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I. INTRODUCTION

The underwater area that humans can explore by direct diving is extremely limited due to high water pressure, lack of light, temperature, pollution, and various external factors [START_REF] Melamed | Medical problems associated with underwater diving[END_REF]. Exploration robots are thus used to collect information or perform operations in areas that are difficult to access. ROVs are notably used for deep oceanographic exploration [START_REF] Nornes | Motion Control of ROVs for Mapping of Steep Underwater Walls[END_REF], mining [START_REF] Martins | Eva a hybrid rov/auv for underwater mining operations support[END_REF], oil extraction [START_REF] Martins | Eva a hybrid rov/auv for underwater mining operations support[END_REF] or the maintenance of underwater infrastructures or archaeological site [START_REF] Bruno | A rov for supporting the planned maintenance in underwater archaeological sites[END_REF]. The underwater umbilicals that connect them to a control unit or a Human-Machine interface provide immediate video/sensors feedback to operators.

Sometimes, a single robot is not enough, and multi-robot systems composed of several ROVs and/or other underwater robots are used. They allow to collect information or to perform operations on a larger area, using specifies of each robots to perform different operations simultaneously. For example, observation robots equipped with several observation and measurement devices (camera, sonar, acoustic sensor, etc...) can be deployed to cooperate with intervention ROVs using manipulator arms [START_REF] Khatib | Ocean one: A robotic avatar for oceanic discovery[END_REF], [START_REF] Kim | Simulation and feasibility test of mini-rovs with auv for the manipulation purpose[END_REF], [START_REF] Sharoni | Cooperation between autonomous marine platforms[END_REF], [START_REF] Tortorici | Towards active self-management of umbilical linking rov and usv for safer submarine missions[END_REF]. [START_REF] Kim | Simulation and feasibility test of mini-rovs with auv for the manipulation purpose[END_REF] describes a group of cooperative mini-ROV specialized in underwater manipulation, located by a main AUV using sonar imagery. The performance of the mini-ROV's manipulation through sophisticate object such as a ghost net was achieved in an indoor water tank. In [START_REF] Brown | Cooperative underwater survey with an l3harris iver uuv and strategic robotic systems fusion rov[END_REF], an heterogeneous fleet using a ROV and an Unmanned Underwater Vehicle (UUV) is used to efficiently detect and analyze targets of interest in a large search area. The UUV detects and locates potential targets over a large area, then transmits their coordinates to the ROV which 1 ENSTA-Bretagne; sam.prouten@gmail.com 2 ENSTA-Bretagne; sabatier.hugo21@gmail.com 3 ENSTA-Bretagne; enzoloid.essono@gmail.com 4 ENSTA-Bretagne; martingounabou@gmail.com 5 Lab-STICC CNRS; christophe.viel@gadz.org goes on site to scan them with high-resolution sensors. In [START_REF] Sharoni | Cooperation between autonomous marine platforms[END_REF], two scanning algorithms using different underwater robots are proposed to scan a large area, dividing the task between them. The algorithms can deal with the dysfunction of one vehicle or communication problems using the task redundancy. However, in most common dives with multiple machines, at least the same number of operators is still often needed to pilot them. In [START_REF] Khatib | Ocean one: A robotic avatar for oceanic discovery[END_REF] for example, a underwater humanoid is guided by a human operator to extract archaeological item while a second ROV controlled by an operator records and lightens it. Same drawback in [START_REF] Creuze | Monocular odometry for underwater vehicles with online estimation of the scale factor[END_REF] with two ROVs.

