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Abstract

This paper presents the principle of symbol grounding in
robots. If a robot does not understand words, the robot
cannot autonomously talk in the physical world. Un-
derstanding language symbols is a necessary condition
for autonomous conversations. First, how humans un-
derstand language symbols is briefly studied. Humans’
symbol manipulation is based on imagination. Recent
brain science shows that imagination is a virtual bodily
movement. Therefore, humans’ symbol manipulations
are based on virtual bodily movements. Based on vir-
tual bodily movements, a principle of symbol manipu-
lation (grounding) in robots is presented. The idea 
called Embodied AI. The semantics is called the embod-
ied semantics, and the architecture is called the embod-
ied architecture. In the embodied AI, abstract symbols
are grounded through metaphors.

are based on (mental) image manipulations, that is,
imaginations.

Recent brain science shows that imagination is a vir-
tual bodily movement. Therefore, humans’ symbol ma-
nipulations are based on virtual bodily movements.

Based on this fact, the embodied semantics is pre-
sented. The embodied semantics claims that the mean-
ing of a word is the (virtual) bodily movement. The
fundamental principle of symbol manipulation (ground-
ing) in robots is presented as follows. "In a (language)
symbol processing system, sensory (and motor) circuits
(programs) constitute the main part of the system 
generating (mental) images which are symbol contents."
The architecture is called the embodied architecture.
The idea is called Embodied AI.

1 Introduction

This paper presents the principle of symbol grounding
in robots. Robots’ autonomous conversations need sev-
eral conditions. Some tasks for which they have to talk
are needed. Some situations where they have to talk
are also needed. Other things such as attention are nec-
essary, too. That robots understand language symbols
underlies the above things. Robots do not have to un-
derstand language symbols objectively, that is, they do
not have to have dictionaries. They have to subjectively
understand language symbols in their own ways.

First, how humans understand language symbols is
briefly studied. Language symbols consist of symbol
representations and symbol contents. Symbol contents
are (mental) images. Humans’ symbol manipulations

Based on the above discussions,it is explained that
abstract symbol representations are related to images
through metaphors. The metaphor system is called
metaphor Based AI.

Section 2 describes how humans understand language
symbols and states that human symbol processings are
based on (mental) images. Section 3 explains that (men-
tal) images are virtual bodily movements. Based on the
discussions in the preceding sections, section 4 presents
the embodied semantics and the fundamental principle
of symbol grounding in robots. Section 5 briefly de-
scribes how abstract symbol representations are related
to images through metaphors. Section 6 presents more
discussions. Details can be found in [12], [13] and [14].
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2 On understanding

2.1 Symbol representation and symbol

content

The language symbol consists of signifiant and
signifid[10] (present and past participles of a French
word "signifer") literally translated as "something sig-
nifying" and "something signified." "Signifiant" and
"signifid" are translated into "symbol representation"
and "symbol content", respectively, and used as such
in this paper. The symbol representation of "dog" is
the "sound" of "dog" or the "picture" of "dog". The
parenthesized sound and picture indicate psychological
existence instead of physical sound or picture. For in-
stance, we can imagine "dog" without accompanying
physical sound or picture. The symbol content is, for
instance, a concept of "dog." In other words, the sym-
bol contents are images1 Therefore, the symbol content
is also psychological existence, not indicating physical
dog.

Physical dog is a referent (referenced object) and
should be distinguished from the symbol content. Note
that the symbol content is nearly a synonym of the
meaning.

One of the characteristics of the symbol representa-
tion and the symbol content is inseparability. That is,
the symbol representation and the symbol content are
not two entities that exist by themselves to constitute
a language symbol when combined, but two aspects of
one language symbol that cannot be separated.

Hereinafter, basically, "language symbol" is abbrevi-
ated to "symbol" for the purpose of simplification.

