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Abstract— This paper applies the principles of fluid mechan-
ics to develop a new method for motion planning in contented
environments where multiple groups of agents want to reach
their target while guaranteeing inter-agent collision avoidance.
Assuming " groups of agents exist in the same motion space,
we propose a time-varying ideal fluid flow model to safely plan
the desired coordination of each group in the presence of other
groups that are considered singularity points in the fluid flow
field. To ensure that each group reaches its target destination,
we propose to define the desired trajectory of each group
along the streamlines of the fluid field but continuously direct
the streamlines toward the target destination. The proposed
solution, is experimentally evaluated by using quadruped robots
in an indoor robotic facility.

I. INTRODUCTION

Multi-robot systems, particularly those involving

quadruped robots, have gained significant attention in recent

years due to their potential applications in various domains,

such as search and rescue, exploration, and transportation.

One of the key challenges in deploying a team of quadruped

robots is ensuring collision-free motion while navigating

complex and dynamic environments. Traditional path

planning and collision avoidance techniques often struggle

to cope with multi-robot systems’ high-dimensional and

real-time constraints.

A. Related Work

The control and robotics communities have actively in-

vestigated multi-agent collision avoidance in the past few

decades. Control Barrier Function (CBF) is an available

method that has been widely accepted to ensure safety and

collision avoidance [1], [2]. CBF has been mainly applied to

control affine systems to describe the admissible Lipschitz

continuous controls that guarantee forward invariance over

a given safety zone. CBF designs the agent’s control inputs

such that the robot’s state always stays inside the acceptable

zone, which is defined by system dynamics in the CBF

workspace. In [1], CBF is experimentally evaluated by using

quadrotors and compared with artificial potential field [3], [4]

as another method for ensuring inter-agent collision avoid-

ance. In [5], CBF is applied to ensure safe and autonomous

coordination in an unknown environment.

LaValle’s seminal work on planning algorithms provides

a in depth survey of various path planning techniques; this

study was the early stages which now serves as foundational
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techniques for multi-robot navigation [6]. The sampling-

based algorithms developed by Karaman and Frazzoli have

demonstrated the capability of the robots in complex envi-

ronments, highlighting the robustness of these methods in

handling high-dimensional spaces. [7]. The implementation

of motion planning with dynamic obstacles in real time

navigation [8] by reif and Wang provides insights of its

challenges. Schwager proposed a framework which is close

to dynamic fluid flow-based navigation [9].

Recent studies have further developed the capabilities

of multi-robot control strategies. Kantaros and Zavlanos

have worked with reinforcement learning for multi-robotic

systems; this approach enhances the adaptability of hetero-

geneous robots in dynamic environments [10]. Cheng has

presented his work with deep learning of decentralised multi-

robot navigation in complex environments which had effi-

cient path planning [11]. The capacity of the multi-robots to

traverse safely in densely crowded regions was demonstrated

by Everett et al.’s work on collision avoidance utilizing deep

reinforcement learning [12]. Specially for the quadruped

robots, A broad research have been conducted to improve

the mobility and control through different environments .

Hutter introduced ANYmal, designed a quadruped robot

which has high mobility in rough environments , displaying

the improvements in the field [13]. The dynamic fluid-

flow approach for robotic swarms proposed by Dia Paola,

The theoretical approach that inspires the navigation model

in this paper [14]. A recent study by Yang focused on a

model predictive control for quadruped robots by improving

stability and agility [15].

B. Contributions

In this paper, we present a collision-free quadruped team

motion approach based on a dynamic fluid flow navigation

model. Inspired by analytical solution for ideal fluid flow

over multiple cylinders [16]–[19], we propose to consider

robots as particles in fluid flow with streamlines that safely

wrap obstacles. Particularly, we apply a dynamic ideal fluid

flow model where the potential and stream fields of the fluid

flow can be dynamically shaped to ensure that agents reach

their targets in a contested and obstacle-laden environments,

while gents are restricted to sliding along the streamlines at

any time.

Compared to the CBF approach [20]–[23], we propose a

novel model-free collision avoidance method that treats each

obstacle as a “rigid body” whose boundary is determined by

a streamline enclosing it. Therefore, boundaries enclosing

obstacles are not trespassed when desired trajectories are20
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defined along the streamlines generated by solving a Laplace

partial differential equation (PDE) over an obstacle-laden

motion space.

