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Honey bees are social insects that form colonies
(hives), which often consist of more than 10,000 in-
dividuals. In a colony, bees allocate jobs (divi-
sion of labor) and work cooperatively and intelli-
gently to maintain the colony’s activity, such as nurs-
ing broods, cleaning, and guarding against enemies.
Among worker bees, only forager bees collect food,
and success in finding food directly influences colony
survival. For more efficient foraging, honey bees
share location information pertaining to profitable
food sources through specific behavior called ‘“waggle
dances.” During such dances, the direction and dis-
tance from the hive to the food source are encoded as
body movements. Other foragers follow the dancing
bees and receive location information. Some of these
bees then fly to the advertised location to find the food
source. Some of these ‘“recruited bees” subsequently
dance to recruit new bees. This process is then re-
peated. Consequently, many foragers visit the food
source, and a colony can rapidly and flexibly collect
large amounts of food even in foraging environment
that can suddenly change (e.g., flowers disappear or
nectar flux increases/decreases). To achieve effective
food collection through the waggle dance, the behavior
of both the dancers and followers probably contains
information for an implementation of ‘“swarm intelli-
gence.” In this review, we introduce the properties of
dance behavior at the levels of dancers, followers, and
colonies. We found that errors in waggle dance infor-
mation play an important role in adaptive foraging in
dynamically changing environments.

Keywords: social behavior, waggle dance, information
transfer, collective foraging

1. Introduction

One striking feature of social animals is their ability
to communicate on a range of subjects, such as mating,
predator evasion, and foraging [1]. Precise and effective
communication is a goal of modern robotics to gain in-
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sights into more efficient and adaptive systems in which
many agents work cooperatively. Looking to nature is a
promising way to achieve such goals, and foraging behav-
ior of honey bee is one of the best models of cooperative
animal behavior. The honey bee Apis mellifera is a so-
cial insect and forms colonies consisting of several to tens
of thousands of individuals [2, 3]. To maintain the health
and ensure the survival of colonies, honey bees work in
a cooperative manner that leads to highly adaptive colony
behaviors. It seems very intelligent. Honey bees allocate
the colony’s jobs (division of labor) to different workers.
The queen and male bees are fertile, and their activities
are mostly only involved in mating. Worker bees are fe-
males other than the queen and engage in jobs, as deter-
mined by their age (days after eclosion), such as nursing
broods, building combs, cleaning inside the nest, guard-
ing the colony from enemies, and collecting food [2, 3].
Among worker bees, only forager bees collect food, and
as foraging success strongly influences colony survival,
forager bees are integral to the health of the colony.

Karl von Frisch, a Nobel Prize winner in 1973, dis-
covered that honey bees can transfer location information
pertaining to profitable food sources to their nestmates
through symbolic communication [4]. This type of com-
munication behavior improves the efficiency of foraging
and is referred to as “dance” because the bees move as
if they are dancing [2,5,6]. Once a bee (called a scout
bee) has found a profitable food source and flown back to
the hive, it will perform a dance (round dance and waggle
dance for short- and long-distance food sources, respec-
tively). In addition to locating food sources, the waggle
dance is also used for finding a suitable habitat for the
new hive site in the swarming season [2,5].

For the waggle dance, the dancing bee walks in a
figure-of-eight pattern (Fig. 1). On the straight parts of
this path, the bee wags its body forcefully from side to
side and beats its wings vigorously (waggle run). On the
circular parts of the path, the bee walks without wagging
or wing-beating (return run) until it reaches the starting
point. At this point, the bee restarts the waggle run and
returns to the starting point. The dancers repeat this se-
quence many times. After the bee returns from the left
side, the next time around, the bee will return from the
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Fig. 1. Waggle dance. (A) A dancer (white arrow) walks
straight with its body wagging. Many bees congregate
around the dancer (open circles), and some of them may
be recruited to a food source that the dancer advertises.
(B) Dance information encoded in a waggle run. The di-
rection and duration of a waggle run (left) represent the di-
rection and distance of a food source from the hive (right),
respectively.

opposite side. Thus, the trajectory of the bee draws a fig-
ure of eight. The number of waggle runs varies greatly
but generally increases at both the individual [7, 8] and
colony levels [9] as the profitability of a food source in-
creases (e.g., nectar richness).

A honey bee nest consists of several sheets of verti-
cal combs that are hung from a substrate, such as a tree
branch. In most cases, dances are performed on the verti-
cal comb. The direction of the food source from the hive
relative to the azimuth of the sun is encoded as the angle
between the upward direction and the waggle run direc-
tion, and the distance from the hive to the food source is
related to the duration of the waggle run (Fig. 1(B), [5]).

In most cases, a dancer is surrounded by other bees
(known as follower bees) that face the dancer to receive
the information which the dancer is imparting (Fig. 1(A)).
Once receiving the location information, some follower
bees will be recruited to the food source, and finally, many
foragers may visit this site (Fig. 2(A), [10]). Some of the
recruited bees may perform dances and recruit new bees
to that place. Consequently, a bee colony can quickly col-
lect abundant food.

For effective communication, both the information
sender (dancer) and the receiver (follower) must work ac-
tively and precisely. In this review, we will introduce the
characteristics of dance behavior at the levels of dancers,
followers, and colonies focusing on the waggle dance.

