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Abstract—This paper proposes a hierarchical network that
enables an information processing nesting structure for tool-
use that represents a relationship between a hand end-effector
and a tool target when reaching for the tool, and an additional
relationship between the tip of the tool end-effector and an
object target after taking the tool. The network consists of
associative networks whose lower layer networks associate the
multimodal information under various conditions. The higher
layer network associates the temporal order of the lower network
states. A simulation experiment shows that the proposed network
successfully generates reaching movements regardless of the
conditions.

I. INTRODUCTION

We can adaptively use various kinds of tools adaptively as
if they were part of our bodies. Iriki et al. [9] investigated the
activities of bimodal neurons in macaque monkeys before and
after tool-use learning (the neurons are called bimodal because
they are activated during both visual and tactile sensing). They
showed that, after learning, the receptive field of the bimodal
neurons extended from hand to tool.

In the cognitive developmental robotics area, many models
have been developed to explain how body representation
is acquired. Hikita et al. proposed a learning model that
associates visual information with the somatic senses during
the the co-occurrence of touch sensing on the basis of bottom-
up attention [7]. Nabeshima proposed a model for tool-use in
which the inertia parameters of the tools are estimated and
used for adaptive handling of a never-before-seen tool [13].
These models attempt to adaptively associate the position of
the end-effector and the posture information in one system
where the end-effector can be the hand or the tool.

However, even though the associations between the end-
effector and the targets are learned, the problem of how
appropriate motions can be generated depending on various
conditions still exists. Note that even if the macaque monkeys
have a tool in hand, the bimodal neurons does not extend to
the tool if they do not want to take food with the tool [10].

Module selection and identification for control (MOSAIC)
[17] is a possible mechanism for situation-dependent mo-
tion generators. MOSAIC prepares multiple modules, each
of which is a combination of a prediction model and a
control model for different motion primitives. The higher layer
selects the appropriate module that yields the best prediction

in the current situation. Tani et al. proposed a recurrent
neural network with parametric bias (RNNPB), in which the
same recurrent network generates different dynamics output
depending on the parametric bias [16]. Nishide et al. proposed
a multiple time-scales recurrent neural network (MTRNN) that
is an extension of RNNPB with a layered network, in which
different layers have different time scales [14]. They showed
that the network can generate the appropriate motion patterns
depending on the given target tools that are placed in the same
location. However, these models did not realize the sequential
procedures depending on the network situations.

The change in the body representation can be regarded as
that in the combinations of an end-effector and a target object.
For example, when food is within close reach, the end-effector
is the hand and the target object is the food. In a situation
where the food can be reached with a tool, it is necessary to
plan the motion procedures — first take the tool with the hand
and then take the food with the tool. In the first procedure,
the end-effector is the hand and the target object is the tool.
In the second procedure, the end-effector is the tool and the
target object is the food.

This paper proposes a layered network that generates the
appropriate procedures for multiple end-effectors (hand and
tool) on the basis of the nesting structure of the end-effectors
and the targets. We investigate how the layered networks
interact with each other, and determine the appropriate tool-
use status when the associative network is layered.

We first introduce the Restricted Boltzmann Machine
(RBM) as a unit of the proposed layered network. Second,
the details of the task setting for the tool-use are explained.
Then, the proposed hierarchical network is introduced. Finally,
the problems with regard to the layered network are discussed.

