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Abstract—Fleets of autonomous robots have been deployed
for exploration of unknown scenes for features of interest, e.g.,
subterranean exploration, reconnaissance, search and rescue
missions. During exploration, the robots may encounter un-
identified targets, blocked passages, interactive objects, tempo-
rary failure, or other unexpected events, all of which require
consistent human assistance with reliable communication for a
time period. This however can be particularly challenging if the
communication among the robots is severely restricted to only
close-range exchange via ad-hoc networks, especially in extreme
environments like caves and underground tunnels. This paper
presents a novel human-centric interactive exploration and
assistance framework called FlyKites, for multi-robot systems
under limited communication. It consists of three interleaved
components: (I) the distributed exploration and intermittent
communication (called the “spread mode”), where the robots
collaboratively explore the environment and exchange local data
among the fleet and with the operator; (II) the simultaneous
optimization of the relay topology, the operator path, and
the assignment of robots to relay roles (called the ‘relay
mode”), such that all requested assistance can be provided
with minimum delay; (III) the human-in-the-loop online ex-
ecution, where the robots switch between different roles and
interact with the operator adaptively. Extensive human-in-the-
loop simulations and hardware experiments are performed over
numerous challenging scenes.

I. INTRODUCTION

Exploration of unknown and hazardous scenes before
allowing humans inside is particularly suitable for robots. For
instances, fleets of UAVs and UGVs have been deployed to
explore planetary caves in [12], [21]; search and rescue after
earthquakes in [6]. Many collaborative exploration strategies
have been proposed along with the advances in autonomous
navigation and perception, e.g., [5], [11], [29], [18], [32].
They often assume an all-to-all communication among the
robots, i.e., instant map sharing among the robots and with
a static base station. However, this could be impractical
in many aforementioned scenes where the communication
facilities are unavailable or severely degraded. Namely, the
robots can only exchange information via ad-hoc networks
in close proximity. This imposes great challenges on the
fleet coordination as communication and exploration are now
closely dependent thus need to be jointly planned.

Moreover, the robots often encounter situations where they
need human assistance during the exploration process [17].
For instance, the planned passage might be too tight for
autonomous navigation, which requires the operator to drive
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Fig. 1: Top: the FlyKites system deployed for hardware
experiments. One robot explores the workspace, while two
robots in relay mode to transmit: (I) live video stream
from the end robot to the operator, and (II) tele-operation
from the operator to the end robot to open a door. Their
communication is fully distributed via ad-hoc networks, of
which the quality is predicted via a learned model. Bottom:
Three UGVs transit between exploration, intermittent com-
munication, return to the operator, and communication relay.

the robot manually [22]; the robot might encounter un-
identified targets that need human inspection [3]; some
objects might be interactive such as movable obstacles and
doors to push open, as shown in Fig. [} or the robots are
simply stuck and need human intervention. In these cases,
a reliable communication between the requested robot and
the operator is crucial for a period of time until the request
is resolved [13]. This however is particularly challenging to
fulfill, if the robots and the operator can only communicate
in close range in these extreme environments.

A. Related Work

Multi-robot exploration has been extensively studied in
the literature [2], [5], [11], [18], [30], [32]. These work
often assume that all robots can exchange information via
wireless communication perfectly and instantly at all time.
This is often impractical or infeasible without infrastructures
for communication already installed. As discussed in [7],
due to obstructions of obstacles in subterranean or indoor
structures, the inter-robot communication is severely limited
in range and bandwidth. To overcome this challenge, many
recent work can be found that combines on the planning for



of inter-robot communication and autonomous exploration.
The survey in [1] provides a quantitative comparison of
different communication-constrained exploration strategies,
including [20], [24]. Different intermittent communication
strategies have been proposed w.r.t. different performance
metrics [4], [8], [9], [14], [26], [28]. On the other hand,
all-time fully-connected networks are imposed in [24], [31]
by collaborative motion planning, and further in [15], [20]
by placing front and relay nodes. However, most these
works focuse one specific mode of communication, while
neglecting the online interaction with human operators.

