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State classification for humanoid robots
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In this paper, we decouple the motion-planning problem of humanoid robots into two sub-problems, namely topological
state planning and detailed motion planning. The state classification plays a key role for the first sub-problem. We propose
several basic states, including lying, sitting, standing and handstanding, abstracted from the daily exercises of human beings.
Each basic state is classified further from the topological point of view. Furthermore, generalised function (GF) set theory is
applied with the aim of analysing the kinematic characteristics of the end effectors for each state, and meaningful names are
assigned for each state. Finally a topological state-planning example is given to show the effectiveness of this methodology.
The results show that the large amounts of states can be described using assigned names, which leads to systematic and
universal description of the states for humanoid robots.
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Introduction

The research of humanoid robots has drawn more and more
attention from researchers all over the world for the last
three decades. Along with the fast development of theories
and technologies, the capabilities of humanoid robots have
grown dramatically (Sakagami et al. 2002; Geppert 2004;
Sugahara et al. 2004; Kim et al. 2007). From the develop-
ment history of humanoid robots, we can see that the era
in which human beings and humanoid robots can share the
environment simultaneously is approaching, and the tasks
for humanoid robots will be more and more complicated.

The motion planning issue is essential for the success-
ful implementation of humanoid robots, especially when the
tasks of the humanoid robots are complicated. So far a lot of
methodologies have been proposed, and some of them have
already been used in humanoid robot platforms. A motion-
capturing system (Nakaoka et al. 2003) has been used to
acquire human dance motions. The recorded motions are
abstracted to get the essential postures in arm motions and
step primitives in leg motions. After further procession of
the motion data, the humanoid robot is able to imitate the
human dances and maintain its balance independently. The
movement primitives (Bokman et al. 2005), such as reach-
ing, swinging, lifting light and lifting heavy objects for the
forearm, have been represented and stored as a set of joint
trajectory basis functions which have been extracted via
a principle component analysis of human motion capture
data. Through linear combination of those basis functions
and optimisation according to some criteria, reasonable in-
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put data for humanoid robots can be achieved. In the litera-
ture (Kuffner et al. 2001), the researchers have employed a
randomised search strategy based on rapidly exploring ran-
dom trees for the planning algorithm in order to generate
dynamically stable collision-free trajectories for humanoid
robots, and the algorithm has been successfully applied in
the H6 humanoid robot. Multiple behavioural primitives
(Sentis and Khatib 2005) have been classified into differ-
ent control categories, i.e. constraints and operational tasks
and postures, to achieve safety and efficient control. Figures
(Hirukawa et al. 2005) have been used to represent the states
of humanoid robot HRP-2P for the process of lying down
and getting up. Only typical states are shown, and other in-
termediate states are omitted to make the description more
concise. The humanoid robot HRP-2 (Stilman et al. 2006)
interacts with obstacles actively to generate a possible path
for the desired task. A general framework (Potkonjak et
al. 2006) for the dynamic-modelling issue of human and
humanoid motion has been proposed. Moreover, different
types of contact between humanoid robots and the envi-
ronment have also been discussed. A collision-avoidance
method (Ohashi et al. 2007) has been described for a biped
robot with an upper body. The humanoid robot would stop
in front of an obstacle by generating arm force.

From the above introduction in terms of the issue of mo-
tion planning for humanoid robots, we can see that the pro-
cess of solving this issue contains mainly two steps, namely
topological state planning (Kuffner et al. 2001; Nakaoka
et al. 2003; Bokman et al. 2005; Sentis and Khatib 2005) and
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detailed motion planning (Hirukawa et al. 2005; Potkonjak
et al. 2006; Stilman et al. 2006; Ohashi et al. 2007). As a
matter of fact, the tasks in previous works (Kuffner et al.
2001; Nakaoka et al. 2003; Bokman et al. 2005; Sentis
and Khatib 2005) are performed with such an easy manner
that the topological state planning is negligible. In con-
trast, the tasks described in other works (Hirukawa et al.
2005; Potkonjak et al. 2006; Stilman et al. 2006; Ohashi
et al. 2007) are so complicated that topological state plan-
ning is mandatory. Along with the further development of
humanoid robots, it is straightforward to suggest that topo-
logical state planning will become more and more impor-
tant for the application of humanoid robots. The reason is
that in some cases, especially when the tasks for humanoid
robots are complicated, humanoid robots should make use
of the environment (including movable and unmovable ob-
stacles) and the body of the humanoid robot itself, which
leads to many contact states between humanoid robots and
the environment. Nevertheless, the problem of topological
state planning has been less studied owing to the lack of
an appropriate mathematical tool. So the main purpose of
this paper is to develop an appropriate mathematical tool
for topological state planning, which will be explained in
detail later.