II. RESTRICTED BOLTZMANN MACHINE

RBM [8] is a neural network consisting of two layers, i.e.,
the input (visible) layer and the hidden layer. There are no
connections among units within each layer. Each unit in the
visible layer, 𝑣𝑖, has a symmetrical connection weight, 𝑤𝑖𝑗 , to
each unit in the hidden unit, ℎ𝑗 . Each unit is activated by the
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Fig. 1. Restricted Boltzmann Machine

following probabilities:

P(ℎ𝑗 = 1) =
1

1 + 𝑒𝑥𝑝(−∑
𝑖 𝑣𝑖𝑤𝑖𝑗 − 𝛽ℎ𝑗

)
(1)

P(𝑣𝑖 = 1) =
1

1 + 𝑒𝑥𝑝(−∑
𝑗 ℎ𝑗𝑤𝑖𝑗 − 𝛽𝑣𝑖

)
, (2)

where 𝛽𝑣𝑖
and 𝛽ℎ𝑗

are activation biases.
RBM learning is accomplished via a calculation process

called reconstruction. First, the activation level of the hidden
layer, ℎ𝑗 , is calculated via the forward calculation on the basis
of the input data 𝑣𝑖, the connection weights, 𝑤𝑖𝑗 , and biases,
𝛽𝑣𝑖

, using eq. (1). Then, the activation level of the visible
layer, 𝑣𝑖, is calculated again with that of the hidden layer,
ℎ𝑗 , with eq. (2). This calculation process can be executed
repeatedly. The superscript of the units 𝑣𝑖 and ℎ𝑗 indicate the
number of repeated calculations between layers. If the proba-
bilistic distributions of the input data and the reconstructed
data after ∞ reconstruction repeats are denoted by 𝑝(v)
and 𝑝(v∣w), respectively, learning consists of adjusting the
connection weights, 𝑤𝑖𝑗 , to minimize the difference between
𝑝(v) and 𝑝(v∣w). The distance between two distributions can
be measured by the cross-entropy error, which is defined by
the following equation:

𝐿 = ⟨log(𝑝(v∣w))⟩𝑝(x) (3)

= −
𝑁∑

𝑖=0

𝑝(v𝑖) log(𝑝(v𝑖∣w)). (4)

The total energy of the RBM network with the activation level,
(v,h) in both layers can be defined by the following equation:

𝐸(v,h∣w) = −
∑

𝑖,𝑗

𝑣𝑖ℎ𝑗𝑤𝑖𝑗 . (5)

The connection weights are trained such that this energy is
lowered. After learning, the reconstruction process can be
used to reconstruct a complete dataset from the incomplete
data. This feature can be used to associate the given multiple
datasets. Moreover, by comparing with the network energy,
it is possible to evaluate how close the input data are to the
learning data.

III. TASK SETTING OF REACHING WITH TOOLS

Nesting is an important information process that enables
higher cognitive abilities such as language and tool-use [4].
To realize nesting in a layered network, it is important that
the higher layer controls the temporal sequences of the lower
layer network states. In this paper, taking a reaching task with

a tool as an example, we consider how the layered associative
network makes it possible to proceed with the nesting task.

Although there are many abilities involved in tool-use, we
concentrate on the reaching task, in which an agent must first
reach for a tool with his/her hand, and then reach for a target
object with the tool. Specifically, an agent should modify the
target object posture to reach the target depending on what is
(or is not) in his/her hand. Note that we concentrate on the
problem of how the end posture is generated and not on how
the motor commands during reaching are generated.

At first, the simulation robot moves its hand randomly on the
table on which the tools or food are placed. When the robot
detects the touch senses, RBM modules associate the joint
angles of the arm, those of the eyes, and the image features
of the targets and end-effectors.

The robot uses only the left arm that has five degrees of
freedoms (DOFS). The table size in front of the robot is 0.5
[m] wide × 0.2 [m] deep.