2. Effect of Waggle Dance

2.1. Food Collection at the Colony Level

Bees sometimes fly more than 6 km from the hive to
forage [13], so it is unlikely that bees can quickly find
a food source through random foraging. Thus, dance
communication is considered crucial for successful for-
aging. To date, many studies have reported the occur-
rence of dance behavior for improved food collection
(e.g., [14-16]). However, most of these studies were con-
ducted under controlled conditions where artificial feed-
ers containing sucrose solutions of controlled concentra-
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tions were placed in a restricted experimental area as a
flower patch. In contrast, only a few studies have exam-
ined the importance of dance behavior to food collection
under natural conditions, where bees can freely forage on
natural food sources. Sherman and Visscher [17] prepared
colonies that performed two types of dances by chang-
ing the light conditions because bees dance in random di-
rections when diffused light is provided from above the
colony: dances whose directional information was intact
(oriented dance) without diffused light and dances whose
directional information was disrupted by diffused light
(disoriented dance). Colonies were placed around the
natural food sources and allowed to forage freely. They
measured the hive mass of each colony for eight months,
where they switched the light conditions every 11 days. A
comparison of the hive mass revealed that oriented dances
led to increased food collection compared with disori-
ented dances. Importantly, a significant difference was
found only in winter (not in summer or fall). Dornhaus
and Chittka [18] compared the mass of bee hives located
in different habitats. They found that foraging efficiency
was substantially impaired in a tropical forest but was not
significantly impaired in temperate habitats when dance
information was obscured. Additional analysis suggested
that there were few patches with abundant resources in
the tropical forest compared to the other habitats. Instead
of removing dance information, Okada et al. [11] physi-
cally prevented bees from communicating through dance.
This experiment was conducted in three cities (Sapporo,
Himeji, and Sanuki) for three years from mid-September
to early October under natural conditions. During this pe-
riod, flowers are not expected to be randomly distributed
in the foraging area, and it should not be as easy to find
food as in the flowering season (spring). In addition, dur-
ing that season in Japan, bee hives ordinarily lose mass
because bees consume nectar in the hive rather than col-
lecting more because of the lower nectar in flowers at
this time of year. In all three cities, dance disruption
increased the loss of colony weight (Fig. 2(B)), indicat-
ing that dance behavior reduces the loss of colony weight.
These three studies strongly suggested that dance behav-
ior is an effective means of communicating information
that can improve the efficiency of food collection, par-
ticularly in environments (habitats and seasons) in which
food is scarce. Indeed, bees seem to dance less in spring
when there are plenty of flowers around the hive (personal
observation). On this point, it will be interesting to as-
sess the most effective distance and density of feeders for
eliciting dancing. It was reported previously that com-
munication systems are beneficial in resource-poor envi-
ronments [19,20]. Although the outcomes of bee activi-
ties, including food collection, vary widely among areas,
seasons, years, and colonies, the validity of the dance for
improving food collection is well established [21].
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Fig. 2. Dance effect on food collection. (A) Colony-level recruitment. The recording time started immediately after the flowers
were placed. The arrow and black rectangles represent times when a scout bee discovered the flowers and when this bee re-visited the
flowers, respectively. Black circles represent the cumulative number of bees that visited the flower. (B) The hive weight. Daily hive
weight of six colonies in three cities (circle: Himeji, rectangle: Sapporo, triangle: Sanuki) were compared between non-disturbed
(control) and disturbed days. Dots connected by each line represent each colony. (C) Feeder conditions for the experiment in (D).
(D) The size of the recruited bee group in the south and north feeders (modified from [10] for (A), from [11] for (B), and from [9,12]

for (D)).

2.2. Adaptability to Environmental Change
Through Dancing

In most experiments conducted under controlled con-
ditions, it is possible to determine the number and dis-
tance of feeders and the concentration of sucrose solution
and change them anytime during the experiment. This
reflects an artificial foraging environment; however, such
experiments can extract the biological characteristics of
bee dance behavior more precisely. In a controlled en-
vironment, Seeley et al. [9] showed the high adaptabil-
ity of honey bees at the colony level against changes in
the foraging environment (Fig. 2(C)). They placed feed-
ers 400 m in the south and north of the hive and only
changed the concentration of the sucrose solutions. In the
morning (8:00-12:00), the south and north feeders con-
tained 2.5 mol/L and 1.0 mol/L, respectively. In the af-
ternoon (12:00-16:00), the concentrations were changed
to 0.75 mol/L for the south feeder and 2.5 mol/L for the
north feeder. They counted the number of bees that vis-
ited each feeder and found that the colony quickly re-
sponded to changes in the concentration of sucrose so-
lution as a larger number of bees visited the feeder with
the higher concentration. In addition, this behavior was
simulated in a mathematical model [12]. The model sug-
gested that such adaptive colony-level decision-making
can be achieved by rules implemented at the individ-
ual level and did not require a central command system.

Journal of Robotics and Mechatronics Vol.35 No.4, 2023

Okada et al. [22] created another mathematical model and
showed that the dance is beneficial in terms of food col-
lection under dynamically changing environments, such
as those tested by Seeley et al. [9]. Okada et al. compared
four types of colonies: a random-search colony in which
bees did not memorize the location of the feeders or per-
form dances; a no-communication colony in which bees
memorized the location of the visited feeder but did not
communicate with each other (no dance was performed);
a random-information dance colony in which bees memo-
rized the feeder location and danced but transferred mean-
ingless directional information about the feeder; and a
normal dance communication colony in which the correct
waggle dance was performed, and they found that the ad-
vantage of the dance depended on the conditions of the
foraging environment [23].

3. Behavioral Properties of Dancers

A waggle dance generally consists of more than one
pair of waggle and return runs. Therefore, each waggle
run contains a certain range of errors from the mean, even
in a series of waggle runs by the same individual. Fig. 3
shows examples of the variation in the directional and dis-
tance information of three bees. For direction, Bees 11
and 12 performed 26 and 29 waggle runs, respectively.
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Fig. 3. Fluctuations in dance information. (A): Error of
directional information encoded by waggle runs. Each run
had a certain degree of variation from the mean waggle-run
direction. (B): Examples of a sequence of directional errors
in consecutive waggle runs of two dancers (Bees 11 and 12).
(C): The duration of a sequence of consecutive waggle runs
of two bees. Note that Bee 11 performed short (about 1.1 s)
runs, and Bee 3 performed long (about 8.4 s) runs (modified
from [24] for (A) and (B), and [25] for (C)).