To validate the effectiveness of the proposed approach,

real-world experiments are conducted using quadruped

robots in the Scalable Move and Resilient Traversability

(SMART) lab. The Vicon motion capture providing real-time

position data plays a major role in keeping track of the robots

position and reducing the error between its current position

and desired position. These experiments analyze the systems

performance in maintaining collision-free navigation follow-

ing intended trajectories, despite the presence of obstacles

and dynamic interactions between the robots. Compared to

the existing literature and the authors’ previous work, this

paper offers the following novel contributions:

1) Development of a dynamic fluid flow navigation model

for multi-robot systems.

2) Implementing real-time control, under the fluid flow

guidance model, with Robot Operation System 2

(ROS2) for communication and coordination.

3) Validation of the model with real-world experiments

with multiple quadruped robots.

4) Demonstration of the systems effectiveness in main-

taining collision-free navigation by following the in-

tended trajectory.

C. Outline

The remainder of this paper is organized as follows:

Section II presents the proposed dynamic fluid flow navi-

gation model and its mathematical formulation. Section III

describes an overview of the system control. Section IV de-

scribes the simulation setup and experimental methodology.

Section V presents and discusses the results obtained from

simulations and real-world experiments. Finally, Section VI

concludes the paper and outlines future research directions.

II. METHODOLOGY

We consider < groups of agents identified by V1 through

V< moving in the same motion space. We use set M =

{1, · · · ,<} to define the agent identification numbers. To

abstractly specify our motion planning model, we use V;

to identify the quadrupeds that belong to ; ∈ M and V̄; to

define any other (stationary or dynamic) agent in the motion

space.

We apply the ideal fluid flow model to safely plan motion

ofV;’s agents in the presence of V̄;’s agents, for every ; ∈M.

We note that V̄; define both stationary and dynamic agents

where stationary agents can represent obstacles. More specif-

ically, we consider V;’s agents as particles of a dynamics

ideal fluid flow field that always slide along the streamlines,

where every other agent belonging to V̄; is considered a

singularity point and safely excluded by an streamline for

the fluid flow field.

To apply the fluid flow model, we define q; and k; over

the G − H plane as the potential and stream functions used

for modeling the motion of group ; ∈ M where both field

Fig. 1: Left: Motion space with streamlines shown by black

and potential lines shown by red. Right: q; −k; plane.

functions satisfy the Laplace partial differential equation:

m2q;

mG2
+
m2q;

mH2
= 0, ; ∈M, (1a)

m2k;

mG2
+
m2k;

mH2
= 0, ; ∈M . (1b)

By defining motion planning as an ideal fluid flow coordina-

tion, we indeed establish a mapping between the G− H plane

and q; − k; plane where obstacles in the where obstacles

in the motion space are mapped line segments that cannot

be crossed (see Fig. 1). Level curves q;-constant and k;-

constant are orthogonal at every intersection point in the G−H

plane.

In this paper, complex variable z = G + jH is used to

denote position in the motion space because we consider

coordination of quadruped robots over a 2-D plane. To be

more precise, we use the complex variable z8 = G8 + jH8 to

denote the desired position of agent 8 ∈ V; and zℎ = Gℎ + jHℎ
to denote the nominal position of agent ℎ ∈ V̄; , for ; ∈M. To

safely planV;’s agent motion, in the presence of V̄;’s agents,

we consider the following requirements for specifying q; and

k;:

1) Requirement 1: Every agent 8 ∈ V; must slide along

stream function k; .

2) Requirement 2: Every V̄; is considered as a singu-

larity point of ideal fluid flow field specified for group

; ∈M and safely enclosed by a level curve k-constant.

3) Requirement 3: The potential and stream field q;
and k; are dynamically shaped so that V;’s agents

ultimately reach their target positions.

To achieve Requirements 1, 2, and 3, we define q; and k;

as the real and imaginary part of analytic function

f
(

z8e
−j\; (C ) , C

)

= q; (G8 , H8 , \; (C), C) + jk; (G8 , H8 , \; (C), C)

= (1− V;) z8e
−j\; + V;

∑

ℎ∈V̄;

(

(

z8e
−j\; − zℎ (C)

)

+
Δ

2

ℎ

z8e−j\; − zℎ (C)

)

,

(2)

where V; ∈ {0,1} takes 0 if motion V̄;’s agents do not

influence the motion of V;’s agents, and 1 otherwise. Also,

parameter Δℎ is used to adjust the size of the domain en-

closing agent ℎ ∈V; , for ; ∈M. In addition, \; (C) establishes

the nominal motion direction of V;’s agents and updates the

stream lines to form the group ; ∈ M’s motion direction in
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the direction of their intended destination at any given time C.