Indeed, the human operator plays an indispensable role for
the operation of robotic fleets, despite of their autonomous
capability. In many aforementioned scenarios, not only the
operator should be aware of the system status but also di-
rectly assist certain procedures whenever necessary. Almost
all aforementioned work neglects this aspect and assume a
static base station for visualization, see [8], [12], [14], [19],
[25], [28], yielding a rather uniform behavior of the fleet. An
augmented-reality (AR) device is proposed in [23] to facili-
tate the human-fleet real-time interaction, which however re-
lies on high-bandwidth communication. The aforementioned
bilateral and online interactions remains largely unexplored
in the literature, i.e., how different communication modes
can enable these online interactions.

B. Our Method

To tackle these challenges, this work proposes a novel
framework FlyKites, for the online interaction and assistance
between the operator and the robotic fleet in unknown and
communication-constrained environments. In particular, a
generic collaborative exploration scheme is proposed for
multi-robot systems with intermittent communication (called
the “spread mode”), where the inter-robot communication
and frontier-based exploration are jointly planned between
pairs of robots. Then, to fulfill the robot requests for human
assistance during exploration, a hybrid optimization problem
is formulated to simultaneously optimize the relay topology,
the operator path and the associated assignment of robots
to relay roles, such that a reliable chain of communication
can be established between the operator and the requested
robot. Thus, the requested assistance can be provided with
minimum delay, thus called the “relay mode”. Finally, an
online strategy for human-in-the-loop execution is proposed,
where the robots switch between the exploration, communi-
cation and relay modes, according to the exploration progress
and the online interactions. Extensive human-in-the-loop
simulations and hardware experiments are performed over
numerous challenging scenes.

Main contributions of this work are two-fold: (I) a novel
and generic framework for the online interaction and as-
sistance between a dynamic operator and a robotic fleet
in unknown and communication-constrained environments;
) two different modes of simultaneous exploration and
communication, i.e., the spread mode and the relay mode,
and the transition strategy between them.

II. PROBLEM DESCRIPTION
A. Robots and Operator in Workspace

Consider a 2D workspace A < R2, of which its map
including the boundary, freespace and obstacles are all
unknown. A team of robots denoted by NV = {1,---, N}
is deployed by an operator to explore the workspace. Each
robot ¢ € AV is capable of simultaneous localization and map-
ping (SLAM) with collision avoidance. Denote by p;(t) € A
the 2D pose and M;(t) < A the local map of robot i at
time ¢ > 0. Similarly, the operator has a 2D pose py(¢) and
a local map M,,(t). For brevity, denote by Nt = N U {h}.
Moreover, the robots and the operator are equipped with a
communication module to exchange data locally as follows.

Definition 1 (Neighbors). Each robot ¢ € N'* (or the oper-
ator) can communicate with another neighboring robot j €
N (or the operator), if the communication quality between
them is above a threshold, i.e., Com;;(p;,p;, M;) > c. ¢
represents the minimum signal strength required for success-
ful communication in a specific environment, which can be
determined through experimental measurements. |

The neighbors of robot ¢ € A/ at time ¢ > 0 is denoted by
N;(t) € N't, which is symmetric and time-varying. Thus,
the behavior of each robot 7 € A is determined by its timed
sequence of navigation and communication events, i.e.,

Ui =c/pleipici -, (1
where ¢* £ (j, pij, [tm, (tm +T5;)]) is the communication
event with robot j € N;(t) at location p;; € A during the
time interval [¢,,, (¢ + T5;)]; the navigation path p* < A
contains the waypoints between these communication events.
Similarly, the behavior of the operator is denoted by I,
which however is not fully controllable.