When directional information differed from the mean di-
rection of all waggle runs performed by a dancer (error),
the largest negative and positive differences of Bee 11
were approximately —45° (left from the mean) and ap-
proximately +30° (right from the mean), although the
variation seemed to concentrate around zero. In Bee 12,
the differences seemed to be more concentrated around
zero but still greatly varied. The distribution of the varia-
tion showed that more than 80% of the waggle runs were
conducted within £15° (Fig. 4(A)). Interestingly, the er-
ror range decreased as the distance to the food source
increased [26,27]. Furthermore, dance information was
more precise when the dances indicated a candidate place
for the next hive site rather than a food source [28]. The
error range depends on the orientation of the dance to the
direction of gravity [29], being small when the waggle run
direction is consistent with the direction of gravity and
increasing as the waggle run direction becomes more per-
pendicular to the direction of gravity (i.e., parallel to the
ground). Therefore, whether this variation results from
a physical constraint or evolutionary adaptation remains
controversial [30,31].

The duration of the waggle runs varied among runs.
The error range appears to be larger compared with that
for directional information. For example, the mean du-
ration of the waggle run by Bee 11 was 1.084+0.21 s
(mean + SD), and the longest and shortest durations were
1.56 s and 0.7 s, respectively. These were approximately

904
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Fig. 4. Distributions of error in waggle run directions (A)
and durations (B). n = 358 runs of 20 dancers (modified
from [25]).

150% and 70% of the mean duration, respectively. The
range of variation increased when the mean run duration
increased. Bee 3 performed 21 long runs (mean & SD =
8.3712.85). In 16 of 21 runs, the difference in each run
from the mean duration was greater than 1 s. This dif-
ference corresponds to more than 200 m. Dividing the
difference in duration of each single waggle run from the
mean duration by the mean duration of the corresponding
series of waggle runs, we found that about 56% of waggle
runs ranged within a mean duration of £15%, that is, the
waggle dance for a food source 1,000 m away indicates a
distance of 850-1,150 m, and approximately 80% of them
were within £30% (Fig. 4(B)). Considering the range of
error in the direction, a waggle dance may not point to a
place to visit as precisely as expected. Indeed, a rough
calculation based on the information errors revealed that
a waggle dance indicates a 22-fold area of a standard foot-
ball ground for a food source 1,000 m away [25]. There-
fore, to reduce the influence of inaccurate information on
successful foraging, dance followers are expected to fol-
low multiple runs.

4. Behavioral Properties of Followers

Followers go out to forage after attending the waggle
runs. However, to the best of our knowledge, few stud-
ies have focused specifically on the followers rather than
the dancers. Therefore, we have limited knowledge of
the followers and their specific behaviors. Nonetheless,
recent video analyses of follower behavior in the hive
combined with observations of foraging behavior have
revealed important characteristics. For example, it was

Journal of Robotics and Mechatronics Vol.35 No.4, 2023
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Fig. 5. Distributions of the number of runs that a fol-
lower bee followed consecutively before turning away from
a dancer (modified from [25]).

found that only 9% of novice foragers successfully ar-
rived at the food source advertised by the dance [32]. A
follower averages the directional information received via
multiple dances [33] and must follow, on average, ap-
proximately eight consecutive waggle runs before suc-
cessfully locating a food source [34]. Detailed observa-
tions of the following behavior at the individual level re-
vealed that even in a series of waggle runs by the same
individual, some runs attracted no followers, while oth-
ers attracted up to 10 bees [25]. Some followers turned
away from the dancer after attending only one of their
waggle runs, whereas others followed the dancing bee for
more than 10 runs. Quantitative analysis of individual
tracking found that about 80% or more followers turned
away from dancers after following one or two waggle runs
(Fig. 5) [25,35]. Few bees (approximately 1%) followed
more than five consecutive waggle runs (Fig. 5). Our ob-
servations showed that 80% of followers attended only
one or two sessions of a waggle dance [25, 35], while
Judd [34] observed that almost all the bees followed the
dancers more than twice. This difference might be due to
differences in the analyses. We used 62 followers of five
dancers, and Judd used 28 followers of a single dancer.
Therefore, Judd’s observation might reflect a particular
case, such as a dancer-specific or dance-event-specific
case.

5. Interaction Among Bees in the Hive: Spatial
Separation

Studies on imprecision in dance information and the
quick abandonment of following a dancer imply that a
colony must maintain a high encounter rate for dancers
and followers to communicate dances. Individual danc-
ing bees tend to often change their dancing location after
performing several runs in a single waggle dance [7]. The
locations where waggle runs were performed appeared in
clusters (Fig. 6(A)) [25,35]. Bee 10 performed 20 waggle
runs in a dance in two distinctly different places (clus-
ters 1 and 2). Until the 13th run, this bee performed wag-
gle runs in cluster 1 and then moved to cluster 2 where

Journal of Robotics and Mechatronics Vol.35 No.4, 2023
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5 10 15 20 25 30 35 40
(cm)

Fig. 6. Sites and orientations of waggle runs on a comb.
(A) Locations and orientations of waggle runs of Bee 10
(open circle) and Bee 11 (black circle) that performed 20
and 26 runs, respectively. Circles indicate starting points.
The numbers in the circles indicate the order of the waggle
runs. The waggle run direction and distance are indicated
by the direction and length of the line, respectively. Runs
in a putative cluster are surrounded with roman numerals.
For reference, positions are superimposed on honeycombs.
(B) Sites where waggle runs were performed. The rectan-
gle represents the outline of the comb. Runs concentrate on
the dance floor irrespective of whether the runs were in the
morning (10:36-12:11, open circles) or afternoon (12:42—
14:42, black circles). “E” in the graph represents a cor-
ner closest to the entrance (modified from [25, 35] for (A),
and [24] for (B)).

it performed seven runs (Fig. 6(A)). Bee 11 performed
26 runs, 23 in three clusters and three in non-cluster lo-
cations. Although each dancer changes dancing loca-
tion locally, the dancing itself is performed in a restricted
area on the comb close to the entrance, called the “dance
floor” [36]. Among 1,339 waggle runs (632 in the morn-
ing and 707 in the afternoon), 86.3% (1,155 out of 1,339)
of waggle runs were observed in a specific area of 20 cm
width x 10 cm height from the entrance (Fig. 6(B)) [24].
Hence, for communication, the dance floor might be a
special area to facilitate interactions between followers
and dancers.