Assistive tasks performed by some ROVs could be automated. [START_REF] Teigland | Operator focused automation of rov operations[END_REF] identifies a series of high level tasks in ROV operations that could be executed autonomously: manipulator operation, ROV navigation and station keeping, docking, and tether management. Manipulator operation is studied in [START_REF] Pi | Twinbot: Autonomous underwater cooperative transportation[END_REF], where a pair of underwater robots transport heavy item such as long pipe while optimizing the load and the stress on the ROVs' manipulators. In [START_REF] Tortorici | Towards active self-management of umbilical linking rov and usv for safer submarine missions[END_REF], an ROV and an USV (Unmanned Surface Vehicle) cooperate to manage the ROV's tether: the ROV explores the seafloor while the USV provides it with the GPS position and keeps its tether stretched to avoid entanglement between it and a natural obstacle. [START_REF] Zhao | Rov launch and recovery from an unmanned autonomous surface vessel-hydrodynamic modelling and system integration[END_REF] exposes the docking of an autonomous ROV to an ROV/ASV (Autonomous Surface Vehicles) system: the ASV/ROV system can perform the launch, holding and recovery tasks meeting stability for the given winch power requirements.

As cameras are a cheap sensors already present in most ROVs, several works use them to automate ROV displacement. [START_REF] Trslic | Vision based autonomous docking for work class rovs[END_REF] presents an autonomous static and dynamic docking station in a conventional TMS (Tether Management System) cage for an industry ROV. A visual-based approach estimates the relative position between the ROV and the TMS cage to guide it inside. [START_REF] Zhou | Autonomous fish tracking by rov using monocular camera[END_REF] describes an automated ROV fish tracking system using visual servo control. An efficient image processing algorithm is proposed to extract the relative position of a fish from a camera image. [START_REF] Creuze | Monocular odometry for underwater vehicles with online estimation of the scale factor[END_REF] also proposes a visual odometry method for underwater vehicles, based on images captured by a monocular video camera and assisted by a low-cost IMU and a pressure sensor. The method is limited in computational resources, allowing it to run fast and to be embedded on very small vehicles.

In order to automate the assistance tasks of an ROV, this paper proposes an automation of the position and movement of an ROV said "assistant" providing remote lighting and vision feedback of a second ROV said "worker" controlled by an operator. A vision-based approach is proposed to obtain a lowcost solution without additional sensor, simple to implement and adapt for several type of ROVs. The ROV assistant keeps the ROV worker in the center of its camera and makes translation movements to place itself in the desired orientation with the ROV worker while maintaining a stable distance with it. The ROV worker is tracked using a colored buoy attached to the ROV, detected first by HSV algorithm and then by a tracking algorithm in real time. ROV displacements are calculated using the position of the buoy in the image, and communication between the two ROVs allows the ROV assistant to be placed according to the orientation of the ROV worker. The umbilicals are taut using sliding buoys and ballasts to keep them in different workspace and so avoid entanglement. The method have been implemented and tested for BlueROVs. The codes are available on GitHub.

Notations and hypothesis are described in Section II-A. The Section II-B exposes a summary of the solution. The detection and tracking of the ROV worker's position is described in Section III. Controls of the ROV assistant are defined in Section IV. Methods of umbilical management are proposed in Section V. Experimentation performed, results and limits of the method are presented in Section VI. Section VII concludes the works and provides perspective of improvement.

II. SYSTEM AND PROBLEMATIC

A. Notations and hypothesis

In this work, an ROV assistant R a is to provide remote lighting and vision feedback of the work area to a second ROV worker R w . Let X r , Y r , Z r be the global referential where X r corresponds to the north, Y r corresponds to the east, and Z r is the vertical axis is oriented towards the ground, such Z r = 0 corresponds to the sea level and Z 1 > Z 2 means Z 1 is deeper than Z 2 . Let X, Y , Z be the referential of the ROV assistant, where X is the direction front the ROV, Y the lateral direction and Z the vertical direction, unchanged with the global referential. One has X = cos (θ) X r + sin (θ) Y r , Y = cos (θ) Y r -sin (θ) X r and Z = Z r . Let θ a and θ w be respectively the heading of R a and R w , with the north as reference. Let's d be the distance between the two ROVs. Both ROVs have access to the following information:

• θ a /θ w can be measured by R a /R w using for example a compass,

• Z a /Z w is the depth of R a /R w and can be measured by the R a /R w using for example a pressure sensor. In addition, the ROV assistant R a has accessed to the following information:

• The orientation θ w measured by R w can be transmitted via a communication between the ROVs using theirs umbilicals, • its roll angle φ a measured by an IMU for example,

• The image of an RGB camera oriented in direction X. Consider alsoR a already has a low-level control allowing it to driven directly in translation on the axes X, Y , Z and in rotation θ around the axis Z. The ROV is also balanced such that its stable position is horizontal. Assume, however, that there is not location sysem for any of the ROVs, global or relative, and the distance d is unknown.

