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reasoning 
about  dextrous 

The  need, in robot manipulation, for higher 
levels  of  dexterity  and  versatility  than  those 
provided by grippers  and  by  special-purpose 
end-effectors  has  prompted  much  research 
effort during the  last decade on the  design  and 
control of  multifingered hands.  Most  work on 
multifingered  robot  hands  has  dealt with low- 
level,  numeric  control,  commonly  based on 
screw  theory  and tools drawn  from line 
geometry, differential  geometry,  kinematics, 
and  dynamics.  Current  numeric,  contact-based 
schemes,  however,  are limited to  tip 
prehension  (intentional  grasping by the 
fingertips). The intriguing ease with which 
humans  perform  grasping  and  manipulation 
activities has  concurrently  triggered new 
investigations to provide robots with 
humanlike,  prehensile  capability for complex 
tasks in unstructured  environments.  These 
investigations have resulted in numerous Al- 
oriented,  task-directed,  distributed,  symbolic 
schemes that have  been  conducted essentially 
independently. Efforts to link symbolic  and 
numeric  schemes  have  been  undertaken,  but 
the  results have  been  rather  modest. This 
paper  deals with an  intelligent,  integrated 

symbolic-numeric  scheme for dextrous 
manipulation, using a  topological  approach. In 
this paper,  we introduce  a  reasoning scheme 
called topological reasoning  that is used in 
conjunction with a  grasp-based,  topological 
model for uniform  representations  of 
multifingered robot hands  at  different  levels  of 
detail (e.g., whole  hand,  finger,  joint),  and 
discuss its application to dextrous 
manipulation  (grasp  selection  and  regrasping). 
We show  that using topological  reasoning, 
both  hand  posture  and  hand functionality can 
be  derived from symbolic,  high-level  task 
requirements  and  object  attributes,  and  can  be 
transformed into numeric,  low-level, joint 
space  variables.  Furthermore,  the  reasoning 
scheme is applicable not only to  tip 
prehension, but also to palm  prehension  and 
any  combination  of  the two. 

1. Introduction 
A multifingered robot hand, apparently, has sufficient 
functional richness to permit some level of dextrous 
manipulation more complex than  that provided by 
traditional grippers and special-purpose end-effectors. 
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However, hand control as a problem of simultaneously 
controlling multiple  fingers, each finger  with several 
degrees of freedom (dof), causes serious computational 
difficulties. Indeed, in the case of a simple gripper attached 
to a 3-dof wrist mounted on a 3-dof robot manipulator, the 
control problem is commonly expressed as a mapping of a 
6-dof space into the space R 3  x S0(3), where R 3  is the 
space of gripper positions and SO(3) is its three- 
dimensional space of orientations. For a k-finger hand, the 
control problem  is expressed as a mapping  from R , where 
n is the total number of dofs of the hand, into the space of 
P = SE, (3 )  x x SEk(3), where each SEi(3) is a 
Euclidean space isomorphic to R 3  X SO(3). This shows 
how complex the control problem can become, 
geometrically and analytically. 

formulation and  solving of dextrous manipulation 
problems. The idea of using some form of topology and 
abstract geometry in robotics is not  new,  having appeared 
sporadically in the literature since 1983. In fact, Gottlieb 
[l] speculated that point-set topology and topological 
invariants may  give  insight into practical robotic problems 
such as singularity avoidance. Recently, Baker [2] 
reinforced Gottlieb’s speculations by identifying a number 
of additional robot-manipulator problems that could be 
investigated using a topological approach. 

Previously, Schwartz and Shahir [3] applied semi- 
algebraic geometry to the piano mover’s  problem of  finding 
a continuous motion  from a given  initial position to a 
desired final position of a robot manipulator by considering 
the static properties of real semi-algebraic sets. 
Tannenbaum and  Yondin [4] went beyond the static 
properties of such sets by investigating algebraic 
morphisms between them. They have defined areas of bad 
positions of the robot manipulators by identifymg the 
critical values of certain maps. 

An account of applications of topology-relevant 
techniques to robot-manipulator problems is  given in [5]. 
This includes, for example, work by Lozano-Perez [6] on 
manipulator configuration space, and work by Hopcroft 
and  Wilfong  [7] on motion in contact. These separate 
investigations of topology and abstract geometry have not 
yet been brought together in a unified  topological and 
geometrical view of robotic control problems. Neither have 
they been  applied to the control of multifingered  robot  hands. 