The range of each joint angle is equally segmented into 16
divisions, each of which is the receptive field of one neuron.
The neuron output is binary; only one neuron corresponding
to the current joint angle among 16 neurons is activated at
one time. Thus, 16𝑥5 = 90 neurons are prepared for the joint
angles of the arm. The pan and the tilt angles of the two eyes
are input to the network when an object (hand ,tool and target)
is captured in the center of the eye image (this is ”attention”
to the object). As well as for the arm, the range of each joint
angle is segmented into 10 divisions. Thus, 10x4=40 neurons
are prepared for the joint angles of the eyes. The input eye
image is segmented into 5𝑥5 areas, in each of which the results
of 4 types of Gabor filters are binarized with certain threshold.
Thus, the 5𝑥5𝑥4 = 100 neurons are prepared for the image
features. In the reconstruction process, the result of the Gabor
filters is reconstructed and compared with input data in this
level (not the image itself). Note that for the image feature
inputs, we take the constant values prepared in advance on
the basis of the images shown in Fig. 2. The robot explores

(a) hand (b) food (c) tool1 (d) tool2

Fig. 2. Input images of end-effectors and target objects.

in four environments, as shown in Fig. 3.

IV. CONDITION-DEPENDENT REACHING CONTROL SYSTEM

A. Overview of the System

Figure 4 shows an overview of the proposed system. The
sensor information of the joint angles of the arm, those of
the eyes, and the feature values of the visual image during
reaching is input to the lower layer of the network. The lower
layer consists of three RBMs: reaching motion module, reach-
ing area module, and attention image module. The reaching



Environments

1

2

3

4

Food Tool1 Tool2 motion order

Reachable

Reachable
with

tool 1

Reachable
with

tool 2

Reachable
with

tool 2

Reachable
with
hand

Reachable
with
hand

Reachable
with
hand

Reachable
with

tool 1

hand food

hand foodtool1

tool2hand food

tool1hand foodtool2

Fig. 3. Conditions of simulation experiment.

associative attention module

reaching motion module reaching area module attention image module

1 2

3

64

5

7

joint angles
of the arm

joint angles
of the eyes

image features
of the effector

image features
of the target

selective attention module

environment

Fig. 4. Overview of layered network.

motion module (140 neurons (40 for eyes, 100 for image)
for input layer and 30 neurons for output layer) associates
the input data of the joint angles of the arm, those of the
eyes, and the visual image of the end-effector when the agent
attends to the reaching target. The reaching area module (230
neurons (40 for eyes, 100 for image, 90 for arm) for input
layer and 85 neurons for output layer) associates the input
data of the joint angles of the two eyes with image features
of the end-effector when the agent explores the front space
with the end-effector (hand or tool). Thus, after learning,
the network information can be used to evaluate whether the
attended position is reachable with the current end-effector.
The attention image module (200 neurons (100 for effector
image, 100 for target image) for input layer and 50 neurons
for output layer) associates the image features of the end-
effectors with the target objects during reaching. The training
data are gathered when the hand is reached to objects (target
and tools) that are put in various places on the table. Because
the receptive field of neurons are not overlapped in this setting,
the network could not interpolate the untrained data.

The upper layer network, the associative attention module,
learns the temporal transition of the lower network. The hidden
layer unit activation patterns in the attention image module
are used as lower network representational data. For the upper
layer of the network, the number of the neurons are 50 for
input layer and 10 for hidden layer. Only the success data
(reaching with (hand/short tool/ long tool) to (target/short
tool/long tool)) are given as the training data. The sequential
data of the lower layer network are input to the visual layer
of the upper layer network depending on temporal order. For
example, when an agent takes the food with a tool such as
a rake, first he/she takes the tool with his/her hand, and then
the food with the tool. In the first procedure, the activation
patterns of the hidden layer of the attention image module in
the initial state (no reaching) and reaching for the tool with
the hand are input to the visual layer of the upper layer ( 1⃝
and 2⃝ in Fig. 4, respectively). Then, during the second tool
reaching, the activation pattern of the attention image module,
in which the image features of the tool and food are input to
the end-effector and the target nodes, respectively, is input to
the upper layer( 4⃝ in Fig. 4), and associated with the pattern
of the hidden layer of 3⃝.