The remainder of the paper is organised as follows: The
brief introduction of GF set theory is given in ‘GF set theory
section’. The humanoid robot platform SJTU-HR1 and its
kinematic characteristic tree are covered in a later section.
The section ‘State classification’ presents the categories of
basic states of humanoid robots, and the kinematic charac-
teristics of each state are achieved according to GF set the-
ory too. The section ‘An application example’ illustrates the
usefulness of this methodology. Finally conclusions appear
in the last section.

GF set theory

Normally, the capabilities of robot manipulators contain
the translational displacement capability, the rotational dis-
placement capability, the translational velocity capability,
the rotational velocity capability, the translational accelera-
tion capability, the rotational acceleration capability and the
like, which are linear, numeric, algebraic and variant with
respect to coordinate systems and units. On the other hand,
the structure of robot manipulators, which has a close re-
lationship with the capabilities of the robot manipulator, is
non-linear, non-numeric, non-algebraic and invariant with
respect to coordinate systems. Moreover, it is not necessary
to use units to describe the structure of robot manipula-
tors. In some cases, robot designers pay more attention to
whether the capability exists than to how great the capabil-
ity is, especially for the type synthesis of robots. So it is
useful to define the relationship between the robot structure
and the capabilities of robot manipulators.

Workspace
unit: m, rad

Dimension: 3, 3

Velocity

unit: m
/s, rad/s

D
im

ension: 3, 3

Acceleration
unit: m/s2, rad/s2

Dimension: 3, 3

OthercriteriaDimension:3,3

Dimension: 3, 3

Figure 1. Common part among capabilities of robot manipula-
tors.

Considering the above-mentioned capabilities (shown
in Figure 1) of robot manipulators, we can see that the
common part which is the kinematic characteristic of the
end effector of robot manipulators is the dimension. Conse-
quently, we employ a special set to describe the kinematic
characteristics of the end effector of robot manipulators.

Definition

The set contains one and only one element which repre-
sents the kinematic characteristics of the end effectors of
mechanisms and is called the generalised function set (GF

set for short).
Note that the generalised function is the mapping be-

tween the specific structure of mechanisms and the kine-
matic characteristics of the end effectors of mechanisms.
And the kinematic characteristics of the end effector of
mechanisms can be described using a GF set with the form
of ( Ta Tb Tc; Rα Rβ Rγ ), where Ta Tb Tc denote trans-
lational displacements of the end effector about vectors
a, b and c, (a × b) · c �= 0, and Rα Rβ Rγ describe the
rotational displacements of the end-effector with respect
to three Euler’s angles α, β and γ . Note that the vectors
Ta Tb Tc are non-co-planar simultaneously, and the vec-
tors Rα Rβ Rγ always intersect at a common point and
are non-co-planar simultaneously. The non-zero compo-
nents of the GF set represent the existence of the corre-
sponding capabilities of the end effector. For instance, the
set ( Ta Tb Tc; 0 0 0 ) means that three translation displace-
ments exist, and the set ( 0 0 0; Rα Rβ Rγ ) indicates three
rotational displacements exist. The GF set theory (Gao, Li
et al. 2002; Gao, Zhang et al. 2005) has been applied to the
synthesis of novel parallel mechanisms. Furthermore, the
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GF set theory (Yu et al. 2008) has also been employed to
generate several new structures of forging manipulators.