B. Online Assistance via Human-robot Interaction

During exploration, the robots may encounter situations
that require human assistance, e.g., to identify a target, to
take over control inputs, to manipulate an interactive object,
or to resolve a temporary failure. Thus, a set of unknown
assistance tasks for the fleet is defined as follows:

q)£{¢1a¢27"',¢K}7 (2)

where ¢ = (pg, ik, Pk, Tk) represents the k-th assistance
task, which includes the location p;, € A, the robot i;, € N
requiring assistance, the priority p; > 0, and the minimum
required duration T}, > 0 for the task, Vk e L = {1,--- | K}.
Note that T}, is unknown and specified online by the operator.

Definition 2 (Condition for Assistance). An assistance
task ¢r € @ is accomplished at time t; > Ty, under
the following conditions: (I) robot ¢;, is at the location py,
with p;, (tx) = pg; (II) there exists a chain of neighboring
robots connecting robot 7; to the operator during the time
period [(tx — Tk), tk], i-e.,
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where i € N is the relay robot, V¢ € Ly, = {1,---, L}

with Ly, relay robots in total; and it € Nie (£), i), € N (2),

he N, (t), Ve Ly and Vt € [(ty, — Th), tr]. ]
k

In other words, the conditions for assistance require that
a consistent and reliable communication chain is established
between the robot that needs assistance and the operator,
which is often assumed iQ related work [5], [11], [18], [32].
For brevity, denote by I'(t) = ({I';(¢)},Tn(t)) the joint
behaviors of the robots and the operator by time ¢ > 0.
Then, T'(t) = ¢y if the joint behaviors satisfy the above
conditions for the assistance task ¢ € P.

C. Problem Statement

The overall problem is formalized as a constrained opti-
mization over the collaborative exploration and communica-
tion strategy over the fleet, i.e.,

min T
{r, T}

st. A< My (T); (4a)
L(T) = ¢x, You € ®; (4b)

where T > 0 is the total time when the complete map A
is known to the operator by (@a)), and all online requests for
assistance tasks are fulfilled by (D).

III. PROPOSED SOLUTION

The solution contains three main components: (I) the
distributed exploration and intermittent communication as
the fundamental building block of “spread mode”; (II) the
simultaneous optimization of the relay topology, the operator
path, and the assignment of robots to relay roles, to fulfill
the requested assistance, as the “relay mode”; and (III) the
human-in-the-loop online execution, where the robots switch
between different modes and interact with the operator.

A. Distributed Exploration and Intermittent Communication

1) Frontier-based  Exploration:  The frontier-based
method in [29] allows a robot to explore the environment by
repetitively reaching the frontiers on the boundaries between
the explored and unexplored areas of its local map. Namely,
given the local map M;(t) of robot i € N at time t > 0,
these boundaries can be identified via a Breadth-First-Search
(BFS), which are then clustered to a few frontiers by various
metrics [10]. Denote by F;(t) = {fx} the set of frontiers,
where each frontier fr € JdM,; is on the boundary 0M;.
Thus, F;(t) is empty if M;(t) is fully explored.

2) Intermittent Communication with Ring Topology: To
ensure that the information can be propagated among the
team and to the operator, the robots are required to meet
and communicate via intermittent communication during
exploration. As shown in Fig. [2] initially all robots are in
close proximity but follows a fixed ring topology. Namely,
each robot ¢ only communicates with its predecessor ¢ — 1
and successor i + 1, Vi = 2,--- (N — 1); robot N with
robots 1 and N —1; and robot 1 with robots N and 2. Without
the need for assistance, when robots ¢ and 7 communicate
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Fig. 2: The intermittent communication protocol with the
ring topology: pairwise communication events (blue) and
return events to the operator (yellow).

at a planned event ¢;; = (t;;,p;;) with time t;; > 0
and location p;; € M; n Mj;, they follow these steps: (I)
their local maps M; and M; are merged as the new local
map, i.e., M;; £ merge(M;, M;); (I) the frontiers F;;
within M;; is computed; (III) the “time and place” for their
next communication event is determined by the constrained
optimization problem:

(ti, 7)) = argmax {CZVRP((Ti, Tj),pjj,]-}j)}

() ) 5)

s.t. p;rj € Mij7 t;;- < iy + Th(tij);

where (p;;, t:;) is the next communication event to be opti-
mized; T; and 7 ; are the current local plans of robots ¢ and j,
including the their confirmed meeting events with other
robots; function C2VRP(-) stands for the constrained two-
vehicle routing problem to find the updated plans 7 and 7,
such that the robots can reach the maximum number of fron-
tiers in JF;;, while respecting the confirmed meeting events;
and pfj should be chosen within the merged map, while
the time t;rj should be within a specified window ’f’h(tij),
which is updated online as described in the sequel. In other
words, the robots should collaboratively determine the next
communication event, such that the exploration efficiency
can be maximized. The above problem can be solved either
optimally via a mixed-integer programming (MIP) solver, or
approximately by solving two traveling salesman problem
with time windows (TSPTW) in sequence; (IV) after ob-
taining the updated plans (7], T;_), they depart and do not
communicate until the confirmed communication event.

Remark 1. During exploration, it often occurs that robot 7
meets with another robot k£ on its way to the meeting event
with robot j, which is called a spontaneous meeting event.
In this case, they exchange their local data D; and Dy
without coordinating the next meeting event, such that the
communication topology G can be maintained, instead of
growing into a full graph. |

3) Latency-bounded Return to Human Operator: As pre-
viously discussed, it is imperative that the robots frequently
return to the operator to provide timely updates on explo-
ration progress, system status, and any potential assistance
requests. The robot designated for this task is referred to as
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Fig. 3: Mode transitions from the spread mode to the relay
mode (left), directly between two relay modes (middle), or
back to the spread mode (right).

the messenger. To this end, a latency Ty, is specified by the
operator, meaning that at least one robot should return to the
operator every T}. This can be enforced by maintaining an
estimated time stamp:

To(t) = T — t + max {#}}, (6)

where t} is the last time that robot ¢ returned to the
operator; and T3 (t) is the estimated time left for the next
return. Thus, durin& the intermittent communication by @
the time window T3 (t) is updated after exchanging {t!}.
Then, each robot checks if it can return immediately to
the operator and meet the latency requirement, after they
meet at the optimized event (p,t}). If not, it means that
one of them should return to the operator before their next
communication event. Since the preceding robot ¢ < j has
the latest data, it would return to the operator after its next
confirmed meeting event. This results in another confirmed
meeting event at p, and estimated time of arrival tf;, which
is appended to the local plan 7;. Consequently, the same
optimization problem (3)) is adopted given this updated plan
to determine the next communication event for robot ¢ and j.
Similar analyses can be found in our previous work [27].

B. Hybrid Optimization for Assistance Tasks

During online exploration, the robots may encounter sce-
narios where they need human assistance, as defined in (]Z[)
For each assistance task ¢ € @, the critical condition
for its accomplishment from Def. 2] is that there exists
a communication chain &, in (3) from robot i; to the
operator h, which is optimized in this part.

1) Relay Topology Optimization: To begin with, the relay
topology of the chain communication is optimized. namely
the positions of the relay robots. The collision-free shortest
path from p; to h in M;; from robot i, to the oper-
ator h is computed as p*. Then, starting from the first
anchor p{, = p*[k¢] where ¢ = 0, the next anchor p{*' =
p*[ke+1] is given by the largest index k¢y1 > k¢ such that
Com(pY, p*[ke+1], Mi;) > c holds. The above procedure
terminates when k;, = |p*|, namely the last anchor is the
operator pﬁ #*1 — 1. The resulting topology is denoted by py,
for the k-th assistance task.

2) Assignment of Relay Roles: Consider that Ly < N —
1, i.e., there are enough robots to form the relay chain. To
ensure that an assistance task can be accomplished as soon

Algorithm 1: Online Execution and Adaptation
Input : o.
Output: {T';}, M,.