Note that the method proposed in this paper is visionbased, so the absence of underwater visibility may render the method obsolete. However, the main objective of the proposed approach is to provide light and video feedback to the ROV worker: if the environment conditions induce too low visibility for the proper functioning of the method, then deploying an ROV assistant for video feedback is useless.

B. Summary of the solution

The objective of this paper is to automate the position and movement of R a so that it maintains a stable distance d s and a desired relative orientation ∆θ wa with R w , see Figure 1. The solution proposed here is almost entirely vision-based, divided into several steps:

• Locate R w using HSV detection and vision tracking the using camera, as described in Section III-A and III-B. • Keep R w in the center of the camera field by controlling the heading θ a and depth Z a of R a , see Section IV-A.

• Position R a relative to R w according to θ w so as to always provide the light/view with the chosen relative orientation offset ∆θ wa . The position is controlled by performing lateral translation in Y while maintaining R w in the center of the camera's field until obtaining θ a = θ w + ∆θ wa , see Section IV-B. • Maintain a stable distance d s between the two ROVs to avoid collision while R a not loses sight of R w . This distance will be controlled by using the forward translation in X, see Section IV-B. • Avoid ROVs' tethers to make an entanglement by keeping them in different areas using sliding buoy and ballast, see Section V. If ∆θ wa = 0, R a remains behind R w with the same orientation. If ∆θ wa = π the two ROVs remain face to face. In this paper, the distance d is evaluated using only the camera in an approximate way, only to maintain a stable but not chosen distance: an improvement will be discussed in Section VI-F.

III. ROV DETECTION AND TRACKING

To easily detect the ROV in an underwater environment where blue, green and black are predominant, an orange/red buoy is attached to the ROV worker, see Figure 2. This buoy is first detected by a segmentation system as described in Section III-A, then tracked on the image using a tracking algorithm described in Section III-B.

A. Detection buoy using HSV vision

To detect the orange buoy on the ROV worker, an algorithm based on HSV vision is performed. OpenCV2 tools are used to perform the following operations. The image received from the ROV assistant camera is first filter to blur it and so smooth the details. Then, a color HSV filter is applied to keep only the buoy's color of the image, following by an erosion and dilatation masks to remove small particles: one obtains a mask of the image with the pixels in the selected color in white and the others in black. From this mask, the contours of the detected shapes are calculated. Note that since a buoy is a sphere, a circular contour is sought. If at least one contour is detected, the largest contour is kept. Then, two parameters are evaluated:

• the smallest radius R including its contour,

• the proportion of white pixels in this circle P . If R and P are larger than minimum values R min and P min , the algorithm returns the coordinate (y det , z det ) ∈ [-1, 1]

2 and the radius R of the box including the buoy in the image. If no contour is detected or R or P are too small, the algorithm stops and returns that there is no detection. The test of the minimum value of R and P are used to avoid false detection due to light reflection or chromatic aberration. Based on the orientation (X, Y, Z) when the ROV has not pitch or roll, y det and z det correspond respectively to the horizontal and vertical axis on the image. Note x det corresponds to the distance between the buoy and the ROV assistant, not use here. y det = 1 means the center of the box is on the right edge of the image and y det = -1 to the left edge. In the same way, z det = -1 means the center of the box is at the bottom of the image and y det = 1 at the top.

The proposed method is described in Algorithm 1, taking as input the camera image, the lower and upper bounds of the target color in HSV color space, the minimum size of the target radius R min in pixels, and the minimum proportion of the target color pixels P min in the smaller enclosing circle. The functions used inside the Algorithm 1 are described in Appendix A. 