In the following subsections, we will enrich the GF set
theory in terms of its operation rules and application field.

The operation rules of GF sets are shown next.

Union operation of GF sets

Let GF1, GF2, . . . , GFN represent N GF sets. The union of
those GF sets can be expressed as Equation (1):

GF = GF1 ∪ GF2 . . . ∪ GFN. (1)

Intersection operation of GF sets

Let GF1, GF2, . . . , GFN represent N GF sets. The intersec-
tion of those GF sets is as in Equation (2):

GF = GF1 ∩ GF2 . . . ∩ GFN. (2)

Reversion operation of GF sets

The reversion operation of GF sets is shown in Equation
(3):

(GF )R = GR
F . (3)

Reversion operation of the union of GF sets

The reversion operation of the union of GF sets can be
computed as Equation (4):

(GF1 ∪ GF2 ∪ . . . ∪ GFN )R

= GR
FN ∪ GR

F (N−1) ∪ . . . ∪ GR
F2 ∪ GR

F1 (4)

The theorems regarding the application of the GF set
theory are as follows.

Theorem for serial mechanisms

For a serial mechanism, the kinematic characteristics of
the end effector of the mechanism are the union of all of
the GF sets with such a sequence that from the base of the
mechanism to the end effector. For instance, the kinematic
characteristics of the third robot manipulator composed of
the first and the second robot manipulators (see Figure 2)
are GF1 ∪ GF2, which is the union of the GF sets of each
kinematic chain.

1FG

2FG

FG

Figure 2. Kinematic characteristics of serial mechanisms.

Theorem for parallel mechanisms

The kinematic characteristics of the moving platform
of a parallel mechanism are the intersection of the GF

sets of each kinematic chain of the parallel mechanism.
For example, the kinematic characteristics of the mov-
ing platform of the parallel mechanism (see Figure 3) are
GF1 ∩ GF2 ∩ GF3, which is the intersection of GF sets of
each kinematic chain.

The application of the reversion operation is related to
the mechanism whose end effector and base are exchanged.
It is worth noting that the sequence of the axes of the mech-
anism affects the kinematic characteristics of the end effec-
tors of the mechanism. So we have to pay due attention to
the sequence of the GF sets to achieve correct kinematic
characteristics of the end effectors of mechanisms.

Humanoid robot platform and its characteristics tree

The human skeleton contains 206 bones and has more than
300 degrees of freedom (DOFs) driven by more than 600
muscles. Generally, humanoid robots need not feature as
many DOFs as the human skeleton. From the biological
point of view, we have been developing a humanoid robot
platform SJTU-HR1, whose computer-aided design (CAD)
model is shown in Figure 4(a). There exist three types of
joints in SJTU-HR1 according to the number of DOFs the
joints have. For example, the shoulder, waist and hip joints

1FG
2FG

3FG

FG

Figure 3. Kinematic characteristics of parallel mechanisms.
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Figure 4. (a) Three-dimensional model of SJTU-HR1; (b) char-
acteristics tree of SJTU-HR1.

feature three DOFs, with a structure of a 3RRR spherical
parallel mechanism which is the same as the mechanism of
the agile eye (Gosselin et al. 1996). The neck, elbow, wrist
and ankle joints have two DOFs, with a structure of an or-
thogonal spherical parallel mechanism which is the same
as the spherical 5R mechanism (Cervantes-Sanchez et al.
2004). The knee joints feature one DOF, with a structure of
revolute joints. Most of the motors can be mounted on or
near the base, thanks to the introduction of parallel mecha-
nisms. Moreover, multiple joints having the same structure
could lead to modularity design and manufacture for the
SJTU-HR1. As a result, the SJTU-HR1 enjoys the advan-
tage of both parallel mechanisms and serial mechanisms.