In a normal bee hive, several hundred bees are on one
side of the comb, including nurse, comb-building, clean-
ing, nectar-treating, and forager bees. Some of them
stayed in one place and some walked around. We mea-
sured the 10-s walk distances of 724 bees on one side of a
comb at 10:40 on September 13, 2006 and found the spa-
tial distribution of walking bees (unpublished data). Of
the 724 bees (body length, ~15 mm), 232 walked less
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Fig. 7. Positions of bees for a 10-s wandering analysis.
Initial positions of stayers (A) and movers (B) are indicated
by black dots. (C) A merge of the position of stayers (black
dots) and the starting points of waggle runs (open circles). A
rectangle presents an outline of a comb. “E” in these graphs
represents a corner closest to the entrance.

than 2.5 mm (stayer) and 492 walked for 2.5 mm or longer
(mover). While movers were found on the whole comb,
stayers were found outside the dance floor (Fig. 7). When
the positions where all 161 waggle runs were observed be-
tween 10:36 and 10:41 were superimposed on the distri-
bution of stayers, they were clearly separated (Fig. 7(C)).
This means that only dancers and movers, but not stayers,
were on the dance floor. The followers should be some of
the movers but not the stayers. Thus, stayers will disturb
interactions between dancers and followers if they stay on
the dance floor. Performing waggle runs at multiple small
areas on the dance floor and spatial separation may facili-
tate efficient communication.

6. Interaction Between Dancers and Followers:
Information Transfer

The waggle dance contains a negligible error range
(£15°) for directional information, as described in Sec-
tion 3. To reduce the disadvantage caused by errors, pre-
cise information should be obtained; this can be achieved
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FOL, following; FOR, foraging; RES, resting; SCO, scout-
ing; SUC, success; WAN, wandering (modified from [24]).

by averaging the received information. However, while a
bee colony appears to produce rich opportunities for fol-
lowers to encounter dancers, dance followers turn away
from the dancer after attending only one or two runs, sug-
gesting that directional information is still not precise.
Although the biological significance of an error in direc-
tional information remains controversial [37], if such er-
rors result from adaptation through natural selection, then
a bee colony must gain some advantage from the error.

To examine the advantage from the errors, we cre-
ated an individual-based Markov model for foraging
(individual-based Markov model of Apis mellifera dance-
guided foraging, iMoAD-f) [24]. Dance-guided forag-
ing behavior was categorized into eight behavioral states:
resting, walking in the hive (wandering), flying while
searching for a food source (scouting), flying back to the
hive with food (success), flying back to the hive without
food (failure), flying to a food source with directional in-
formation (foraging), dancing, and following a dance (fol-
lowing). Fig. 8 shows the transition of iMoAD-f. The bio-
logical properties of the behavioral states (e.g., flying and
walking speed and searching duration), information trans-
fer conditions (e.g., number of waggle runs and walking
distance of a dancer), and transition probabilities among
these states were parameterized from empirical data as
much as possible. Using iMoAD-f, 1-day (8 h) forag-
ing behavior can be simulated in various foraging environ-
ments, such as the number of feeders, location (direction
and distance from the hive), and concentration of each
feeder (food source). The range of directional errors in
the waggle runs is also changeable. Therefore, iMoAD-f
can be used to compare the error effect as 1-day forag-
ing results (number of successful visits and energy col-
lection [J/8 h]) among colonies with different directional
error ranges.

In simulation experiments, error effects were assessed

Journal of Robotics and Mechatronics Vol.35 No.4, 2023



i

— no 1

50k eror=0 :

]

]

. ]

£ i

Q |

e i
o

- :

3 50F error = +15° :

O ]

|

]

25 :

| .

-100 0 100
Switching Index

Fig. 9. Distributions of SIs under the condition that feeders
were 1000 m away from the hive. When the error was 0°,
two prominent peaks were found in which bees succeeded
to switch feeders (SI = +60 to 4+-80) and failed in switching
completely (SI = —100 to —80), i.e., high-risk, high-return
foraging (modified from [24]).

under a dynamically changing foraging environment sim-
ilar to that in Seeley et al.’s experiments (Fig. 2(C)) [9].
Simulations showed that a colony with no error range had
a significantly larger number of successful visits to the
better feeder (~12,500 visits) than a colony with a 15° er-
ror range (~2,400 visits) when two feeders were located
400 m away from the hive. When the number and dis-
tance of feeders were changed, all simulation experiments
revealed that the number of successful visits decreased as
the variation in error increased. In particular, dances with
errors of 30° or larger were no longer beneficial for food
collection.

The foraging environment in the simulation experiment
mimicked the empirical condition of Seeley et al. [9].
Therefore, it is also important to determine how well bees
switch to feeders that are currently the best from the for-
mer best feeder. Detailed analyses of the time course of
1-day foraging revealed that a natural error range (10°—
15°) improved flexibility in food collection against envi-
ronmental change [24]. To evaluate the degree of success
in switching feeders after the foraging environment has
changed, a switching index (SI) was calculated based on
the number of visits to each feeder during the last 30 min.
If the bees visited only the current best feeder, the SI was
+100. In contrast, if the bees visited only the former best
feeder, the SI would have been —100. When the num-
ber of visits to the former and current best feeders were
equal, the SI was 0. Thus, the SI would be positive if
the bees switched feeders correctly. When the error range
was 0°-5°, a colony achieved great success in finding and
collecting food but also failed to locate a new profitable
feeder when the environment changed. This is a high-
risk, but high-return foraging strategy (Fig. 9). A colony
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with an error of 10°-15° was able to successfully visit a
new feeder when the environment changed. This strategy
seemed to balance successful and risky foraging.

