1 Sloth and Slow Loris Inspired Behavioral Controller for a Robotic Agent

Lakshmi Velayudhan and Ronald C. Arkin

Mobile Robot Lab, Georgia Institute of Technology { lnair3,arkin}@gatech.edu

Abstract—We explore the ethologically guided design of a robotic controller, inspired by sloth and slow loris behavior. These animals manage their energy expenditure efficiently under resource constrained environments through a combination of thermoregulatory and behavioral strategies. This has potential implications for the design of energy efficient mobile robots (or Slowbots) for long-term applications such as Precision Agriculture and Surveillance. In this paper, we compare two different behavioral coordination strategies, namely, Action Selection and Behavioral Fusion and evaluate their performances to determine the relative merits of each coordination strategy on the design of the Slowbot and its energy consumption.

I. INTRODUCTION Sloths and slow lorises are some of the few mammals that have carved out an exclusively arboreal niche. McFarland has advocated the concept of an agent’s ecological niche which mandates that for a successful robotic implementation the agent must find its place in the environment, i.e, its niche [1]. Ethological modeling methods can encode the agentenvironment relationship allowing the agent to identify its place in the ecosystem [2]. Ethologically guided/constrained design is one of the approaches for specifying and designing robotic behaviors; the others being situated activity-based design and experimentally-driven design [3]. This paper explores the ethologically-guided design of a robotic controller, inspired by sloth and slow loris ethology. Owing to the slow metabolic rates of these mammals, they continue to thrive on the limited resources on trees for most of their life, without actively searching for food [4]. Pauli et al. in [5] characterize the three-toed sloth’s arboreal niche as highly energy constrained. As stated in their work, “the reduced energy expenditure [in sloths] is the result of thermoregulatory and behavioral strategies rather than a proportionate reduction in BMR [Basal Metabolic Rate]”. Hence, it is our contention that the ethologically-inspired design of robots, will allow these machines to persist for prolonged periods of time (and accomplish meaningful tasks) in an environment characterized by resource constraints, much like the sloths and slow lorises. As highlighted by in [6] and [7], such robots or Slowbots can carry out routine and meaningful tasks (for instance, pest removal from crops) with minimal or no human intervention while sustaining themselves in their environment for extended periods of time by efficiently utilizing their energy. This paper focuses on three specific behaviors that are potentially useful for designing such agents along with a comparison of different coordination mechanisms to identify their relative merits in the Slowbot design. The choice of coordination mechanism is an important step in designing the Slowbot architecture and hence is a crucial precursor to the overall design process. The quantitative results obtained from this preliminary analysis can serve as a guide in designing a complete Slowbot architecture encompassing all relevant behaviors.

II. RELATED WORK Prior research has considered energy-efficient path planning under resource constraints. Mei et al. in [8] discuss energyefficient path planning for robots operating under limited energy. Their method attempts to maximize the total coverage area by minimizing repeated coverage in structured and random environments. They extend the methodology to multiple agents in [9] as a means of increasing the coverage area when each individual agent operates under resource constraints. They discuss the number of agents to be deployed to accomplish a given task under time and energy constraints. Similarly, Strimel et al. [10] discuss the robot coverage problem and introduce a new sweeping path planning algorithm as a means of achieving best coverage in a small area given limited fuel. There has also been research considering the use of solar powered robots and efficient path planning for them as a means of best utilizing the limited input solar energy. Plonski et al. in [11] discuss the construction of a solar map on which effective path planning approaches can be applied to achieve energy-efficient task completion [12].