B. Buoy tracking

Once the buoy has been detected a first time by the algorithm described in Section III-A, its position in the image must be tracked in the time. For this, two options are available:

• Use the detection algorithm for each new image,

• Use a tracking algorithm to follow the buoy found in the first image. Main inconvenient of the detection algorithm is that it is generally computationally heavy. Moreover, if the first detection can be easily performed by putting the two ROVs close together, underwater distance and changing light conditions can alter the color of the buoy and thus lead to the loss of the target. To avoid this problem and obtain a lower computation time, the use of a tracking algorithm was preferred. Note also that a tracker can follow a target in an image with several objects that look like it and retain its identity where a detection algorithm will simply return a set of rectangles without distinguishing each object.

Here, a tracker CSRT [START_REF] Lukezic | Discriminative correlation filter with channel and spatial reliability[END_REF] is used and initialized using the first box detected by the Algorithm 1. From this image, the tracker trains a set of filters and gives them a weight that will allow to extract discriminating features from the image patch. Once the filters and weight are trained, the tracker applies them to the next image and searches for the most correlated region Fig. 3: Illustration of the tracker method [START_REF] Lukezic | Discriminative correlation filter with channel and spatial reliability[END_REF] with the previous training image. The part of the image the most similar to the previous buoy detection is then selected as the new position of the buoy and the new box of reference. From this new box, new filters and weight are trained for detection in the next image, and so on (see Figure 3). The main advantage of this approach is that the buoy can still be detected when its colors are progressively alternated by the distance and light conditions: the new box is slightly different from the old one, allowing for example a progressive change from an orange to a gray buoy (see Figure 4).

In case the tracker losses its target, the detection algorithm exposed in Section III-A takes over and continuously searches for the buoy until it finds it again.

C. Distance estimation

The tracking algorithm exposed in Section III-B provides the position, center, height and size of the target as a bounding box. In the current configuration with a single camera and a single buoy to be detected, this information is not sufficient to obtain an accurate distance estimate, specifically when the two ROVs are distant, due to the pixel resolution and distortions of the underwater camera. However, it is enough to provide a stabilization of d at an unknown but fixed distance d s using the height h (or the size w) of the tracked box by keeping it at a constant size. Parameters h and w are taken between 0 and 1 (0 if the target is point, 1 if the target covers the whole image). An arbitrary distance d without unity is so defined

d = -ln (h) (1) 
so that the size of the object varies little when it is far but strongly when it is close. By trying to keep d constant, a control of the distance on axis X is possible.

Using the detection of the location of R w in the camera image of R a , we can now define a control of R a to keep this target in the center of the image.

IV. ROV ASSISTANT CONTROL

To position R a relatively to R w , R a needs a control of
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Fig. 4: Evolution of the buoy's color with the distance in a turbid water at the lake Guerledan (France). In the first three images, the buoy becomes darker with the distance. In the last image, the buoy is brighter due to the ROV's lights. However, by using only the first image for the HSV detection, tracking algorithm allows to keep the buoy detected in all conditions.

1) its heading θ a and depth Z a to keep the buoy in the center of the camera field, call it "tracking control", 2) its position such respecting a designed distance d s and angular orientation ∆θ wa between R w and R a , call it "position control". Remind that R a has already a low-level control allowing it to be piloted it directly in translation on axis X, Y , Z and in rotation θ about axis Z: let's define u X , u Y , u Z and u θ the associated controls. These controllers are only based on visual control and don't require any knowledge of the robot dynamics. Moreover, each controller is independent of the other and only influences the robot motion along one axis.

Remark 1: The "tracking control" can be used alone as a mission: R a becomes a camera that orients itself to film R w and never lose it without changing its position in Xand Y . No communication between R a and R w are required.

Remark 2: In absence of communication between the two ROVs, θ w = 0 can be taken, i.e. the reference θ w becomes north. Thus, ∆θ wa becomes an global angular orientation, and the "position control" becomes a "follow mode" where R a follows R w without adapt its orientation in function of R w orientation.