Note that \; can be either constant or time-varying. Constant

\; is computed based on initial and target destinations of

V;’s agents. More specifically, we use Z0,; = -0,; + j.0,;

and Z 5 ,; = - 5 ,; + j. 5 ,; to denote the given initial and final

positions of every group ; ∈M and obtain constant \; by

\; = tan
−1

(

. 5 ,; −.0,;

- 5 ,; − -0,;

)

, ; ∈M, (3)

Time-varying \; is obtained based on the current and final

nominal positions of the V;’s agents by

\; (C) = tan
−1

(

. 5 ,; − H̄; (C)

- 5 ,; − Ḡ; (C)

)

, ; ∈M, (4)

where

Ḡ; (C) =
1

|V; |

∑

8∈V;

G8 (C), ; ∈M, (5a)

H̄; (C) =
1

|V; |

∑

8∈V;

H8 (C), ; ∈M . (5b)

We desire that V;’s agents slide along a streamline where

V̄;’s agents are the singularity points of the fluid flow field

and safely wrapped. Consequently, desired position of agent

8 ∈ V; is obtained by

G8 = 61 (q8; ,k8; , \; , C) , ∀8 ∈ V; , ; ∈M, (6a)

H8 = 62 (q8; ,k8; , \; , C) , ∀8 ∈ V; , ; ∈M, (6b)

where q8; = q; (G8 , H8 , \; (C), C) and k8; = k; (G8 , H8 , \; (C), C) de-

note the potential and stream coordinates of agent 8 ∈ V; , 61

and 62 are non-singular and map q; −k; to G− H plane given

\; and positions of V̄;’s agents. Also,

T̂8 =

[

mk; (G8 , H8 , \; , C)

mH
−
mk; (G8 , H8 , \; , C)

mG

])

, (7)

is the vector tangent specifying the motion direction of every

agent 8 ∈ V; . To obtain the desired trajectory of every agent

8 ∈ V; the sliding speed along streamline k8; = constant is

the same for every agent 8 ∈ V; (; ∈M). Therefore, potential

coordinate q8; is updated by

q8; (C:+1) = q8; (C:) + 3q; , ∀8 ∈ V; , ; ∈M, : = 1,2, · · · ,

(8)

where C: is discrte, time C:+1 = C: +ΔC, and ΔC is a constant

time increment.

Remark 1. Both time-varying potential and stream fields

obtained by (2) satisfy the Laplace PDE that implies that

m2q; (G8 , H8 , \; (C), C)

mG2

8

+
m2q; (G8 , H8 , \; (C), C)

mH2

8

= 0, ; ∈M,

(9a)
m2k; (G8 , H8 , \; (C), C)

mG2

8

+
m2k; (G8 , H8 , \; (C), C)

mH2

8

= 0, ; ∈M,

(9b)

for every 8 ∈ V; at any time C given any value of \; ∈ [0,2c).

In this paper, we experimentally evaluate the proposed

fluid flow coordination model by using quadruped agents

TABLE I: Design parameters for every agent group ; ∈ M

under different experiments

Experiment \; V; |M |

SGFE constant 0 1

SGOLE constant 1 1

CTVE time-varying 1 ≥ 1

under three scenarios that include Single Group Free En-

vironment (SGFE), Single Group Obstacle-Laden Environ-

ment (SGOLE), and Cooperative Time-Varying Environment

(CTVE). The properties of these experiments are listed in I.

Algorithm 1 Algorithm for dynamic fluid-flow coordination

of V;’s agents when V̄;’s are stationary, for ; ∈M.

1: Get: Initial and finial positions of every 8 ∈ V; and

nominal position of every agent ℎ ∈ V̄;; 3q;; Δℎ for every

ℎ ∈ V̄;; small n > 0; time increment ΔC.

2: Obtain \; by Eq. (3).