B. Learning Reaching Sequences

In the associative attention module, a new RBM is com-
posed layer by layer with the activation pattern of the hidden
layer in the attention image module, until the final goal
(reaching the food) is accomplished. These layers make up the
nesting structure of the combinations of the end-effector and
the target. In the following section, the details of the learning
procedure are explained using the example shown in Fig. 5
(condition 4 in Fig. 3), in which a short tool exists in the area
the agent can reach by hand, a long tool exists in the area in
the area the agent can reach with the short tool, and the food
exists in the area the agent can reach with the long tool.

First, the success of reaching the short tool by hand triggers
the first module learning in the lower layer (the reaching
motion module, the reaching area module, and the attention
image module). That is, the lower layer where the joint angles
of the arm, those of the eyes with which the agent focuses
on the short tool, and the images of the short tool and the
hand are associated. Then, the RBM in the upper layer is
constructed with the visual layer of 1⃝ the hidden layer of the
attention image module and 2⃝ the initial state in which all
values are set to 0, and the hidden layer 3⃝. Similarly, when the
agent reaches for the long tool with the short tool, the second
association learning is triggered in the reaching motion, the
reaching area, and the attention image modules. The learning
in the associative attention module is also proceeded with the
visible layer of 4⃝ the hidden layer of the attention image
module, 3⃝ the hidden layer of the first associative attention
module, and the new hidden layer 6⃝. When the agent finally
reaches for the food with the long tool, the learning in the
lower modules is triggered. A third RBM in the associative
attention module is constructed with the visible layer of 6⃝
the hidden layer of the attention image module, 5⃝ the hidden
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Fig. 5. Network procedures in learning phase.

layer of the second RBM in the associative attention module,
and the new hidden layer 7⃝.

C. Generating Sequential Reaching Motor Commands

After the procedures for reaching are recorded in the layered
network, it is important to note how the appropriate procedures
are remembered with the layered associative network. In our
network, the template for the end-effector and the target
is prepared. In this framework, it is important to find the
appropriate combinations of the end-effector and the target.
Note that the same problem occurs in language recognition,
in which we must decide whether the heard word is a verb
or the target object, for example. In this subsection, we show
how the network recalls the learning event and generates the
appropriate motor commands. This is the same situation as in
the previous subsection, in which a short tool, a long tool, and
the food exist as shown in Fig. 6. First, among the observed
objects, the image of the target (food) is selected and input to
the visible layer of the reaching area module. In addition, the
end-effector with which the agent could reach that position is
reconstructed. Likewise, the images of the short tool and the
long tool are input to the visible layer of the reaching area
module, and the appropriate end-effector images for reaching
are reconstructed.

On the other hand, the activation patterns in the hidden
layer with inputs of images of the possible targets (short tool,
long tool, and food) and the image of the end-effector that
is reconstructed in the reaching area module are input in the
visible layer of the attention image module.

Then, the activation pattern of the hidden layer with the
final target image is examined in the associative attention
module. The pattern is input to 2⃝, 4⃝, and 5⃝ in order,
and the network energy (eq. (5)) is calculated. The network
energy of the reconstruction pattern with the learned input
data will be lower than that with the inexperienced data.
For example, Fig. 7 shows the network energy of RBM of
5⃝, 6⃝, and 7⃝ during training and reconstruction with the

hidden layer of the attention image module when various
combinations of end-effector and target image features are
input. The graph shows that the network energy during re-
construction is lower for the same level of training. However,
even though the network energy reconstructed data energy
is lower, the data are declined if the reconstructed data are
not found in the current environment. The exploration of the
reaching procedures continues until the appropriate low energy
combinations are found. Once the appropriate combinations
are found, these datasets are transferred back to the lower
layer network. The appropriate combinations are transferred
to the hidden layer of the attention image module, and the
necessary datasets for reaching, such as joint angles of the
arm and eyes, are reconstructed in the three modules of the
lower layer network. Figure 8 shows the generated reaching
movements from the viewpoint of the robot under the various
conditions corresponding to Fig. 3.
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V. DISCUSSION

In this paper, we proposed a hierarchical network that de-
scribes a sequential tool-use motion as multiple combinations
of an end-effector and a target object, and generates appro-
priate combinations of an end-effector and joint angles for
reaching. The proposed network makes use of the advantages
of the restricted Boltzmann machine to generate situation-
dependent motion. Learned data are generated from partly
deficit data, and the distance from the current input data to the
learned data is evaluated on the basis of the network energy.

