA-MST 7*(t;) based on the updated trajectories and
edge weights. By Lemma [5] any edge that has been realized
within a previous look-ahead window is guaranteed to remain
contained in all subsequent TWA-MST solutions. As a result,
all triggered edges are monotonically preserved across the
sequence {7 *(t;)} and are never removed or reselected in
future replanning steps.

Consequently, the scheduled TWA-MST evolves as a tree-
construction process: in each look-ahead window, at least one
new edge is triggered and added, while all previously realized
edges are retained. Although a new TWA-MST T*(t;) is
computed at each replanning time, all previously triggered
edges are retained in the evolving tree solely to guarantee time-
aggregated connectivity at the reconnection graph. Note that,
once an edge has been triggered and realized, it is not triggered
again within the same reconnection process. Instead, it remains
in the reconnection graph as a realized connection until the
current time-aggregated connectivity objective is achieved and
the process is reset. Since a minimum spanning tree over |V
nodes contains exactly |V| — 1 edges, the full tree is formed
after at most |V| — 1 look-ahead windows. Therefore, the time
required to achieve time-aggregated connectivity is bounded

by:
b3

(vi,v5)EEmst (to)

Since the final TWA-MST 7*(t;,) obtained after the tree
construction is formed within bounded time, the union graph
over the corresponding time interval contains this spanning
tree and is therefore connected.

In the current formulation, once a selected robot pair recon-
nects using the adaptive PT-CBF, the corresponding constraint
can be released, allowing the robots to resume their nominal
tasks. If sustained communication is required (e.g., to allow
sufficient information exchange for a longer time), the con-
straint can instead be enforced for a user-defined “stay” time
Titay- In this case, by Theorem the robots are guaranteed
to remain within the communication range during this period,
and time-aggregated connectivity is achieved within:

Ttree(tk) < (|V| - 1)(TW + Tstay) + Z

(vi,v5) EEmst (to)

Tivee(ty) < (V| = 1T + Ty

1]
T,

Note that, once time-aggregated connectivity of the multi-
robot is achieved , the Algorithm [I] can be reset and reapplied
to initiate a new reconnection process, enabling repeated
rounds of time-aggregated connectivity over the time horizon.
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