3: Obtain q8,; and k8; by Eq. (2) for every 8 ∈ V;

4: Set 2ℎ42: = 0 and : = 0.

5: Define time C: = 0.

6: while 2ℎ42: = 0 do

7: for 8 ∈ V; do

8: Obtain q8,; and k8; by Eq. (2).

9: q8,;← q8,; + 3q; .

10: Obtain G8 (C:) and H8 (C:) by (6a) and (6b).

11: end for

12: :← : +1.

13: C: ← C:−1 +ΔC.

14: Obtain G8 (C:) and H8 (C:) by (6a) and (6b).

15: Update Ḡ; (C:) and H̄; (C:) using Eq. (5).

16: if | (Ḡ; (C:) − -;) + j ( H̄; (C:) −.;) | ≤ n then

17: 2ℎ42:← 2ℎ42: +1.

18: end if

19: end while

For the SGFE experiment, no obstacle exists in the motion

space, therefore, V; = 0 and |M| = 1. We use \1 = \, q1 = q,

k1 =k,V1 =V to specify motion planning properties, where

the potential and streamlines, applied to plan motion of the

V’s agents, simplify to

q(G8 , H8 , \) = G8 cos\ + H8 sin\, 8 ∈ V, (10a)

k(G8 , H8 , \) = −G8 sin\ + H8 cos\, 8 ∈ V, (10b)

Note that \ is constant and obtained by Eq. (3) for the SGFE

experiment.

In the SGOLE experiment, V̄;’s agents are stationary;

therefore, zℎ is constant for every ℎ ∈ V̄; and ; ∈M, and con-

stant \; given by Eq. (3) is used at any time C. Additionally,

the fluid flow coordination’s potential and stream functions,

as determined by Eq. (2), are solely spatially-varying. For

SGOLE, we use Algorithm 1 to safely plan agents’ desired

trajectories.

In the CTVE experiment, we consider multiple groups of

agents that cooperatively plan their desired trajectories by
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shaping the stream lines allocated to every agent 8 ∈ V; so

that each group reaches the desired nominal final location,

where \; (C) is updated by Eq. (4) at any time C, for every

; ∈M. For CTVE, we apply Algorithm 2 to plan the desired

trajectories of all agents.

Algorithm 2 Algorithm for dynamic fluid-flow coordination

of V;’s agents when V̄;’s are stationary, for ; ∈M.

1: Get: Initial and finial positions of every 8 ∈ V; and

nominal position of every agent ℎ ∈ V̄;; 3q;; Δℎ for every

ℎ ∈ V̄;; small n > 0; time increment ΔC.

2: Set 2ℎ42:; = 0, for every ; ∈M, and : = 0.

3: Define time C: = 0.

4: for ; ∈M do

5: while 2ℎ42:; = 0 do

6: for 8 ∈ V; do

7: Obtain \; by Eq. (4).

8: Obtain q8,; and k8; by Eq. (2).

9: Updade q8,;← q8,; + 3q; .

10: Obtain G8 (C:) and H8 (C:) by (6a) and (6b).

11: end for

12: :← : +1.

13: C: ← C:−1 +ΔC.

14: Update Ḡ; and H̄; using Eq. (5).

15: if | (Ḡ; − -;) + j ( H̄; −.;) | ≤ n then

16: 2ℎ42:;← 2ℎ42:; +1.

17: end if

18: end while

19: end for

III. SYSTEM CONTROL

The Unitree Go1 is controlled using high level control

provided by Unitree SDK with ROS2 as the communication

protocol. The high level control involves executing a selected

movement method from a predefined array of movements

methods such as idle, stand up, walking, and recovery etc.

The use of ROS2 allows seamless communication between

the Go1 and other devices like Vicon for positioning that we

are using with the II, ensuring precise control and adjustment

of movements in real-time. The use of Vicon helps in serving

the quadrupeds with precise position and orientation.

We utilized a ROS2 node that manages the agent’s direc-

tion, speed, and movement method based on the way-points

generated by algorithm 1 and 2. By analyzing the current

position and the next way-points, it dynamically adjust the

robot’s high level parameters to ensure smooth and efficient

navigation.

IV. EXPERIMENTAL SETUP

The experiments were performed indoor experimental

space available at the SMART lab to conduct our experiment.