-60

-50

-40

-30

-20

-10

0

N
et

w
or

k 
E

ne
rg

y 
E

Training
(tool2, food)

Reconst.
(tool1, food)

Reconst.
(hand, food)

Reconst.
(tool2, food)

Fig. 7. Network energy with reconstruction data.

(a) Condition 1

(b) Condition 2

(c) Condition 3

(d) Condition 4

Fig. 8. Generated reaching movements under various conditions.

Another advantage of RBM is that the input data are self-
organized in the hidden layer. In the proposed network, all
modules are constructed with RBMs. Thus, information of all
procedures to the final target is summarized as the activation
pattern of each of the hidden layers in the upper network.
The trained data in the hidden layer of the RBM are self-
organized. This makes it possible to evaluate to what extent
the current task is similar to the experienced task. The RBM
reconstruction process can be utilized as the top down process
to provide the bias with which the appropriate motor command
is generated depending on the situations in the lower layer.

Several assumptions were made such that the whole net-
work would work for autonomous learning and larger scale
problems. Hereafter, we discuss some of the problems. First
is the attention and working memory. In this study, the objects
to be attended to or recognized are given in advance. The robot
assigns these recognized objects to the meaning of the end-
effector or the target. When attended objects are input to the



network (image feature module), the object images are kept
in temporal memory together with the position information
(the joint angles of the eyes). When checking whether the
remembered combinations are possible, the current possible
combinations should be kept in the temporal memory. Thus,
our system assumes that the temporal memory (or working
memory) is stored at the input level of the network. In future
research, we will attempt to combine this memory system with
the existing working memory models [2] [3].

The second assumption concerns the activation control of
the network. In the proposed network, the activation timing
of the lower network and the higher network (e.g. Fig. 4) is
given by the designer. Moreover, the network does not have
a mechanism to check how long the current bias affects the
lower layer. Because of the lack of the dynamics property
in RBM, we did not treat the problem of how to control the
dynamics in the hierarchical system. We are currently working
on the design of an autonomous networkcontrol system in the
hierarchical structure.

The third problem is the network structure. Greenfiled [4]
and Molnar-Szakacs et al. [12] proposed that the complexity
of the hand manipulation such as spoon and nesting cup
relates to that of the acquired language. It is reported that
the Broca area is activated in both tool-use and language
tasks, although the details of the mechanism are unknown
[6]. This suggests that the mirror neuron system plays an
important role in the hierarchical structure of both language
and tool-use. Figure 9 shows the hierarchical structure in terms
of syntactic structure of language and spoon-use. Greenfield
insists that ”subassembly” mechanisms are common in both
tasks. If the subassembly is interpreted as a temporal order of
the combination of an end-effector and a target in a sequential
procedure, the Greenfield model corresponds to the model
proposed in this paper (Fig. 10).

   

  

 

(a) Hierarchical structure of
language

  

 

  

   

(b) Hierarchical structure of
spoon-use

Fig. 9. Development of hierarchical structure of language and tool-use
(modified from Greenfield [4]).

However, it is not necessary that the nesting structure, such
as a subassembly or a temporal procedure, should be realized
with the network structure itself, as in the proposed network.
The recurrent network is a possible structure that realizes the
nesting information processing, although a plausible mecha-
nism for additional learning is necessary [14].

initial state (hand, spoon) (spoon, food) (food, mouth)

Fig. 10. Nesting structure of combinations of end-effector and target in
spoon use.

As a next step, we will attempt to extend our model to
the problem of syntactic processing and explore the common
information processing mechanism of tool-use and language-
use.
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