7. Conclusion

7.1. Recent Studies on the Honey Bee Waggle Dance

Although there is no doubt that a waggle dance helps
honey bees collect food, recent studies have suggested
the importance of odors [38—41] and the instant availabil-
ity of dance information when a forager flies out from
the hive [42,43]. These studies suggested that bees do
not follow the information provided in dances blindly but
also use information from their private memory based on
their experience of foraging places. That is, bees flexi-
bly use different sources of information [44,45]. Taken
together, recent advances in the understanding of dance
behavior imply that dancing may have two different func-
tions: transferring food location information and increas-
ing the number of bees that fly out to forage. Recent
technological developments have facilitated the tracking
of behaviors of individual bees inside [46—49] and out-
side [50-53] the hive, performing accurate simulations
through more precise modelling [24,54-57] and analyz-
ing dance behavior using a robot [58,59]. Such analy-
ses lead to a better understanding of honey bee waggle
dances.

7.2. From Bee Waggle Dance to Swarm Intelligence

The honey bee waggle dance is achieved by local in-
teractions between bees (not a centrally controlled system
but a parallel and distributed system) and takes place in
a special area that seems appropriate for interactions be-
tween dancers and followers. Although dance informa-
tion contains a negligible range of errors (10°-15° in di-
rectional information and 15% in distance information),
this error improves the flexibility of foraging adaptability
in a dynamically changing environment.

We believe that understanding the principles of honey
bee dance will facilitate progress in finding the principle
mechanisms underlying swarm intelligence. Appropri-
ate functioning of three factors, signal senders, recipients,
and circumstances for signal exchange, should be impor-
tant for keeping a swarm functionally active.

Acknowledgments

This work was supported by JSPS KAKENHI (grant numbers:
18K06345, 19K06765, and 22K06314 to R.O.) and Narishige Zo-
ological Science Award to R.O.

References:
[1] A. Manning and M. S. Dawkins, “An introduction to animal behav-
ior,” 5th Edition, Cambridge University Press, 1998.
[2] J. L. Gould and C. G. Gould, “The honey bee,” W. H. Freeman &
Co., 1988.

[3] J. Tautz, “The buzz about bees: Biology of a superorganism,”
Springer, 2008.

907



Okada, R. et al.

(4]

(5]
(6]
(71

(8l

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

908

K. von Frisch and M. Lindauer, “The ‘language’ and orientation
of the honey bee,” Annu. Rev. Entomol., Vol.1, pp. 45-58, 1956.
https://doi.org/10.1146/annurev.en.01.010156.000401

K. von Frisch, “The dance language and orientation of bees,”
(Trans. by L. Chadwick), Harvard University Press, 1993.

T. D. Seeley, “The wisdom of the hive: The social physiology of
honey bee colonies,” Harvard University Press, 1996.

T. D. Seeley, “Honey bee foragers as sensory units of their
colonies,” Behav. Ecol. Sociobiol., Vol.34, No.1, pp. 51-62, 1994.
https://doi.org/10.1007/BF00175458

R. De Marco and W. Farina, “Changes in food source profitabil-
ity affect the trophallactic and dance behavior of forager honeybees
(Apis mellifera L.),” Behav. Ecol. Sociobiol., Vol.50, No.5, pp. 441-
449, 2001. https://doi.org/10.1007/s002650100382

T. D. Seeley, S. Camazine, and J. Sneyd, “Collective decision-
making in honey bees: How colonies choose among nectar
sources,” Behav. Ecol. Sociobiol., Vol.28, No.4, pp. 277-290, 1991.
https://doi.org/10.1007/BF00175101

T. D. Seeley and P. K. Visscher, “Assessing the benefits of cooper-
ation in honeybee foraging: Search costs, forage quality, and com-
petitive ability,” Behav. Ecol. Sociobiol., Vol.22, No.4, pp. 229-237,
1988. https://doi.org/10.1007/BF00299837

R. Okada, T. Akamatsu, K. Iwata, H. Ikeno, T. Kimura, M, Ohashi,
H. Aonuma, and E. Ito, “Waggle dance effect: Dancing in autumn
reduces the mass loss of a honeybee colony,” J. Exp. Biol., Vol.215,
No.10, pp. 1633-1641, 2012. https://doi.org/10.1242/jeb.068650

S. Camazine and J. Sneyd, “A model of collective nectar source
selection by honey-bees: Self-organization through simple rules,”
J. Theor. Biol., Vol.149, No.4, pp. 547-571, 1991. https://doi.org/
10.1016/S0022-5193(05)80098-0

P. K. Visscher and T. D. Seeley, “Foraging strategy of honeybee
colonies in a temperate deciduous forest,” Ecology, Vol.63, No.6,
pp. 1790-1801, 1982. https://doi.org/10.2307/1940121

F. C. Dyer, “The biology of the dance language,” Annu. Rev. En-
tomol., Vol.47, pp. 917-949, 2002. https://doi.org/10.1146/annurev.
ento0.47.091201.145306

C. Griiter and W. M. Farina, “The honeybee waggle dance: Can we
follow the steps?,” Trends Ecol. Evol., Vol.24, No.5, pp. 242-247,
2009. https://doi.org/10.1016/j.tree.2008.12.007

M. J. Couvillon, “The dance legacy of Karl von Frisch,” Insect.
Soc., Vol.59, No.3, pp. 297-306, 2012. https://doi.org/10.1007/
s00040-012-0224-z

G. Sherman and P. K. Visscher, “Honeybee colonies achieve fitness
through dancing,” Nature, Vol.419, No.6910, pp. 920-922, 2002.
https://doi.org/10.1038/nature01127

A. Dornhaus and L. Chittka, “Why do honey bees dance?,” Behav.
Ecol. Sociobiol., Vol.55, No.4, pp. 395-401, 2004. https://doi.org/
10.1007/s00265-003-0726-9

A. Dornhaus, F. Kliigl, C. Oechslein, F. Puppe, and L. Chittka,
“Benefits of recruitment in honey bees: Effects of ecology and
colony size in an individual-based model,” Behav. Ecol., Vol.17,
No.3, pp. 336-344, 2006. https://doi.org/10.1093/beheco/arj036

M. Beekman and J. B. Lew, “Foraging in honeybees—When does
it pay to dance?” Behav. Ecol., Vol.19, No.2, pp. 255-261, 2008.
https://doi.org/10.1093/beheco/arm117

M. V. Srinivasan, “Honeybee communication: A signal for danger,”
Curr. Biol., Vol.20, No.8, pp. R366-R368, 2010. https://doi.org/10.
1016/j.cub.2010.02.051

R. Okada, H. Ikeno, T. Kimura, M. Ohashi, H. Aonuma, and E. Ito,
“Markov model of honeybee social behavior,” Information, Vol.13,
No.3B, pp. 1115-1130, 2010.