Significant research has been conducted in behavioral and bio-inspired robotics as well. For example, within our lab Arkin et al. [2] have designed a behavioral controller inspired by praying mantis ethology. The implemented behaviors included prey acquisition, predator avoidance, mating and chantlitaxia with three internal variables, namely, hunger, fear and sex-drive. In another implementation, Arkin et al. explored the design of a behavioral controller for humanrobot interaction for Sony’s AIBO, inspired by dog ethology [13]. Other implementations also explored the realm of multi-robot systems inspired by hunting wolf packs [14] or a navigation algorithm inspired by primates [15]. This paper also incorporates attachment behavior as implemented in [16], inspired by Bowlby’s theory of attachment [17]. The overall process of transforming ethological models to a working robotic system is shown in Figure 1 [3]. We focus on the first four steps, namely: Description of the ethograms

3 The agent behavior in each of these zones is dependent of the Attachment Intensity which is the magnitude of the attachment vector, denoted here as V_{magnitude} :

V_{magnitude} = α ∗ N ∗ D ∗ ϕ(C) (2a)

V_{direction} = towards object of attachment (2b)

where α is the attachment bonding quality between the robot and attachment object (preset to 1.0), N is the maximum intensity level for normal attachment (preset to 4.0), D is the proximity factor which is a function of distance between the agent and the attachment object and lastly, ϕ(C) is the comfort component which is a function of the comfort level of the agent. These functions are described in detail in [16]. The gain G associated with the Attachment behavior, as in [16], is set to 1.0. As described in their results, reducing comfort level also reduces mean distance maintained over time from the object of attachment. The direction of the attachment vector is towards the attachment object.

C. Awake-Exploring or Wandering Behavior

This behavior causes the agent to randomly explore its environment. The gain G associated with this behavior is fixed to a value (set to 5.0) and a random direction is generated after p time steps, where p denotes persistence.

V_{magnitude} = fixed to unit vector (3a)

V_{direction} = random direction change every p time steps (3b) The behavior as implemented in [16] combines wandering and attachment behaviors via Behavioral Fusion. This causes the agent’s exploration to be influenced by its comfort level and attachment intensity.

IV. BEHAVIORAL CONTROLLER DESIGN We discuss two different coordination mechanisms for the behaviors described in the previous section.

A. Action Selection Arbitration

In this arbitration mechanism, the behavior is chosen corresponding to the highest scaled response vector magnitude, G ∗ V_{magnitude} . For example, if the scaled response vector for the Charging behavior has the highest magnitude, then the Charging behavior is selected and the corresponding response vector < V_{magnitude} , V_{direction} > (Eq 1a, 1b) is sent as output for execution (fig. 4). In the figures, ϕ denotes V_{direction} .

This form of arbitration often leads to behavioral dithering where there is rapid fluctuation between the behaviors chosen, due to equal V_{magnitude} of multiple behaviors which creates a conflict during the max selection. To overcome dithering, hysteresis or a short-term memory (STM) of past behavior is often employed. The implementation of STM in obstacle avoidance behavior is described in [13]. Here, we explore the implementation of two types of hysteresis. In the first method, the agent executes the chosen behavior for a given number of time steps independent of the other behaviors. This helps

Figure 4: Action Selection Coordination Strategy. Selects the behavior with the highest scaled component vector magnitude and outputs the corresponding response vector for execution. ϕ corresponds to V_{direction}

overcome dithering and is a form of STM implementation. In the second approach, the agent executes the chosen behavior until completion of some trigger. For instance, if the agent chooses the Charging behavior, the agent will not choose another behavior until it has reached and completed charging at the food source. This also helps overcome dithering but is a much stronger form of hysteresis.

B. Behavioral Fusion

In this coordination mechanism, a combination of the various behaviors is generated as output. As opposed to selecting a single behavior, the output generated is a weighted sum of the response vectors of the different behaviors, each weighted by their corresponding gains (G) (fig. 5).

Figure 5: Behavioral Fusion Coordination Strategy. Outputs the vector sum of the individual response vectors weighted by the corresponding gains

This form of coordination mechanism is free from behavioral dithering since it is a combination of the different behaviors. The output is thus influenced by each of the individual behaviors, in varying degrees based on their corresponding gains.