A. Tracking control

Once the target is tracked by the camera, (y det , z det ) are available and a visual control is performed to keep the target constantly at the center of the image, i.e. (y det , z det ) close to (0, 0). Since the camera is affected by the roll, and so (y det , z det ), the roll angle φ a is used in the control to try to keep the ROV as level as possible. The desired orientation θ d and depth Z d are defined as follow

θ d = θ a + k y • y det cos (φ a ) (2) Z d = Z a -k z z det cos (φ a ) (3) 
with k y > 0 and k z > 0 design parameters. In case where the target is lost at an instant t * , R a follows (y det , z det ) for another 2s to try to find R w . If after 2s R w is still lost, one takes

(θ d , Z d ) = (θ a (t m ) , Z a (t m )) with t m = max ([t * + 2s, t * * ])
where t * * is the last instant where an operator pilots R a : the ROV maintains the last heading/depth received. From (θ d , Z d ), the inputs u θ and u Z can be expressed as

u θ = k p,θ • tanh (k h,θ sawtooth (ε θ )) + k d,θ • εθ + k i,θ E θ (4) u Z = k p,z tanh (k h,z ε Z ) + k d,z • εZ + k i,z E Z (5) with k p,θ > 0, k d,θ > 0, k h,θ > 0, k i,θ > 0, k p,z > 0, k d,z > 0, k h,z > 0, k i,z > 0 design parameters, the errors ε θ = θ a -θ d and ε Z = Z -Z d
, εθ and εZ their derivatives, E θ and E Z the integration of the errors, and sawtooth (x) = mod ((x + π) , 2π) -π with mod (x, y) the modulo of x by y. Remark 3: Since the control keeps the buoy at the center of the camera field, the camera tilt can be used to create a depth offset between the two ROVs.

B. Position control 1) Control of angular position using lateral translation Ỹ:

To position R a relative toR w , since the rotation control u θ is already used to center the camera on the buoy, positioning is performed using lateral translation in Y , i.e. u Y . The combination of u θ and u Y results in a circular displacement around R w . u Y can be expressed as follow

u Y = -k p,y tanh (k h,y sawtooth(∆θ wa + θ w -θ a )) (6) 
with ∆θ wa the chosen relative orientation offset and k p,y > 0, k h,y > 0 design parameters.

2) Control of the distance d on X : As previously exposed in Section III-C, the distance inter-ROVs d can be maintain fixed distance using translation on X to keep the detection box at a constant size: d s and εd its derivative, where d is evaluated using (1) and d s is a desired constant distance to maintain, based on the same calculation that d. In our implementation, the value of d s is chosen by the operator using a button on the gamepad that increases or decreases its value until the operator consider the distance inter-ROV acceptable. Perspective of improvement will be discussed in Section VI-F.

u X = k p,d tanh (k h,d ε d ) + k d εd (7) with k p,d > 0, k h,d > 0, k d > 0 design parameters, ε d = d -

V. UMBILICAL MANAGEMENT

As R a performs circular trajectories around R w , the risk of entanglement between the umbilicals od the two ROVs is particularly important. To manage this problem, the umbilicals are equipped of ballasts and buoy inspired by strategies developed in [START_REF] Viel | Self-management of the umbilical of a rov for underwater exploration[END_REF] to keep them in separate areas. Two configurations are proposed, illustrated in Figure 5.