The overview of the experiment is illustrated in Fig. 2. The

experimental setup includes (i) two quadrupeds (ii) a motion

capture system (Vicon), and (iii) a ground control center are

described below.

Fig. 2: System overview

A. Unitree Go1 Robots

For the experiments, we utilized two Unitree Go1 robots

as they are robust and agile. Both the robots are equipped

with standard sensors and reflective markers to ensure precise

tracking by Vicon motion capture system. The integration of

ROS2 makes the communication and data handling seamless,

using ROS2’s Publishers and subscribers to manage high-

level commands (/HighCmd) and subscribe to positional

data from the Vicon system.

B. Vicon Motion Capture System

The Lab is equipped with an eight camera’s network to

maximise the tracking area and eliminate blind spots. Each

Unitree Go 1 is fitted with 4-6 markers, enabling accurate

observation of the position and orientation of the object.

The Vicon system data is transmitted to a ground system

computer(GCS). The gathered data is transferred to a Vicon

receiver through Ethernet for utilization.

C. Ground Control Station (GCS)

The ground control station utilizes the incoming vicon data

from the vicon computer and implements the methodology

(Section II) using algorithm 1 and 2. The GCS ensures real-

time control through active agent callback, updating the agent

positions and orientations, and adjusting their movement to

maintain the intended trajectory.

V. EXPERIMENTAL RESULTS

We experimentally validated our results by utilizing two

quadrupeds.The experiments were performed in the Scalable

Move and Resilient Transversality (SMART) Lab at the Uni-

versity of Arizona. The facility has an indoor operational area

measuring 5m × 5m × 2m equipped with 8 VICON motion

capture cameras. To ensure controlled testing conditions, we

confined the quadruped within this space.
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A. SGFE Experiment

For the SGFE experiment, as single group of quadruped

robots, defined by V = {1,2} moves in an obstacle-free

motion space when V̄ = ∅. Given initial and target location

of the quadruped robot team, shown in Fig. 4 the desired

paths of the two quadruped robots based on the potential and

stream fields obtained by Eq. 4. The actual and desired paths

of the quadruped robots are shown by dashed and continuous

plots in Fig. 4.

(a) (b)

(c) (d)

Fig. 3: Experiment 1 (SGFE): Configurations of the

Quadruped robots at different times.

B. SGOLE Experiment

For the SGOLE experiment, we defined a static obstacle

at (G, H) = (0,0). The goal of the experiment is to validate

the methodology outlined in Section II for static object. The

position and orientation of the groups and the object are

integrated into the algorithm with the help of the Vicon ROS2

wrapper and the Vicon software.

As shown in the Fig. 6, the implementation of the proposed

methodology(II) using algorithm 1, demonstrates that the

quadrupeds effectively avoid the object present in the motion

space. Fig. 5 illustrates the various configurations that the

agents go through to achieve the desired result.

C. CTVE Experiment

In the second experiment, group 1 treats group 2 as

an anomaly, and vice versa. The aim of this experiment

is to validate the methodology described in Section II for

dynamic objects. More specifically, we use V1 = {1} and

V2 = {2} to define the quadruped robots where V̄1 = V2

and V̄2 = V1. For safe motion planning of the quadruped

we use Algorithm 2 to receive the current position of both

the groups in real time using ROS2. In Fig. 8, we can see

that the agents avoid each other in the motion space without

colliding. This demonstrates that the methodology is effective

for both dynamic and static objects. Fig. 7 shows the different

configuration of the agents at various time interval.

Fig. 4: Desired and actual paths of the quadruped robots

in the SGFE experiment shown by dashed and continuous

curves.

(a) (b)

(c) (d)

Fig. 5: Experiment 2 (SGOLE): Configurations of the

Quadruped robots at different time

VI. CONCLUSION

In this work, we applied the principles of fluid flow to

develop a method for motion planning of multiple groups

in an obstacle-laden environment while avoiding each other.

The methodology presented in Section II was experimentally

validated at the SMART Lab of the University of Arizona

using quadrupeds for both stationary and dynamic objects.

For future work, we plan to incorporate object detection algo-

rithms for identifying objects and use the Global Positioning

System (GPS) for positioning instead of Vicon, as used in

this work. Specifically, we aim to use the Yolo Algorithm for

object identification and methods to identify other groups in

the motion space, while leveraging GPS for accurate outdoor

positioning.
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