Figure 2(b) is the characteristics tree of SJTU-HR1,
which is the sketch of SJTU-HR1 represented by GF sets.
Particularly, in Figure 4(b), the empty small circle repre-
sents the joints featuring three DOFs; the small circle with
cross indicates the joints with two DOFs; and the small cir-
cle with bar depicts the joints with one DOF. Moreover, the
letters A, B, C, D, E, F and G in Figure 4(b) represent pelvis,
thorax, right hand, left hand, right foot, left foot and head,
respectively. Since the sequence of the axes of the robot af-
fects the kinematic characteristics of the end effectors, we
let the GF sets from A to E, F, B and the GF sets from B to
C, D, G be GF1, GF2, GF3, GF4, GF5 and GF6, respectively.
Making use of the characteristics tree of SJTU-HR1, we
can achieve the kinematic characteristics of the interested
end effectors of SJTU-HR1 for specific state.

State classification

Contacts between robots and the environment

Basically, several types of contact exist when humanoid
robots interact with the environment(Potkonjak et al. 2006).
Figure 5 depicts four different contacts, namely point con-
tact [Figure 5(a)], line contact [Figure 5(b)], free contact
[Figure 5(c)] and fixed contact [Figure 5(d)]. Particularly,
the foot shown in Figure 5(a) can rotate about the con-
tact point; the foot shown in Figure 5(b) has one rotation
around the line between the foot and the environment; the
foot shown in Figure 5(c) could move freely with respect

(a)

(d)(c)

(b)

R
R

R

R

Point contact Line contact

Fixed contactFree contact

Figure 5. Sketches for several contacts.

to the environment; the foot shown in Figure 5(d) is fixed
to the environment, and there is no relative displacement
between the shoe and the environment. Hereafter we will
use Full GF set to represent the contact of Figure 5(c) and
Null GF set to indicate the contact of Figure 5(d).

As a matter of fact, other kinds of contact exist too; for
instance the hand of a humanoid robot moves on one plane;
the foot of a humanoid robot skates on the ice; and so on.
However, we only take the fixed contact into account, which
means that as soon as the link contacts the environment, no
relative motions exist between the link and the environment.

(a) (b)

(d) (e)(c)

(h)(g)(f)

Figure 6. Basic states of SJTU-HR1.
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Basic states for the humanoid robot platform
SJTU-HR1

From Figure 4(b), we can see that the SJTU-HR1 consists of
15 links connected by 14 joints. Theoretically speaking, all
of the 15 links of SJTU-HR1 can function as end effectors
which are able to interact with the environment. The number
of both the links having contact with the environment and
the links connected to the environment refer to different
states of humanoid robots (see Figure 6). As a result, the
total number of the states could be computed as in Equation
(5):

N = C1
15 + C2

15 + . . . + C15
15 = 32767, (5)

where N is the total number of the states and Ci
15, i =

1, . . . , 15, is the number of choices of choosing i links
as the end effectors of the humanoid robot from 15 links.

The result in Equation (5) is quite large even without
taking the self-connection cases into account. Apparently,
it is necessary and meaningful to abstract some general and
commonly used states from the daily exercise of human
beings, which will be applied to humanoid robots. Conse-
quently, we propose several states as basic states, including
lying, sitting, standing and handstanding (Figure 6).

Within each basic state, multiple states exist, and we
have to classify them systematically. As a result, the concept
of primary support and secondary support for each basic
state is proposed. In particular, the primary support is the
common support that basic states should feature, and the
secondary support can be used for further classifying the
basic states. So the primary support for each basic state is
different. The secondary support for each basic state can be
found in Table 1, and the number of states of each kind of
basic state is computed from the topological point of view.

Obviously, the primary support of each state in Figures
6(a)–(h) are thorax and pelvis, pelvis, left foot, right foot,
both feet, left hand, right hand and both hands, respectively.
Moreover, the secondary support of those state in Figures
6(a)–(h) are left foot, right foot and both hands, left hand,
right hand, right hand, left hand, left foot and both feet,
respectively.