1 while M, # A do

/* Spread Mode */
2 for neighbors (i,j) do
3 Compute M;; and F;;;
4 Update T',T';" by @);
5 if return event required by (6) then
6 ‘ Return to operator and update M,,, ®;
/+ Relay Mode */
7 if assistance ¢y, € ® known at the operator then
8 Compute assignment I1;,Z, 7 by ();
9 Robots 7 transit to the relay mode;
10 if ¢y is completed then
11 ‘ All robots transit back to the spread mode;

as possible, the succeeding L robots of the messenger in the
ring topology are assigned as relay robots, for they are the
earliest to finish their last meeting events. Denote by N} <
N the set of assigned robots. The problem is to determine the
optimal assignment II;, : px — A}, such that the time when
all assigned robots reach the anchor points is minimized, i.e.,

min { max {tiz + Tyav (pie (ti)7 pf)}}, @)
aes tely, k k
where Hk(p‘,;) = (if;, tﬁ), Ve = 1,---,Lyg; z'f; € Ny is
the robot assigned to the anchor point pﬁ; tf; is the time
when robot ij, navigates from its final meeting event py (t})
towards pi. The above problem resembles the linear bottle-
neck assignment problem (LBAP), where the objective is
to minimize the maximum cost of an agent-task assignment
(i.e., not the summation). It can be solved in a centralized
manner by the messenger, since it has obtained the planned
meeting events of all other robots due to the ring topology.
3) Operator’s movement: The operator may relocate
upon each messenger’s return to: (I) reduce relay robots
when Li > N — 1, by moving to an anchor point along
topology p; (II) shorten the messenger’s return by moving
in the main exploration direction, speeding exploration. The
messenger records and distributes the operator’s location.

C. Mode Transitions

Given the assignments, some relay robots must transition
between spread and relay modes. As shown in Fig. [3] this
section details the bilateral transition process.

1) Transition From Spread Mode to Relay Mode: Once
the relay topology and role assignments are set, the fleet
transitions to relay mode, following the same intermittent
communication protocol. The key challenge is ensuring the
remaining robots maintain the ring topology and continue
exploration in spread mode. Assume that robot i* € A

returns to the operator; Z £ ¢*ili?---i;* are the relay
robots; and J = j}j7---j.* are the remaining robots in

the spread mode, where L, = N — L — 1. Then, the



transition phase consists of three stages: (I) Each relay robot
it € T propagates the relay decisions to its succeeding robot
i ,jl, and then directly navigates to its assigned anchor point;
(I) Robot j; changes its preceding robot from zﬁ’“ to j,f’“,
and updates their next meeting event c(ji,j-*) by (3); (II)
This updated event is propagated among J and finally to
robot j ]f *, which changes its succeeding robot to j;. Through
this procedure, the robots in Z transit to the relay mode
for the assistance task, while the robots in J remain in the
spread mode for exploration.

2) Transition From Relay Mode to Spread Mode: Upon
completing the assistance task, relay robots transition back to
spread mode. This is triggered when the messenger returns
with updated data at ¢, > 0, obtains the remaining task
time t,, > 0 from the operator, and checks the condition:

o + b, + max {Thaw (Pho 03) } < max{tj}, (8

where ¢ and p; denote the last planned meeting time
and location by the robots in the spread mode. The above
condition ensures that any relay robot can reach at least
one planned communication event. Afterwards, the transi-
tion from relay mode to spread mode proceeds as follows:
(I) The earliest communication event c;» that satisfies (8)
is determined, with c;~4q being the subsequent event in
the spread mode. A collision-free path from pjx to pj«yq
is then computed as p;«; (II) Each relay robot 7 € Z
finds the nearest point p; € p;» and computes its arrival
time &; = t, + t, + Tyav(pi, pi)- Thus, the relay robots
are re-ordered by their arrival time to p;~ as dgiy---i1,;
(III) Each relay robot ¢, communicates with its predeces-
sor ig—1 at event c¢(iy_1,4¢) and with its successor ipi1
at event c¢(ig,4p41), V¢ = 1,---, Ly_1. Moreover, robot i
communicates with its predecessor j* at event c(j*,4¢) and
with its successor 7 at event c(ig,41); robot iy, communi-
cates with its predecessor i, , at event c(ir,_,,%r,) and
with its successor j* + 1 at event c(ir,,j* + 1). In this
way, robot iy, effectively replaces the original predecessor
of robot j* + 1. The communication events are then defined
as follows: c(i¢—1,%¢) = (ti,,Di,)> c(3*,10) = (tiy, Dio)> and
c(ir,,j* + 1) = ¢j»4+1. Through this procedure, the planned
communication events are updated, by which the robots in Z
can transit back to the spread mode.

D. Online Execution and Adaptation

As summarized in Algl[T] the execution alternates between
spread mode, return events, and relay mode. Initially, all
robots follow the spread mode for exploration and communi-
cation from Sec[llI-A] which governs inter-robot communi-
cation and return events. Upon receiving assistance requests,
relay topology and roles are optimized via the hybrid method
in Sec[lII-B] and assigned relay robots transition according
to Sec[llI-C] After completing a task, they return to spread
mode unless another task is queued, in which case they
navigate directly to the next without reverting. The operator
prioritizes tasks based on p; when multiple requests arrive.
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Fig. 4: Representative simulation results. Online interactions
between the operator and the fleet during three requests
(Top). Fully-explored cave and emporium with robots and
operator trajectories, where green dots indicate assistance
tasks and purple dots indicate relay robots.(Bottom).

IV. NUMERICAL EXPERIMENTS

For further validation, numerical simulations and hardware
experiments are presented in this section. The proposed
method is implemented in Python3 within the framework
of ROS, and tested on a computer with an Intel Core i7-
13700KF CPU. Simulation and experiment videos can be
found in the supplementary files.

A. System Description

The robotic fleet consists of 8 differential-driven UGVs,
which are simulated in the Stage simulator and visualized
in the Rviz interface. As shown in Fig. [d two different
workspaces are tested: (I) a large subterranean cave of size
65m x 57m with numerous tunnels; (II) a large emporium of
size 60m x 50m with many connected rooms. The occupancy
grid map [16] is adopted with a resolution of 0.1m and a
sensor range of 10m, generated via the gmapping SLAM
package. Each robot navigates using the navigation stack
move_base, with a maximum linear velocity of 0.6m/s
and angular velocity of 1.5rad/s. The operator could move
with a velocity of 0.3m/s. The robots and the operator start
initially from the bottom-left corner of the map.

Moreover, two robots can only communicate if they have
a line of sight (LOS) and are within a range of 5m, the
same between robots and the operator. The periodic update
by Ti, to the operator is set to 60s. As shown in Fig.
five (Cave) or four (Emporium) assistance tasks are initially
unknown, and discovered by robots gradually. Lastly, the
operator interacts with the robotic fleet through the terminal
and a customized GUI in Rviz.

B. Simulation Results

1) Subterranean Cave: As shown in Fig. [5} the fleet
fully explores the 1903 square meters within 1498s, while
the operator receives the full map in 1571s. Moreover,
during exploration, five assistance tasks are received and
completed, the last of which at 1548s. Assistance task stages
are recorded as in Fig.[5} 77 : time from discovery to operator
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Fig. 5: Progress of exploration and task fulfillment by 8
robots in the cave environment. Participants of five stages of
each assistance task are indicated by filled dots; the map of
the operator M,, follows the union of robot maps M,1;.

reception; T5: operator interaction; 75: transition from spread
mode to relay mode; T}y: task execution via chain (7}); T5:
transition from relay mode to spread mode. Fig. 4] shows the
T3 of Task 1, the T5 of Task 3, the directly transition in relay
mode from Task 5 to 4. Note that the participants of each
assistance task are different and several tasks are fulfilled in
parallel. It is worth emphasizing that the average transition
time (including from and back to spread mode) for all tasks
is around 130.8s. Lastly, via the proposed scheme of direct
transition among assistance tasks, robots 3-7 transit from
Task 2 to 3 within only 32s, which is significantly shorter
than the average duration of 64s. Similar phenomenon occurs
during the concurrent execution of Tasks 4 and 5.