A ballast/buoy is said "fixed" if it is placed a a fixed distance on the umbilical, and "sliding" if it can move freely on it (using for example a pulley). An anchor is supposed immobile because it is heavy enough that the actions of the ballasts, buoy and ROV neglected relative to its weight. Let's note U a and U w the umbilicals of R a and R w . a) A) opposite configuration: This configuration proposes to make U a floating and U w diving to perfectly separated them in two working spaces, as illustrated on Figure 5(a). U a is divided in two parts: a first part OA between the boat O and the anchor A of length l 0 , the second AR a between the anchor and the ROV R a of length L a . Similarly, U w is divided in two parts with the same first part OA and a second part AR w of length L w . A sliding buoy B moves freely on L a and sliding ballast M on L w . To guarantee R a can follow R w , L a must be longer than L w , i.e. L a > L w . Moreover, to guarantee the buoy/ballast not reaches the surface/seafloor, the conditions L a < l 0 and L w + l 0 < Z floor must be respected, where Z floor is the seafloor dept. The main advantage of this configuration is that it keeps U a and U w perfectly separate since R a remains higher or at the same level as R w , with no risk of collision or entanglement between them. The disadvantage is that ROVs cannot explore close to the seafloor or the surface because of the ballast and buoy. Note that ∆θ wa = π is only possible if L a is longer than L w . b) B) transposed configuration: To explore the seafloor or the surface, the configuration of U a or U w proposed in case A is used for both umbilicals but transposed so that either U a remains higher/lower than U w or their origins are different. Figure 5(b) illustrates the proposed method using buoys to explore seafloor, but the opposite configuration can be obtained by using ballast to explore surface.

In the configuration on the left of the Figure 5(b), the cable l 0a is smaller than l 0w and an additional buoy B a has replaced the position of R a : R a is transposed using a cable h = B a R a of length h ≥ l 0w -l 0a . Buoy B a must be taken much stronger than the buoy B a to keep h as vertical as possible. The disadvantage of this configuration is that R a cannot be directly behind R w and must keep one side to stay, i.e. ∆θ wa must be restrained to ]0, π] or [-π, 0[to avoid entanglement.

Another solution shown on the right of Figure 5(b) is to move the origin O a of U a to the boat or to another. Again, this configuration restricts ∆θ wa to the left or right side of R w , or to stay in front of it in the interval -π, -π 2 ∪ π 2 , π . 

VI. EXPERIMENTAL TESTS

A. Materials and implementation

The proposed method has been implemented on two BlueROV21 configuration "heavy", see Figure 6. The BlueROVs are controlled using the package MAVROS2 of the middle-ware ROS. To keep the default configuration of the BlueROV and MAVROS, two computers have been used link by an Ethernet cable. The complete code can be found on https://github.com/cviel/Autonomous-ROV-assistantproviding-remote-lighting-and-vision-to-operated-ROV.git.

Tests have been performed with an orange buoy and a red buoy, with similar results. BlueROV dimensions are length=457mm, width= 338mm, height=254mm. The BlueROV has been left slightly floating for safety reasons. The following values are taken: 

k y = -1, k z = 1, k p,θ = 100, k d,θ = 40, k h,θ = 1.5, k i,θ = 2, k p,y = 200, k h,y = 2, k p,d = 150, k d = 30, k h,d = 3, k p,z = 200, k d,z = 20, k h,z = 1, k i,z = 60.

B. Test of tracking control

In this section, only the tracking control exposed in Section IV-A is considered: R a adapts its orientation and its depth to keep R w in the center of the camera, without trying to respect a target orientation or distance. Since not relative orientation offset ∆θ wa is defined here, the colored buoy is the only requirement to track R w or and other item. We measured E Z = 0.19m and E θ = 10 • . Results are illustrated in Figure 7. A video of the experiment with R a camera can be found at https://youtu.be/r4fTxTSSMXc.

C. Test of position control

In this section, the tracking and position control exposed in Section IV are considered. Two tests were performed with and without the control of orientation, shown in Figures 8b and8a. ROVs tried to maintain a distance around d = 1.2 between each other. When the orientation control was activated, a relative orientation offset ∆θ wa = π was chosen such that the two ROVs faced each other. Videos of the two experiments with R a camera can be found at https://youtu.be/z1tf8q6i6n4 and https://youtu.be/R2jINV-0N8c.

During tests where the orientation control was activated, R a followed R w in all this displacement, following the same translation movements. We obtained E Z = 0.172m, E θ = 8.36 • and E d = 0.06. Without the orientation control, R a adapted its orientation and its depth to keep R w in the center of the camera and approached or moved away to not lose sight of R w . We obtained E Z = 0.214m, E θ = 6.68 • and E d = 0.1.