2.2 How humans understand symbols

Understanding of symbols is understanding of the mean-
ings of symbols. "Understanding of the meanings" is
obscure, and has two different "meanings." There is
no definition of meaning which everyone can agree to.
There are many definitions for meaning, which can be
roughly categorized into two. The first one is image
or mental representation, which is the symbol content
of semiotics. The other one is usage. Therefore, un-
derstanding of meaning can also be categorized into
two. The first one is imaginability, and the other one

1 There are several similar terms such as mental representation

and mental image. Here, the term "image" is used.

is symbol manipulatability. Imaginability is called un-
derstanding the meanings from the first person, because
no one but a person can observe what the person imag-
ines. Symbol manipulatability is called understanding
the meanings from the third person, because others can
observe if a person can manipulate symbols. For exam-
ple, five-dimensional space can be symbolically manip-
ulated but cannot be imagined, while three-dimensional
space can be symbolically manipulated and be imag-
ined.

Understanding of meanings denotes the above two
things, which are confused by many people. For exam-
ple, the sentence "A monk paints a monk that paints a
monk that paints a monk..."can be extended to a very
long sentence. Some people may say that the sentence
is grammatically correct, and so the sentence is under-
standable. On the other hand, other people may say
that such a long sentence is not understandable. Is the
sentence understandable or not understandable? The
question is answered as follows: "The sentence is un-
derstandable from the third person, because it can be
symbolically manipulated. The sentence is not under-
standable from the first person, because it cannot be
imagined."

Symbol manipulatability is based on imaginability.
Symbol manipulatability without imaginability is a
"shallow" understanding. A good example is the mem-
ory of mathematical formulas without images. Au-
tonomous robots should also be able to understand sym-
bols from the first person. That is, autonomous robots
should also be able to make images.

3 On images

Recent non-invasive measurements in brain science show
that the same regions in brains are used in both actual
tasks and imaginary tasks [9]. For example, many ex-
perimentations have shown that activated regions when
subjects imagine that they move fingers are the same
regions as when they actually move their fingers. To
speak more strictly, in imaginary tasks, there is no feed-
back signal from muscles. These facts mean that the
imagination of a bodily movement is the virtual bodily
movement.

In the case of imagination of something other than
bodily movements, many experimentations have shown
that several regions of bodily movements plus other re-
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gions are activated. For example, in calculations in
the brain, humans imagine sounds or pictures. When
pictures are imagined, eyes are virtually moved, and
when sounds are imagined, ears and tongues are vir-
tually moved. Non-invasive measurements have shown
that, when calculating in the brain, not only speech area
and frontal cortex are activated, but also motor area,
auditory area, and vision area are activated. This fact
means that imagination is based on a bodily movement.
In other words, imagination needs a body.

In symbol processings, not only speech area and
frontal cortex, but also motor area, vision area and au-
ditory area are activated. That is, humans handle sym-
bols by virtually moving their bodies in order to make
images, which are symbol contents. See Fig. 1 and Fig.2.

When two individuals have similar bodies, they can
move their bodies in a similar manner, and so they can
generate similar images (symbol contents). Apes’ bod-
ies are similar to humans’ bodies, and snakes’ bodies are
not similar to humans’ bodies. Therefore, apes generate
images (symbol contents) similar to those of humans,
while snakes generate images (symbol contents) dissim-
ilar to those of humans. As the result, humans and
apes understand the world in a similar way, while hu-
mans and snakes do not. Apes cannot generate symbol
representations, but they can generate symbol contents.

4 The principle of symbol
grounding in Robots

4.1 Embodied semantics

The typical semantics in AI is model semantics. What is
the semantics in Embodied AI? The semantics in Em-
bodied AI is the embodied semantics. The embodied
semantics claims that the meaning of a word is the (vir-
tual) bodily movement. There are several different se-
mantics. The typical semantics are as follows.

1. The meaning of a word is the referent. (referent
semantics)

2. The meaning of a word is the mental image. (men-
tal image semantics)

3. The meaning of a word is the usage. (usage seman-
tics)

The embodied semantics are explained with a few ex-
amples.

