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Figure 1 The integrated forms of artificial and biological intelligence ((a), (b)) and the painstaking development of animal-robot mixed societies (c)
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Figure 2 A robotic bee and its essential parts. (a) Lateral view (45°) of the robotic bee (A, 1.2 cmx1.1 cm) at the end of an active rod (B). Its body is
inserted into an observation hive through a window (10 cmx10 cm), protruding 3 cm from the glass. Vibrations of a loudspeaker (C) are transmitted
through a stiff wire (D), the end of which is glued to the tip of a plastic wing (E), and induced radial movements of the wing. Tiny drops of sugar water
(F) are driven by a pump (G) to the head of the robot via a pipe (H). (b) Left view (90°) of the supporting parts. They include a glass (I, 36 cmx24 cm),
fixed by 4 rods (J), paralleling 14.5 cm with a frame (K, 42 cmx42 cm), to cover the open window of the observation hive, and an operator (L) for
controlling the robot’s 2-D dancing movement, wings vibration and its trophallaxes with the following bees
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Figure 3 An example of the filial imprinting learning of domestic chickens (Gallus gallus). (a) Ten chickens are individually placed in the
compartments of a box, and are not allowed to interact with each other. But they can observe and form an imprint on a blue-marked mobile robot through
the compartment windows. (b) In an experimental area where there are two mobile robots, which are marked with bule and red, respectively, the
chickens follow the imprinted blue-marked robot, and do not approach to the red-marked without filial imprinting. Modified from Ref. [11]
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Figure 4 An experiment illustrating that robots are able to alter the decision-making of a group of cockroaches. In a circular arena (diameter 1 m),
there are two shelters (a), i.e., plastic disks (150 mm) suspended above the floor (30 mm). The lighter one is covered by a single red film filter (b), and
the darkness is covered by multiple red film filters (c). When 12 cockroaches and 4 InsBots are mixed in the arena, the cockroaches and InsBots
naturally aggregate under the darkness. But if the InsBots are programmed to select the lighter, both prefer the lighter. Modified from Ref. [53]
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Figure 5 An experiment of a novel food source selected by a honeybee
colony. In the 30-day experiment, outgoing foraging bees are captured at
the beehive entrance, and are trained following the procedure developed
by Bitterman et al.>”, Every day 20-50 bees, which successfully
associate acetic anhydride with a sugar reward, are returned to their
original hive. At the same time a TV camera is set to observe bees’
visitation to a feeder (50 m away from the hive) with only acetic
anhydride. Bees are observed to visit the feeder when a total of 228 bees
have been trained and accumulated in the hive, and their visitation last
four days
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Integrated technologies of an animal-robot mixed society:
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Robots are being developed by researchers to be integrated into an animal group to form an animal-robot mixed society. In
such a mixed society, the robots are expected to be able to manipulate and control the animal group through their taking part
in the group’s self-organized behaviors and decision-making processes. The animal-robot mixed societies offer a powerful
tool to advance the research of collective behaviors and their evolution. They can also be explored to manage domestic
animals and wildlife, such as guiding them to specific places or away from danger. Due to their potential applications, the
development of animal-robot mixed societies has recently elicited great interest in both the scientific and technological
communities. However, to successfully integrate robots into an animal group faces many tougher challenges. One of the
major challenges is how to enable the integrated robots to be accepted by animals as their group members to work with. In
this review, we focus on the issue of the robots accepted by animals and provide a systematical review on the current state
of the art of biomimetic robot designs and their integration ways, which are the two key aspects of creating an animal-robot
mixed society. First, we take, for instance, the interactions between the specifically designed robots and one group of a
single animal species, and point out that the bionic designs of robots exhibiting life-like appearance are less likely to
promote the animals to accept and follow them because of animals’ kin recognition, by which group members may be
identified. Secondly, we provide an in-depth discussion of the successful integration of robots into an animal group based
on the imprint learning, a form of learning in which a very young animal fixes its attention on the first object and thereafter
follows that object, and highlight the significance of social interaction rules in reinforcing animal-robot interactions.
Finally, we propose that the future endeavors should focus on the social interaction rules-based technological innovation of
creating an animal-robot society, including: (1) The animal-to-robot social attachment, which can be achieved by
integrating robots into the group of young animals that their imprinting memories are not fully consolidated, and (2) the
robust animal-robot interactions, which may rely on the development of the machine-learned or self-adaptive robots that
are expected to automatically learn and dynamically adapt or respond to social interaction partners in real-time, and the
enough number or amount of the integrated robots, estimated on the basis of the group’s decision-making that follows a
probabilistic rule. To summarize, the animal-robot hybrid system represents a new multidisciplinary field of science,
engineering and technology. Despite the many challengers faced, we believe that the social mechanisms or rules of animal
groups will be greatly exploited to develop such hybridsystems that have more advanced intelligent than the systems we
have now.

animal-robot interactions, biomimetic robots, kin recognition, imprint learning, self-organization, group decision-
making
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