D. Test at sea: follow control mode

For the experiments at sea, we chose not to consider the current orientation of R w but to take θ w = 0 for the calculations. As R w frequently changed its orientation to observe small detail in the environment, this choice was made so that R a would follow R w without having a jerky motion uncomfortable for the operator. R w was observed from much further away than in the pool tests, allowing for smoother behavior. A video of the experiment with R a camera can be found at https://youtu.be/f62sNR-hwCc.

We obtained E Z = 0.185m, E θ = 5.2

• and E d = 0.12. 

E. Discussion of the results

During the experiments exposed in previous subsections, the method worked well, allowing a tracking and following of R w by R a automatically. The tracking algorithm was able to track R w even when the buoy was fully altered by distance and brightness, since a initial detection was possible. The most stable behaviors were the tracking control mode shown in Section VI-B and position control considering θ w = 0, shown in Section VI-D. The complete position control presented in Section VI-C worked, but in most cases, the orientation θ w of R w varied too often/quickly to give to R a time to reach its desired position. This behavior is not always convenient for the operator who often observes often a shaky camera. Considering θ w = 0 to obtain a global orientation ∆θ wa instead of a relative orientation with R w is often a more interesting behavior.

A discrepancy can be observed between the desired and current heading θ d and θ. These errors can be explained by the fact that the method is video-based: centering R w using only the camera is often not sufficient to guarantee an accurate positioning. Taking stronger integrating therms k i,z and k i,θ also leads more to an unstable behavior than to a lower static error.

However, several problems have been observed. First, a problem still remaining is that if R w moves too fast so that it leaves the vision of R a , it happens that R a tries to follow it since R w reappears in the camera field or an operator stops it manually: a slow displacement with R w is thus necessary. Maintaining too great a distance between the two ROVs can also result in a loss of R w . It is also observed that control can become unstable when the two ROVs are too close: the displacement of R a causes the buoy to move too quickly in the camera field. The same problem appears when the buoy occupies more than half of the camera field: the method is more stable when the two ROVs are at least at 4m apart. An inconvenient is that the distance control is not accurate when the ROVs are distant: this control will have to be improved in future works.

A final problem observed with our implementation is a slowdown of the video stream over time, especially when the connection between the two robots exists. We don't know the origin of this problem and are trying to fix it.

F. Limit and perspective

This study provides interesting results, but some limitions and improvements were identified:

• the approach is vision-based, so the absence of underwater visibility can make it obsolete, even if an answer to its argument has been provided in Section II-A. • the evaluation of the distance inter-ROVs d is approximate, • the displacement of R a is slow to reach a ∆θ aw away from its current position, • the orientation θ w of R w varied too often/quickly to give to R a time to reach its desired position, leading to a shaky camera: considering θ w = 0 to obtain a global orientation ∆θ wa instead of a relative orientation with R w is often a more interesting behavior. • an operator is still has to lead R a to the work area and direct it to R w for initialization. Same problem if R a loses R w because of moving too fast or because of an obstacle. This tack could be automatized too. However, some perspectives can be considered to solve these problems:

• Detecting a specific shape instead of a color could allow a more robust detection of R w , • The distance d could be accurately estimated using several buoys attached to R w at known distance with specific orientation. The main advantage of this technique is that it always uses only one camera, • The dynamics of the ROV dynamic could be added to the controller to obtain a fast stable displacement of R a , • A scenario with multiple ROVs assistants following the same ROV worker is already possible by following the orange buoy, but a scenario with multiple ROVs workers working in the same area with their assigned assistant could be considered.

VII. CONCLUSION

This paper proposes a method to automatize the position and orientation of an ROV assistant to provide remote illumination and vision of a work area to an ROV worker. The ROV assistant locates the ROV worker by using HSV detection and vision tracking to detect an orange buoy placed on top of the ROV worker. By controlling its orientation, the ROV assistant keeps the ROV worker in the center of the camera field. Maintaining the distance between the two ROVs can be done by using forward translation to keep the buoy image at a constant size. Then, by keeping the ROV worker in the camera field and performing lateral translations, the ROV assistant moves into the desired orientation with the ROV worker. An implementation for the robot BlueROV has been made and the codes are provided on a GitHub. Tests in pool and at sea have been performed with good results. The limitations of the approach, mostly due to the vision and lack of knowledge of the ROV dynamics model, were discussed.