A dog is a good example for referent semantics. In
the embodied semantics, the meaning of a dog is the
bodily movement when a human sees a dog. When a
human sees a dog, he/she moves his/her eyes. The eye
movement is the meaning of a dog. When a human
cannot move his/her eyes appropriately and cannot the
image of a dog, even if a dog exists in front of him/her,
the dog does not "exist" to him/her. When no dog exits
in front of a human, he/she makes the image of a dog in
the brain, that is, he/she virtually moves his/her eyes.
The virtual eye movement is the meaning of a dog. As
stated in the preceding section, the eye movement (or
the neural network in the brain) when a human sees
a dog, and the eye movement (or the neural network
in the brain) when a human makes the image of a dog
are almost the same. The referent semantics and the
mental image semantics can be basically integrated to
the embodied semantics.

Spatial inclusion (containment) is a good example for
mental image semantics. Our bodies are bags in the
three-dimensional world. A human experiences the feel-
ing that he/she is a bag all the time. We can under-
stand spatial inclusion intuitively. Therefore, we can
hardly explain what spatial inclusion is like by words.
The meaning of spatial inclusion is the image of spatial
inclusion. Although the main image is the visual image,
the image consists of what we have learned from every-
day experiences. The image of spatial inclusion is the
virtual bodily movement when we are alive.

Another example is "heavy." It is very difficult or
impossible to explain the meaning of "heavy" by words.
The (mental) image of "heavy" is not visual. The
"knowledge" of "heavy" is a tacit knowledge. Although
we cannot explain "heavy" by words, we understand
the word "heavy." What do we understand? What we
understand is ambiguous sense, which we have learned
from many experiences such as lifting big stones. The
meaning of "heavy" is the (virtual) bodily movement
when we do something such as lifting big stones. The
meaning of "heavy" is the qualia[6]. The meaning of
"red" is the qualia,too.

Greetings are good examples for usage semantics.
Greetings like "good morning" have no referent. Greet-
ings like "good morning" have no image. Greetings are
speech acts[l]. The meaning of "good morning" is the
bodily movement when a human says so.
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brain

body

symbol processing

.......................... imagi[ation

(virtual bodil movement)

...................... sensory motor circuits

Figure 1: Embodied AI

As the above examples show, the embodied semantics
basically integrates referent semantics, mental image se-
mantics and usage semantics. Symbol representations
should be connected to the corresponding (virtual) bod-
ily movements. For example, the letters "dog" should
be connected to the image, that is, the virtual bodily
movement.

4.2 The fundamental principle of sym-

bol grounding

Based on the above arguments, the fundamental princi-
ple of symbol grounding in robots is presented as follows.

"In a symbol processing system, sensory and motor
circuits constitute the main part of the system by gen-
erating images which are symbol contents."

When the above principle is applied to robot architec-
ture, the following architectural principle is obtained.

"Symbol processing programs (circuits) contain sen-
sory and motor programs (circuits). In other words,
sensory and motor programs (circuits) plus other pro-
grams (circuits) constitute symbol processing programs
(circuits). Moreover, sensory and motor programs (cir-
cuits) should also be used for symbol processings."

The architecture is called the embodied architecture.
The architecture is definitely different from the conven-
tional architecture, where the symbol processings and
sensory (and motor) processings are dealt with indepen-
dently. The AI based on the embodied semantics and

the embodied architecture is called Embodied AI. The
subsumption architecture was proposed[2]. This paper
shares the tenet "AI should be embodied in robots," but
does not share the architecture.

Symbol representations should be connected to vir-
tual bodily movements. For example, the sound or the
picture of "dog" should be connected to the sensory and
motor circuits (programs) that are used for seeing a dog.
When the sound or the picture of "dog" is input to a
robot, the robot has to be able to virtually move the sen-
sory and motor circuits (programs) that are used for see-
ing a dog. The sound or the picture of "in/out" (spatial
inclusion) should be connected to the sensory and motor
circuits (programs) that are used for living in this world.
When the sound or the picture of "in/out" is input to
a robot, the robot has to be able to virtually move the
sensory and motor circuits (programs) that are used for
living in this world. The sound or the picture "heavy"
should be connected to the sensory and motor circuits
(programs) that are used for doing something such 
lifting a big stone. When the sound or the picture of
"heavy" is input to a robot, the robot has to be able
to virtually move the sensory and motor circuits (pro-
grams) that are used for doing something such as lifting
a big stone. The sound or the picture "good morning"
should be connected to the sensory and motor circuits
(programs) that are used for saying "good morning."
When the sound or the picture of "good morning" is
input to a robot, the robot has to be able to virtually
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Figure 2: Images as virtual bodily movements