Kinematic characteristics of lying states

As indicated in Table 1, 16 lying states exist, and three
of them are listed in Table 2, including the corresponding
kinematic characteristics for each interested end effector as
well as the name for each state. The kinematic character-
istics of the interested end effectors are achieved via the
characteristics tree of humanoid robot platform SJTU-HR1
and the GF set theory. Note that other interested end effec-
tors featuring a Null GF set are not listed in Table 2, as well
as Tables 3–5, for the sake of conciseness.

Table 1. Basic state classification for humanoid robots.

Primary Possible secondary Number of
Basic state support support states

Lying Pelvis Four limbs 16
Thorax

Sitting Pelvis Four limbs 32
Thorax
Pelvis

Standing Left foot Right foot 16
Both hands
Pelvis

Right foot Left foot 16
Both hands
Pelvis

Both feet Both hands 8
Pelvis

Handstanding Left hand Both feet 16
Right hand
Pelvis

Right hand Both feet 16
Left hand
Pelvis

Both hands Both feet 8
Pelvis

Table 2. Lying states.

Secondary Interested Kinematic
Name support end effectors characteristics

Lf l Right foot Right foot GF1

Right hand GF3

Left hand GF4

Head GF6

Lhrhl Right hand Left hand Right foot GF1

Left foot GF2

Head GF6

LA Both feet Head GF6

Both hands

Table 3. Sitting states.

Secondary Interested Kinematic
Name support end effectors characteristics

Sf r Right foot Left foot GF2

Right hand GF5 ∪ GF3

Left hand GF5 ∪ GF4

Head GF5 ∪ GF6

Thorax GF5

Sf lth Left foot Thorax Right foot GF1

Right hand GF3

Left hand GF4

Head GF6

SFR Left foot Right foot GF1

Both hands Head GF6

Thorax
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Table 4. Standing states.

Secondary Interested
Name support end effectors Kinematic characteristics

SBN Right hand (GR
F1 ∩ GR

F2) ∪ GF5 ∪ GF3

Left hand (GR
F1 ∩ GR

F2) ∪ GF5 ∪ GF4

Head (GR
F1 ∩ GR

F2) ∪ GF5 ∪ GF6

Thorax (GR
F1 ∩ GR

F2) ∪ GF5

Pelvis GR
F1 ∩ GR

F2
SBPE Right hand Left hand Head (((GR

F1 ∩ GR
F2) ∪ GF5) ∩ GR

F3 ∩ GR
F4) ∪ GF6

Thorax ((GR
F1 ∩ GR

F2) ∪ GF5) ∩ GR
F3 ∩ GR

F4
Pelvis GR

F1 ∩ GR
F2 ∩ ((GR

F3 ∩ GR
F4) ∪ GR

F5)
SBhl Left hand Right hand (((GR

F1 ∩ GR
F2) ∪ GF5) ∩ GR

F4) ∪ GF3

Head (((GR
F1 ∩ GR

F2) ∪ GF5) ∩ GR
F4) ∪ GF6

Thorax ((GR
F1 ∩ GR

F2) ∪ GF5) ∩ GR
F4

Pelvis GR
F1 ∩ GR

F2 ∩ (GR
F4 ∪ GR

F5)
SLA Right foot Head (GR

F3 ∩ GR
F4 ∩ GF5) ∪ GF6

Both hands Thorax GR
F3 ∩ GR

F4 ∩ GF5

Pelvis
SRHL Left foot Left hand (GR

F3 ∩ GF5) ∪ GF4

Right hand Head (GR
F3 ∩ GF5) ∪ GF6

Left hand Thorax GR
F3 ∩ GF5

The name of each state is given following such a rule
that the term ‘L’ denotes lying, and all of other terms in
the subscript indicate different secondary supports. It is not
difficult to see that the name of each state can represent the
specified state. Furthermore, more information regarding
the capability of this state can be achieved considering the
kinematic characteristics of the related end effectors of each
state.

Kinematic characteristics of sitting, standing and hand-
standing states

Tables 3–5 list several sitting, standing and handstanding
states, respectively. Similar to the name of lying states, the
terms ‘S’, ‘SL’, ‘SR’, ‘SB’, ‘HL’, ‘HR’, ‘HB’, denote the

Table 5. Handstanding states.