Future works will improved the inter-ROVs distance measurement by using multiple buoys to improve the position of the ROV assistant. In addition, the detection of a shape instead of a buoy will be studied to avoid the color detection problem related to the underwater environment.

Fig. 1 :

 1 Fig. 1: The ROV assistant illuminating the ROV worker. R a stays at the same depth that R w and moves around it according the value of ∆θ wa at a distance d. ∆θ = π -∆θ wa .

Fig. 2 :

 2 Fig. 2: Tracking of an orange buoy using HSV detection. Right: buoy fixed on the ROV worker. Left: tests of buoy detection in a turbid water.

Algorithm 1

 1 Detection buoy Require: Image, HSV color limits, R min , P min T arget box ← N one M ask ← BlurF ilter(Image) M ask ← ColorF ilter(M ask, HSV color limits) M ask ← Erosions(M ask) M ask ← Dilations(M ask) Contours ← F indContours(M ask) if Contours not empty then Contour ← LargestContour(Contours) (y det , z det , R) ← M inEnclosingCircle(Contour) P ← ComputeP roportion(M ask, y det , z det , R) if R ≥ R min and P ≥ P min then T arget box ← y det , z det , R end if end if return T arget box

Fig. 5 :

 5 Fig. 5: Example of strategies umbilical management. Red: ROV assistant. Blue: ROV worker. Magenta: alternative ROV assistant configuration. O: boat; A: anchor; M : ballast; B: buoy; R: ROV.

Fig. 6 :

 6 Fig. 6: Left: BlueROV worker equipped with an orange buoy. Right: pool experiments without external lighting other than that of the ROV assistant.

  Let's define the measured depth average E Z = mean (|ε Z |), the measured heading average E θ = mean (|ε θ |) and the measured distance average E d = mean (|ε d |).Tests were performed in pool and at sea. The test of tracking control and position control were performed in pool of size 3m×4m, with a depth of 3m, as described in Sections VI-B and VI-C. An experiment at sea where R a follows R w in a largest environment is exposed in Section VI-D. Results obtained are discussed in Sections VI-E and VI-F.

Fig. 7 :

 7 Fig. 7: Tracking control of R w as exposed in Section IV-A. Measured depth Z and heading θ (in red) of R a compared to the desired depth Z d and heading θ T (in blue). E Z = 0.19m and E θ = 10 • .

Fig. 8 :Fig. 9 :

 89 Fig. 8: Tracking control and position control of R w as exposed in Section IV. Measured depth Z and heading θ (in red) of R a compared to the desired depth Z d and heading θ T (in blue).

Fig. 10 :

 10 Fig. 10: Tracking control and position control of the ROV worker in sea.

https://bluerobotics.com/store/rov/bluerov2/

http://wiki.ros.org/mavros

APPENDIX

A. Function used for the buoy detection

The functions used in the Algorithm 1 can be realized by using the following OpenCV functions in python3:

• BlurFilter() : cv2.GaussianBlur() • ColorFilter() : cv2.inRange(hsv, hsvLower, hsvUpper) where hsv is obtained using the function cv2.cvtColor()

where cnts is the matrix find after using FindContours()

# for a image named "frame" and the associated filter image named "mask" , one computes the coordinates of the minimum enclosing box and make sure the box is not outside the image 1) ymin, ymax = max(0, int(y -R)), min(frame.shape [START_REF] Brown | Cooperative underwater survey with an l3harris iver uuv and strategic robotic systems fusion rov[END_REF], int(y + R)) 2) zmin, zmax = max(0, int(z -R)), min(frame.shape[0], int(z + R)) # compute the proportion of detected pixels in the box 1) number of white pix = np.sum(mask[zmin:zmax, ymin:ymax] == 255) 2) P = number of white pix 4R 2

3) return P