move the sensory and motor circuits (programs) that are
used for saying "good morning." How the sounds or the
pictures (symbol representations) and the sensory and
motor circuits (programs) (virtual bodily movements)
are connected in robots is included in the future work.

Note that virtual bodily movements are not observ-
able from the outside. For example, we cannot see other
persons’ (mental) images. We cannot verify if a connec-
tion between the sound or the picture of "heavy" and the
corresponding sensory and motor circuits (programs) 
a robot is true with the conventional objectivity.

The next section explains the embodied semantics of
abstract words.

5 Abstract symbol representa-
tions and images

5.1 Abstract symbol representations

are related to images through

metaphors

Abstract words have no referent in the physical world.

Therefore, we cannot move our bodies in the same man-
ner as we do in the case of concrete words like dog.

When we handle abstract words, we combine virtual
bodily movements (images). How do we combine the
images? Roughly speaking, the combining methods are
metaphors, metonymy and synecdoche. The most im-
portant of these is metaphor[7], and so we focus on
metaphor.

Metaphor systems consist of fundamental domains,
application domains and the projections between them.
See Fig.3. A fundamental domain is defined as a do-
main which cannot be basically described by other do-
mains. In other words, the image of the domain cannot
be reduced to the images of other domains and is cre-
ated by the virtual bodily movements. For example,
the image of spatial outside or inside, that is, spatial in-
clusion (containment) cannot be reduced to the images
of other domains, and is created by the virtual bodily
movements.

The following are examples of fundamental domains:
spatial inclusion, up/down, front/behind, buildings,
pipes, wars, ...

Fundamental domains vary from researcher to re-
searcher. Several researchers list several fundamental
domains, which are different from each other. For
example, Johnson listed the following fundamental
domains[4]:
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Figure 3: Configuration of metaphors

containers, paths, cycles, repetitions, surfaces, balance,
boundaries, processes, links, scales, center-periphery,...

The following are examples of application domains:
economy, politics, theory,...

The images of application domains can be reduced to
the images of the fundamental domains. For example,
the images of "theory" domain can be reduced to several
fundamental domains such as "building" domain and
"fashion" domain, which are described later.

Generally speaking, abstract symbol representations
are related to images through metaphor projections.
Note that the symbol representations concerning fun-
damental domains are directly related to the images of
the domain.

5.2 The form or structure of fundamen-

tal domains

Each fundamental domain has a form or structure. The
form means the algebraic representation or the logical
representation. Roughly speaking, the structure means
an unclear form. In other words, the form is a sys-
tem consisting of discrete symbols and their processings,
whereas the structure is a system including continuous
symbols, that is, real numbers, and their processings.
The form is a special structure.

For example, the form of inclusion is propositional
logic. There are several propositional logics such as clas-
sical propositional logic or intuitionistic propositional
logic. The form of up/down, which can be regarded as

the second fundamental spatial domain, may be a for-
mal system of Venn diagram which has the direction
of up/down, that is, is asymmetric in a certain direc-
tion. Up/down may be formalized by the introduction
of modal operators into classical propositional logic[4].
The form of a fundamental domain cannot be defined
uniquely. For example, there are several forms of spatial
inclusion such as classical propositional logic and intu-
itionistic propositional logic. The form of fundamental
domains can be regarded as the form of experiences[5].

It may not be possible to formalize the buildings do-
main in the same manner as the spatial inclusion do-
main. The structure of buildings can be described by
foundation, main structure(e.g., floor, wall, roof), and
substructure(e.g., column, window, door).