R. Okada, H. Ikeno, T. Kimura, M. Ohashi, H. Aonuma, and E.
Ito, “Mathematical analysis of the honeybee waggle dance,” Acta.
Biol. Hung., Vol.63, No.Suppl 2, pp. 75-79, 2012. https://doi.org/
10.1556/ABiol.63.2012.Suppl.2.8

R. Okada, H. Ikeno, T. Kimura, M. Ohashi, H. Aonuma, and E.
Ito, “Error in the honeybee waggle dance improves foraging flexi-
bility,” Sci. Rep., Vol.4, Article No.4175, 2014. https://doi.org/10.
1038/srep04175

R. Okada, H. Ikeno, H. Aonuma, and E. Ito, “Biological insights
into robotics: Honeybee foraging behavior by a waggle dance,”
Adv. Robot., Vol.22, No.15, pp. 1665-1681, 2008. https://doi.org/
10.1163/156855308X368967

W. F. Towne and J. L. Gould, “The spatial precision of the
honey bee’s dance communication,” J. Insect. Behav., Vol.1, No.2,
pp. 129-155, 1988. https://doi.org/10.1007/BF01052234

M. Beekman, L. Doyen, and B. P. Oldroyd, “Increase in dance
imprecision with decreasing foraging distance in the honey bee
Apis mellifera L. is partly explained by physical constraints,” J.
Comp. Physiol. A, Vol.191, No.12, pp. 1107-1113, 2005. https:
//doi.org/10.1007/s00359-005-0034-0

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

A. Weidenmiiller and T. D. Seeley, “Imprecision in waggle dances
of the honeybee (Apis mellifera) for nearby food sources: Error or
adaptation?,” Behav. Ecol. Sociobiol., Vol.46, No.3, pp. 190-199,
1999. https://doi.org/10.1007/s002650050609

M. J. Couvillon, H. L. F. Phillips, R. Schiirch, and F. L. W. Ratnieks,
“Working against gravity: Horizontal honeybee waggle runs have
greater angular scatter than vertical waggle runs,” Biol. Lett., Vol.8§,
No.4, pp. 540-543, 2012. https://doi.org/10.1098/rsbl.2012.0182

K. Preece and M. Beekman, “Honeybee waggle dance error: Adap-
tion or constraint? Unravelling the complex dance language of hon-
eybees,” Anim. Behav., Vol.94, pp. 19-26, 2014. https://doi.org/10.
1016/j.anbehav.2014.05.016

P. L. Kohl, N. Thulasi, B. Rutschmann, E. A. George, I. Steffan-
Dewenter, and A. Brockmann, “Adaptive evolution of honeybee
dance dialects,” Proc. R. Soc. B, Vol.287, Article No.20200190,
2020. https://doi.org/10.1098/rspb.2020.0190

J. C. Biesmeijer and T. D. Seeley, “The use of waggle dance in-
formation by honey bees throughout their foraging careers,” Behav.
Ecol. Sociobiol., Vol.59, No.1, pp. 133-142, 2005. https://doi.org/
10.1007/500265-005-0019-6

D. A. Tanner and P. K. Visscher, “Do honey bees average directions
in the waggle dance to determine a flight direction?,” Behav. Ecol.
Sociobiol., Vol.62, No.12, pp. 1891-1898, 2008. https://doi.org/10.
1007/s00265-008-0619-z

T. M. Judd, “The waggle dance of the honey bee: Which bees fol-
lowing a dancer successfully acquire the information?,” J. Insect
Behav., Vol.8, No.3, pp. 343-354, 1995. https://doi.org/10.1007/
BF01989363

R. Okada, H. Ikeno, N. Sasayama, H. Aonuma, D. Kurabayashi, and
E. Ito, “The dance of the honeybee: How do honeybees dance to
transfer food information effectively?,” Acta. Biol. Hung., Vol.59,
No.Suppl 2, pp. 157-162, 2008. https://doi.org/10.1556/abiol.59.
2008.suppl.24

T. D. Seeley and W. F. Towne, “Tactics of dance choice in honey
bees: Do foragers compare dances?,” Behav. Ecol. Sociobiol.,
Vol.30, No.1, pp. 59-69, 1992. https://doi.org/10.1007/BF00168595

D. A. Tanner and P. K. Visscher, “Adaptation or constraint?
Reference-dependent scatter in honey bee dances,” Behav. Ecol.
Sociobiol., Vol.64, No.7, pp. 1081-1086, 2010. https://doi.org/10.
1007/500265-010-0922-3

C. Thom, D. C. Gilley, J. Hooper, and H. E. Esch, “The scent of the
waggle dance,” PLOS Biol., Vol.5, No.9, Article No.e228, 2007.
https://doi.org/10.1371/journal.pbio.0050228

C. Griiter, M. S. Balbuena, and W. M. Farina, “Informational con-
flicts created by the waggle dance,” Proc. R. Soc. B, Vol.275,
pp- 1321-1327, 2008. https://doi.org/10.1098/rspb.2008.0186

W. M. Farina, A. Arenas, P. C. Diaz, C. S. Martin, and M. J.
Corriale, “In-hive learning of specific mimic odours as tool to en-
hance honey bee foraging and pollination activities in pear and
apple crops,” Sci. Rep., Vol.12, Article No.20510, 2022. https:
/Idoi.org/10.1038/s41598-022-22985-5

J. Reinhard, M. V. Srinivasan, and S. Zhang, “Scent-triggered nav-
igation in honeybees,” Nature, Vol.427, No.6973, p. 411, 2004.
https://doi.org/10.1038/427411a