Secondary Interested Kinematic
Name support end effectors characteristics

HLhr Right hand Right foot (GR
F3 ∩ GR

F4) ∪ GR
F5 ∪ GF1

Left foot (GR
F3 ∩ GR

F4) ∪ GR
F5 ∪ GF2

Head (GR
F3 ∩ GR

F4) ∪ GF6

Thorax GR
F3 ∩ GR

F4
pelvis (GR

F3 ∩ GR
F4) ∪ GR

F5
HRf r Right foot Left hand (GR

F3 ∩ (GR
F1 ∪ GF5)) ∪ GF4

Left foot ((GR
F3 ∪ GR

F5) ∩ GR
F1) ∪ GF2

Head (GR
F3 ∩ (GR

F1 ∪ GF6

Thorax GR
F3 ∩ (GR

F1 ∪ GF5)
Pelvis (GR

F3 ∪ GR
F5) ∩ GR

F1
HBA Head Head (GR

F3 ∩ GR
F4 ∩ GF5) ∪ GF6

Pelvis Pelvis GR
F3 ∩ GR

F4 ∩ GF5

sitting, standing with left foot, standing with right foot,
standing with both feet, handstanding with left hand, hand-
standing with right hand and handstanding with both hands,
respectively.

Again, we can make use of the names to represent the
specified states, instead of using pictures. And such repre-
sentation can show sufficiently the relationship between the
kinematic characteristics of the interested end effectors of
the SJTU-HR1 and the related state.

An application example

The process for the SJTU-HR1 from lying on the ground
to getting up is employed to illustrate the application of
the methodology of this paper. Multi-state paths for this
process are illustrated in Figure 7, from which we can see
that all of the possible lying states, sitting states and standing

Lying Standing

Figure 7. Multi-state paths for the process from lying on the
ground to getting up.
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Step 1

Step 6

Step 7 Step 8 Step 9

Step 4Step 5

Step 2 Step 3

Figure 8. Sketches of the process from lying on the ground to getting up.

states can function as intermediate states, which leads to the
complexity of the state-planning issue

Figure 8 depicts one optimal path achieved according
to the criterion of maximum contact points. The fact is that
the more contact points, the easier it is for the robot to get
up. That’s why for the step 2, the humanoid robot SJTU-
HR1 makes use of two hands to support its body instead
of only one hand. However, the understandability of Figure
8 depends highly on the skill of painters. Moreover, some
misunderstandings are possible, given that the quality of
the graph is not high.

Unlike Figure 8, we use the names achieved via the GF

set theory to describe the process from lying on the ground
to getting up (Figure 9). Each name has its own meaning in
terms of the kinematic characteristics of the interested end
effectors of SJTU-HR1 and is able to represent the related
state. Obviously, the expression in Figure 9 is standard, and
it can be interpreted universally without any confusion. Fur-

AL THS FRTHS

THSLRTHS
THS

PESB
hlSB NSB

Step 1 Step 2 Step 3

Step 6 Step 5 Step 4

Step 7 Step 8 Step 9

Figure 9. Description of the process from lying on the ground to
getting up, using names.

thermore, this methodology can be used for the topological
state planning, taking some optimal criteria into account,
since multiple state paths exist for one given task.

Conclusion

This work focuses on state classification for humanoid
robots, in particular the humanoid platform SJTU-HR1.
The main contributions of our work are as follows:

� several basic states are proposed according to the
concept of primary support, such as the states of
lying, sitting, standing and handstanding;

� the characteristics tree of the SJTU-HR1 is estab-
lished;

� the kinematic characteristics of the interested end
effectors of the SJTU-HR1 are achieved making use
of GF set theory; and

� one application example is given to show that the
results achieved via the methodology proposed in this
paper are more concise, systematic and informative.

The work presented in this paper concerns the state
classification for the SJTU-HR1. However, the authors
believe that this methodology can also be applied for
analysing other types of robots, such as quadruped robots
and hexapedal robots.
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