V. EXPERIMENT We compare the performance of the various coordination mechanisms discussed above: Action Selection without hysteresis, with Strong Hysteresis, Weak Hysteresis and lastly, Behavioral Fusion. A. Simulation Environment

To test the different strategies, we created a simple environment for the agent that consists of an obstacle-free area with a point of attachment (or nest) at the origin. The radius of the safe zone and comfort zone is initialized to 5.0 units. The sunlit zone or charging station is indicated by a wall at the top of the area (similar to a forest canopy) and is outside the comfort zone of the agent. This requires the agent to traverse its environment and navigate to the top of the area to charge its energy. The agent is represented by a white box as shown in figure 6.

6 Overall : For the three behaviors discussed, Behavioral Fusion combines low total energy consumption with increased time spent within the comfort zones and increased area coverage. If the design choice employs Action Selection instead, then Weak Hysteresis would be the preferred option for eliminating behavioral dithering as it has advantages over Strong Hysteresis in terms of percent time spent within comfort zones and percent area covered.

The behaviors discussed here are potentially useful with respect to specific applications: Precision Agriculture or Surveillance where environmental persistence and efficient energy management is crucial. It is also desirable to explore within the comfort zone and areas beyond in the absence of threats.

Tying these observations to our original sloth-inspired design, Behavioral Fusion aligns with the behavioral patterns of Sloths and Slow Lorises better than the other coordination strategies. Sloths rarely leave their trees for fear of predation and they do so only for excretion [25]. The Ingestive behavior of sloths also highlights the notion of comfort. Sloths exhibit increased attachment to a single tree for extended periods of time and do not actively explore unless its current tree is depleted of fresh leaves [26]. Given that Sloths and Slow Lorises are exemplary models of energy conservation in nature, spending increased periods of time within their shelter, Behavioral Fusion appropriately combines low energy consumption with increased time spent in comfort zones to capture this notion. The Sloth and Slow Loris inspired design allows development of long-term autonomous robotic models that are energy efficient, thus persistent in their environment while exploring within their safety zones.

Future work aims at including additional behaviors such as obstacle avoidance, resting behaviors and incorporating 3D navigation which may be relevant to the design. Further, including a notion of stimulus strength of a food source may be beneficial for the agent to evaluate its food source and the extent of its on influence on the agent behavior.

ACKNOWLEDGMENT

This research is supported by The Office of Naval Research Grant #N00014-15-1-2115. The authors would also like to thank Dr. Magnus Egerstedt (Georgia Tech) and Dr. Jonathan Pauli (University of Wisconsin) for their contributions to this project.

REFERENCES

[1] Bolles, Robert C., Horst Bunke, and Hartmut Noltemeier. Intelligent Robots: Sensing, Modeling, and Planning. Vol. 27. World Scientific, 1997.

[2] Arkin, Ronald C., et al. ”Behavioral models of the praying mantis as a basis for robotic behavior.” Robotics and Autonomous Systems 32.1 (2000): 39-60.

[3] Arkin, Ronald C. Behavior-based robotics. MIT press, 1998. [4] Hays, Brooks. “Sloth’s arboreal niche explains its slow-paced lifestyle”, United Press International Inc. , 20 July 2016. Web 7 Apr 2017.

[5] Pauli, Jonathan N., et al. ”Arboreal Folivores Limit Their Energetic Output, All the Way to Slothfulness.” The American Naturalist 188.2 (2016): 000-000.

[6] Arkin, Ronald C. ”Bio-inspired Slowness for Robotic Systems.” Proc.

AROB 2015, Oita, JP, Jan. 2015. [7] Arkin, Ronald C., and Magnus Egerstedt. ”Temporal heterogeneity and the value of slowness in robotic systems.” Robotics and Biomimetics (ROBIO), 2015 IEEE International Conference on. IEEE, 2015.