C. Griiter and F. L. W. Ratnieks, “Honeybee foragers increase the
use of waggle dance information when private information becomes
unrewarding,” Anim. Behav., Vol.81, No.5, pp. 949-954, 2011.
https://doi.org/10.1016/j.anbehav.2011.01.014

M. K. Wray, B. A. Klein, and T. D. Seeley, “Honey bees use social
information in waggle dances more fully when foraging errors are
more costly,” Behav. Ecol., Vol.23, No.1, pp. 125-131, 2012. https:
//doi.org/10.1093/beheco/arr1 65

C. Griiter and E. Leadbeater, “Insights from insects about adaptive
social information use,” Trends Ecol. Evol., Vol.29, No.3, pp. 177-
184, 2014. https://doi.org/10.1016/j.tree.2014.01.004

A. Chatterjee, E. A. George, P. M. V., P. Basu, and A. Brockmann,
“Honey bees flexibly use two navigational memories when updating
dance distance information,” J. Exp. Biol., Vol.222, No.11, Article
No.jeb195099, 2019. https://doi.org/10.1242/jeb.195099

T. Kimura, M. Ohashi, R. Okada, and H. Ikeno, “A new approach
for the simultaneous tracking of multiple honeybees for analysis
of hive behavior,” Apidologie, Vol.42, No.5, pp. 607-617, 2011.
https://doi.org/10.1007/s13592-011-0060-6

F. Wario, B. Wild, M. J. Couvillon, R. Rojas, and T. Landgraf,
“Automatic methods for long-term tracking and the detection and
decoding of communication dances in honeybees,” Front. Ecol.
Evol., Vol.3, Article No.103, 2015. https://doi.org/10.3389/fevo.
2015.00103

S. Okubo, A. Nikkeshi, C. S. Tanaka, K. Kimura, M. Yoshiyama,
and N. Morimoto, “Forage area estimation in European honeybees
(Apis mellifera) by automatic waggle decoding of videos using
a generic camcorder in field apiaries,” Apidologie, Vol.50, No.2,
pp. 243-252, 2019. https://doi.org/10.1007/s13592-019-00638-3

Journal of Robotics and Mechatronics Vol.35 No.4, 2023



[49] H. Ai and S. Takahashi, “The lifelog monitoring system for hon-
eybees: RFID and camera recordings in an observation hive,” J.
Robot. Mechatron., Vol.33, No.3, pp. 457-465, 2021. https://doi.
0rg/10.20965/jrm.2021.p0457

[50] J.R.Riley, U. Greggers, A. D. Smith, D. R. Reynolds, and R. Men-
zel, “The flight paths of honeybees recruited by the waggle dance,”
Nature, Vol.435, No.7039, pp. 205-207, 2005. https://doi.org/10.
1038/nature03526

[51] R. Menzel, A. Kirbach, W.-D. Haass, B. Fischer, J. Fuchs, M.
Koblofsky, K. Lehmann, L. Reiter, H. Meyer, H. Nguyen, S. Jones,
P. Norton, and U. Greggers, “A common frame of reference for
learned and communicated vectors in honeybee navigation,” Curr.
Biol., Vol.21, No.8, pp. 645-650, 2011. https://doi.org/10.1016/j.
cub.2011.02.039

[52] R. Menzel, L. Tison, J. Fischer-Nakai, J. Cheeseman, M. S. Bal-
buena, X. Chen, T. Landgraf, J. Petrasch, J. Polster, and U. Greg-
gers, “Guidance of navigating honeybees by learned elongated
ground structures,” Front. Behav. Neurosci., Vol.12, Article No.322,
2019. https://doi.org/10.3389/fnbeh.2018.00322

[53] J. L. Woodgate, J. C. Makinson, K. S. Lim, A. M. Reynolds, and
L. Chittka, “Continuous radar tracking illustrates the development
of multi-destination routes of bumblebees,” Sci. Rep., Vol.7, Article
No.17323, 2017. https://doi.org/10.1038/s41598-017-17553- 1

[54] D. S. Khoury, A. B. Barron, and M. R. Myerscough, “Mod-
elling food and population dynamics in honey bee colonies,” PLOS
ONE, Vol.8, No.5, Article No.e59084, 2013. https://doi.org/10.
1371/journal.pone.0059084

[55] M. A. Becher, V. Grimm, P. Thorbek, J. Horn, P. J. Kennedy, and
J. L. Osborne, “BEEHAVE: A systems model of honeybee colony
dynamics and foraging to explore multifactorial causes of colony
failure,” J. Appl. Ecol., Vol.51, No.2, pp. 470-482, 2014. https://
doi.org/10.1111/1365-2664.12222

[56] D.J. Torres, U. M. Ricoy, and S. Roybal, “Modeling honey bee pop-
ulations,” PLOS ONE, Vol.10, No.7, Article No.e0130966, 2015.
https://doi.org/10.1371/journal.pone.0130966

[57] L. Hayes and C. Griiter, “When should bees be flower constant? An
agent-based model highlights the importance of social information
and foraging conditions,” J. Anim. Ecol., Vol.92, No.3, pp. 580-593,
2023. https://doi.org/10.1111/1365-2656.13861

[58] T.Landgraf, M. Oertel, D. Rhiel, and R. Rojas, “A biomimetic hon-
eybee robot for the analysis of the honeybee dance communication
system,” 2010 IEEE/RSJ Int. Conf. Intell. Robots Syst., pp. 3097-
3102, 2010. https://doi.org/10.1109/IROS.2010.5650930

[59] T.Landgraf, R. Rojas, H. Nguyen, F. Kriegel, and K. Stettin, “Anal-
ysis of the waggle dance motion of honeybees for the design of
a biomimetic honeybee robot,” PLOS ONE, Vol.6, No.8, Article
No.e21354, 2011. https://doi.org/10.1371/journal.pone.0021354