In robots, the fundamental domains are constructed
mainly through the interactions between robots and the
outside world. However, a priori forms or structures
of the fundamental domains may be necessary for the
interactions, that is, experiences[5].

Cognitive linguistics has shown that humans do not
use "crisp" forms to understand some things but use
"fuzzy" structures based on prototypes and family
resemblances[8], [11]. The "fuzzy" structures are rep-
resented by artificial neural networks, for example.
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Figure 4: Architecture of symbol processings in robots

5.3 Combinational projections to appli-

cation domains

"It is wasteful to spend a lot of time in fighting over
the fundamental theory." In this sentence there are pro-
jections from buildings --4 theory(fundamental theory),
fight --4 discussion (is fighting over), and money --4 time
(spend a lot of time). The projections are combina-
tional projections, that is, the projection from (build-
ings and fight) -~ (theory and discussion). Projections
not often used are novel, poetic or decorative metaphors,
and projections often used are conventional or everyday
metaphors.

In the above sentence, theory is an application do-
main, which is structured by the structures of buildings
and fighting. Application domains are structured by
fundamental domains. When structures of fundamental
domains are represented by artificial neural networks,
the structure of an application domain is also repre-
sented by an artificial neural network.

Which fundamental domain’s structure is projected
to an application domain depends on the situation. For
example, when we focus on the configuration of a the-
ory, the domain of theory is structured by the structure
of buildings, and when we focus on the history or pop-
ularity of a theory, the domain of theory is structured

by the structure of fashion. Therefore, how a domain is
structured depends on the outside of the domain such
as themes of the conversations.

6 More discussions

Fig. 4 show the architecture of symbol processings (the
embodied architecture) in a robot. Fig. 4 can be gen-
erated by aggregating Fig. 2 and Fig. 3. For example,
the fundamental domain A is "container." The image of
container consists of several sensory motor circuits, and
the image of container is projected to several application
domains as the container metaphor.

The symbol grounding problem[3] can be basically
solved by Embodied AI. As symbols’ contents (images)
are virtual bodily movements, symbols are grounded in
the physical world through imagination and body.

The current computers do not have their bodies, and
so they cannot make the images of the fundamental do-
mains by sensory and motor circuits. The metaphor sys-
tem can be implemented in the current computers. The
metaphor system in Embodied AI is called Metaphor
Based AI.

Syntax processings are needed, which have been stud-
ied for a long time. However, they are insufficient, be-



cause "real" (not formal) semantic processings (the 
bodied semantics) are also needed. Syntax is processed
in the speech area and the frontal cortex. Semantics are
processed in motor area, auditory area, vision area, and
SO Oil.

There are a lot of open problems. The most important
open problems are as follows:

1. How are images created by sensory motor circuits.
The sensory motor circuits are used for actual bod-
ily movements. Images should be generated with-
out actual bodily movements. In humans, the
imagination mechanism can be realized by reducing
the pulse numbers to bodies. How can the imagi-
nation mechanism be realized in robots.

2. How are images related to symbol representations.
Symbol representations are letters, characters or
voices. Letters and characters are pictures, and
voices are sounds. Therefore, Pictures and sounds
should be connected to sensory and motor circuits
in robots. How can they be connected?

3. How can robots learn the connections between pic-
tures or sounds (symbol representations) and the
sensory and motor circuits? Humans can learn the
connections from everyday experiences. Can robots
learn the connections in a similar way?

7 Conclusions

This paper has presented a principle of symbol ground-
ing through imagination in robots. Humans handle
symbols based on images. Recent brain science has
shown that imaginations are virtual bodily movements.
Based on this fact, the embodied semantics has been
presented. The following fundamental principle has
been presented: "In a symbol processing system, sen-
sory and motor circuits constitute the main part of
the system by generating images which are symbol con-
tents." The architecture based on the principle is called
the embodied architecture. The idea is called Embod-
ied AI. Abstract symbol representations are related to
images through metaphors, which is briefly described.
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