[8] Mei, Yongguo, et al. ”Energy-efficient mobile robot exploration.” Proceedings 2006 IEEE International Conference on Robotics and Automation, 2006. ICRA 2006.. IEEE, 2006.

[9] Mei, Yongguo, et al. ”Deployment strategy for mobile robots with energy and timing constraints.” Proceedings of the 2005 IEEE International Conference on Robotics and Automation. IEEE, 2005.

[10] Strimel, Grant P., and Manuela M. Veloso. ”Coverage planning with finite resources.” 2014 IEEE/RSJ International Conference on Intelligent Robots and Systems. IEEE, 2014.

[11] Plonski, Patrick A., Joshua Vander Hook, and Volkan Isler. ”Environment and solar map construction for solar-powered mobile systems.” IEEE Transactions on Robotics 32.1 (2016): 70-82.

[12] Plonski, Patrick A., Pratap Tokekar, and Volkan Isler. ”Energy-efficient Path Planning for Solar-powered Mobile Robots.” Journal of Field Robotics30.4 (2013): 583-601.

[13] Arkin, Ronald C., et al. ”An ethological and emotional basis for human–robot interaction.” Robotics and Autonomous Systems 42.3 (2003): 191-201.

[14] Madden, John D., Ronald C. Arkin, and Daniel R. MacNulty. ”Multirobot system based on model of wolf hunting behavior to emulate wolf and elk interactions.” Robotics and Biomimetics (ROBIO), 2010 IEEE International Conference on. IEEE, 2010.

[15] Velayudhan, Lakshmi, and Ronald C. Arkin. ”Primate-inspired autonomous navigation using mental rotation and advice-giving.” Multisensor Fusion and Integration for Intelligent Systems (MFI), 2015 IEEE International Conference on. IEEE, 2015.

[16] Likhachev, Maxim, and Ronald C. Arkin. ”Robotic comfort zones.”

Intelligent Systems and Smart Manufacturing. International Society for Optics and Photonics, 2000.

[17] Ainsworth, Mary S., and John Bowlby. ”An ethological approach to personality development.” American psychologist 46.4 (1991): 333.

[18] Chiarello, Adriano G. ”Activity budgets and ranging patterns of the Atlantic forest maned sloth Bradypus torquatus (Xenarthra: Bradypodidae).”Journal of Zoology 246.01 (1998): 1-10.

[19] Gilmore, D. P., C. Peres Da-Costa, and D. P. F. Duarte. ”An update on the physiology of two-and three-toed sloths.” Brazilian Journal of Medical and Biological Research 33.2 (2000): 129-146.

[20] Giné, Gastón Andrés Fernandez, et al. ”Activity budget, pattern and rhythm of maned sloths (Bradypus torquatus): Responses to variations in ambient temperature.” Mammalian Biology-Zeitschrift für Säugetierkunde 80.6 (2015): 459-467.

[21] Rode-Margono, E. Johanna, V. Nijman, and Nekaris KAI Wirdateti.

”Ethology of the Critically Endangered Javan slow loris Nycticebus javanicus É. Geoffroy Saint-Hilaire in West Java.” Asian Primates 4 (2014): 27-41.

[22] Wiens, Frank. Behavior and ecology of wild slow lorises (Nycticebus coucang): social organization, infant care system, and diet. Diss. Bayreuth University, 2002.

[23] http://www.loris-conservation.org/database/captivecare/manual/html/Behavior.html#housing-soc (Last visited April 7th 2017) [24] “Energy Considerations for Wheeled Mobile Robots Operating on a Single Battery Discharge”, Xuesu Xiao, William L “Red” Whittaker [25] Pauli, Jonathan N., et al. ”A syndrome of mutualism reinforces the lifestyle of a sloth.” Proc. R. Soc. B. Vol. 281. No. 1778. The Royal Society, 2014.

[26] Greene, Harry W. ”Agonistic behavior by three-toed sloths, Bradypus variegatus.” Biotropica(1989): 369-372.