Journal of Robotics and Mechatronics Vol.35 No.4, 2023

Honey Bee Waggle Dance as a Model of Swarm Intelligence

Name:
Ryuichi Okada

ORCID:
0000-0001-8645-5759

= Affiliation:
‘/}/ Department of Biology, Graduate School of Sci-
% . ence, Kobe University
Address:
1-1 Rokkodai-cho, Nada-ku, Kobe, Hyogo 675-8501, Japan
Brief Biographical History:
2000-2003 Postdoctoral Researcher, National Institute for Basic Biology
2003-2005 Postdoctoral Researcher, Freie Universitit Berlin
2017- Postdoctoral Researcher, Kobe University
Main Works:
e “Visual learning in tethered bees modifies flight orientation and is
impaired by epinastine,” J. Comp. Physiol. A, 2023.
https://doi.org/10.1007/s00359-023-01623-z
e “Possible role of polarized light information in spatial recognition in the
cricket Gryllus bimaculatus,” Zoological Science, Vol.38, No.4,
pp. 297-304, 2021.
e “Error in the honeybee waggle dance improves foraging flexibility,” Sci.
Rep., Vol.4, Article No.4175, 2014.
Membership in Academic Societies:
e Zoological Society of Japan (ZSJ)
o The Japanese Society for Comparative Physiology and Biochemistry
(JSCPB)
o Society for Neuroscience (SfN)

Name:
Hidetoshi Ikeno

ORCID:
0000-0002-5134-5485

Affiliation:
Professor, Faculty of Informatics, The Univer-
sity of Fukuchiyama

,,;' - ;,A
i

a7

Address:

3370 Aza-Hori, Fukuchiyama, Kyoto 620-0886, Japan

Brief Biographical History:

1985- Assistant, Department of Electronic Engineering, National Institute
of Technology, Maizuru College

1998- Assistant Professor, School of Human Science and Environment,
Himeji Institute of Technology

2006- Professor, School of Human Science and Environment, University
of Hyogo

2021- Professor, Faculty of Informatics, The University of Fukuchiyama
Main Works:

e “A segmentation scheme for complex neuronal arbors and application to
vibration sensitive neurons in the honeybee brain,” Front. Neuroinform.,
Vol.12, Article No.61, 2018.

e “Development of a scheme and tools to construct a standard moth brain
for neural network simulations,” Comput. Intell. Neurosci., Vol.2012,
Article No.795291, 2012.

Membership in Academic Societies:

o The Institute of Electronics, Information and Communication Engineers
(IEICE)

o The Institute of Systems, Control and Information Engineers (ISCIE)

e Zoological Society of Japan (ZSJ)

o The Japanese Society for Comparative Physiology and Biochemistry
(JSCPB)

909



Okada, R. et al.

Name:
Hitoshi Aonuma

ORCID:
- - 0000-0001-8380-1820
il R
. Affiliation:
- Professor, Graduate School of Science, Kobe
m University

Address:

1-1 Rokkodai-cho, Nada-ku, Kobe, Hyogo 675-8501, Japan

Brief Biographical History:

1998- Research Associate, University of Southampton

2001- Research Associate, Hokkaido University

2003- Associate Professor, Hokkaido University

2021- Professor, Kobe University

Main Works:

e “Descending and ascending signals that maintain rhythmic walking
pattern in crickets,” Front. Robot. Al, Vol.8, Article No0.625094, 2021.
e “Fold analysis of crumpled sheets using microcomputed tomography,”
Phys. Rev. E, Vol.104, No.2, Article No.025005, 2021.

e “Serotonergic control in initiating defensive responses to unexpected
tactile stimuli in the trap-jaw ant Odontomachus kuroiwae,” J. Exp. Biol.,
Vol.223, No.19, Article No.jeb228874, 2020.

Membership in Academic Societies:

o International Society for Neuroethology (ISN)

e Zoological Society of Japan (ZSJ)

e The Japanese Society for Comparative Physiology and Biochemistry
(JSCPB)

Name:
Midori Sakura

ORCID:
0000-0002-0857-7176

Affiliation:
Associate Professor, Graduate School of Sci-
ence, Kobe University

Address:

1-1 Rokkodai-cho, Nada-ku, Kobe, Hyogo 675-8501, Japan

Brief Biographical History:

2001- Postdoctoral Researcher, Graduate School of Pharmaceutical
Sciences, The University of Tokyo

2003- Postdoctoral Researcher, Zoological Institute, University of Zurich
2005- Postdoctoral Researcher, Research Institute for Electronic Science,
Hokkaido University

2011- Senior Assistant Professor, Graduate School of Science, Kobe
University

2015- Associate Professor, Graduate School of Science, Kobe University
Main Works:

e “Enhanced polarotaxis can explain water-entry behaviour of mantids
infected with nematomorph parasites,” Curr. Biol., Vol.31, No.12,

pp- R777-R778, 2021.

e “Orientation to polarized light in tethered flying honeybees,” J. Exp.
Biol., Vol.223, No.23, Article No.jeb228254, 2020.

Membership in Academic Societies:

e Zoological Society of Japan (ZSJ)

e The Japanese Society for Comparative Physiology and Biochemistry
(JSCPB)

e The Japan Neuroscience Society (JNS)

910

Name:

Etsuro Ito

I .

a4 i 0001({)(? 0002-16776565
frd I el
—— . .
&7 Affiliation:
5z Professor, Department of Biology, Waseda Uni-

- . versity

Address:

2-2 Wakamatsucho, Shinjuku-ku, Tokyo 162-8480, Japan

Brief Biographical History:

1993- Associate Professor, Hokkaido University

2006- Professor, Tokushima Bunri University

2016- Professor, Waseda University

Main Works:

o “Identification of putative molecules for adiponectin and adiponectin
receptor and their roles in learning and memory in Lymnaea stagnalis,”
Biology, Vol.12, No.3, Article No.375, 2023.

Membership in Academic Societies:

e The Biophysical Society of Japan (BSJ)

e Zoological Society of Japan (ZSJ)

Journal of Robotics and Mechatronics Vol.35 No.4, 2023