2) Emporium: For the emporium environment, the struc-
ture of map is more complicated for exploring, as shown
in Fig. @] in total four assistance tasks are imposed and
completed in 1536s. Tasks 1 and 2 are completed via direct
transition at 474s, with a transition time of 40s. Tasks 3 and 4
are completed at 1020s and 1500s, respectively. In tasks 3
and 4, the operator choose to move along the relay topology,
reducing the number of relay robots by 2 and 5, respectively,
allowing more robots to continue exploring the map. Finally,
the fleet fully explores the 1737 square meters within 1591s,
and the complete map is obtained by the operator at 1620s.

C. Comparison

The proposed framework FlyKites is compared against
four baselines: (I) SEP separates exploration and task exe-
cution, handling all requests post-exploration; (II) OP-DM,
where operator directly moves to the requests without a
chain; (III) OP-STA, where the operator stays static; and
(IV) NO-DT, where the direct transition among tasks is not
allowed. The compared metrics are the completion rate and
time of all tasks, and the average and maximum latency of
all tasks, where task latency refers to the duration of time
between observing a task and finishing it.

Table [ summarizes the results of multiple simulation runs.
It can be seen that FlyKites achieves the best performance
over all baselines for all metrics. Although SEP completes
tasks with only slightly longer time than FlyKites, it suffers
from much larger task latency due to separation of explo-
ration and task execution. Without the proposed chain of
communication, the completion time of OP-DM is almost
twice that of ours (3105s vs. 1571s). Note that NO-DT has
also a long time (2792s), as significant time is spent on mode

TABLE I: Comparison with Baselines.

Method Tas!( Comp- Ij‘inish Avg. Task  Max. Task
letion [%] Time [s] Latency [s] Latency [s]
FlyKites 100 1571 303.6 465.0
SEP 100 1647 894.0 1055.0
OP-DM 100 3105 423.6 743.0
OP-STA 60 \ o o0
NO-DT 100 2792 425.6 676.0
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Fig. 6: Hardware experiments where the operator interacts
online with the fleet via a tablet and ad-hoc communication
network. A communication chain is formed for the second
task via three UGVs for video stream and tele-operation.

transition when there are multiple tasks. Lastly, if operator
stays static as in OP-STA, only 60% tasks can be handled
due to the inadequate number of robots to form a chain for
Tasks 4 and 5. In contrast, our method requires the minimal
duration to accomplish all tasks with the minimum latency.

D. Hardware Experiments

As shown in Fig. [T] and [6] an operator deploys 3 ground
robots to explore an office environment of size 35m x 20m,
and interacts with the fleet with a tablet. Each robot and
the operator are equipped with an ad-hoc network device for
close-range communication (AP-DLINK1402A). The office
is fully explored at 107s, after which two robots explore the
corridor and the third one returns to operator. A communica-
tion chain of three robots is then formed at 294s, for which
the operator moves along the chain to reduce the number of
relays from 4 to 3. Then, the operator controls the end robot
to (I) inspect a room; and (II) push the door of another room
to fully explore the environment. Finally, the two requests
are accomplished at 523s. It is worth noting that via the live
video stream from the end robot, the operator can control it
smoothly and safely without direct line of sight.

V. CONCLUSION

This work proposes a novel and generic framework (Fly-
Kites) for the online interaction and assistance between
a dynamic operator and a robotic fleet in unknown and
communication-constrained environments. Future work will
focus on the integration with other collaborative tasks besides
exploration, e.g., search and rescue.
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