Our topological  model and topological reasoning scheme 
are based on two intuitive, simple observations. 

First, an arbitrary hand posture (i.e., a spatial 
arrangement of fingers) appears to form a geometric 
polyhedron. This geometric polyhedron may be 
represented by its interior volume, its surface boundary, 
its edges (Le., the links of the fingers), or its vertices (i.e., 
the finger joints). The elements (i.e., vertex, edge, . . .) are 

In this paper, we introduce a topological approach to the 

470 topological primitives, called simplexes in combinatorial 

topology  [8]. Thus, a hand posture is a collection of these 
simplexes (called a geometric complex) connected in some 
fashion. This first and simple intuitive notion raises an 
important question: Would  combinatorial  topology provide 
a basic  framework  into  which  the  geometric,  topological 
description of  hand postures at  different levels of details 
(e.g., whole-hand level,  finger  level, joint level) could  be 
included for hand posture representation  and  computation, 
in  Cartesian space and  in joint spaces? 

Second, from observations of a human  hand, the set of 
all  hand postures appears to be bounded by a number of 
special postures (called terminal postures), such as a flat 
hand or a fist.  This set may be considered as a point-set 
topological polyhedron with vertices representing the 
terminal postures. When  an arbitrary hand posture is 
viewed as a point X of a topological polyhedron, the 
question is, Can  an  arbitrary posture be  measured  with 
respect  to  those  represented  by  the  vertices of a 
topological  polyhedron using a barycentnc  coordinate 
system? Another related question is, When a point X 
moves  along a certain path on or  inside  the  topological 
polyhedron, can  the changingposture of  the  hand be 
predicted? In other words, Can  techniques  drawn from 
point-set topologv and algebraic  topologv be  applied to 
solve  some  basic  multifngered hand problems such as 
1) determination  of grasp, 2) change  of grasps, andlor 
3) continuous grasp planning for prehensile activities? 

questions. The paper is organized as follows.  In Section 2, 
we review and discuss some previous work on a number of 
representative models of grasps that have been suggested 
for numeric, symbolic, and integrated control schemes. In 
Section 3, we present a novel computational model for 
dextrous grasps. In Section 4, we introduce a topological 
reasoning scheme based on that model.  In Section 5, we 
apply the model  and reasoning scheme to the solution of 
some basic dextrous-grasp problems. A discussion of the 
simulation results is also included. 

This paper suggests some answers to the above 

2. Models of grasps  and  integrated  control 
At the symbolic level, the models of grasps include Lyons’ 
model [9] as a set of the three simple grasps encompass 
grasp, precision grasp, and lateral grasp; Iberall’s  model 
[lo], which consists of three categories based on force- 
opposability-pad, side, and palm oppositions; and 
Cutkosky’s model [ll], a treelike  hierarchy  of grasp types 
which are described in terms of relations between task 
requirements and object geometry. 

The above models share two common drawbacks. First, 
the finite nature of existing discrete-grasp models limits the 
selection of available grasps. Second, a set of large  and 
different  combined requirements (from a variety of tasks 
and  different objects) are mapped into the same finite  and 
relatively small set of discrete-grip types as a classification 
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Symbolic, numeric, and integrated models and control schemes. 

problem, thus leading to loss of the detailed information 
necessary for numeric control. 

Most symbolic reasoning algorithms are based on 
these discrete-grasp types. They originate from 
neurophysiological (Arbib et al., coordinated  control 
scheme [12]), anthropomorphic (Cutkosky et al., 
knowledge-based  control [ l l ,  13]), or behavioral ideas 
(Tomovic et al., refla control  scheme [14]). 

At the numeric level, the model that has been frequently 
used is the one devised by Salisbury [15], which is based 
on screw  theory and  line geometry, and which has led to a 
general theory of grasping and  manipulation and the design 
of the three-finger Stanford/JPL hand.  Much work on 
numeric control for grasping and manipulation  for 
multifingered hands centers around a characterization of 
contacts between the fingertips and  the grasped  object in 
tip-prehension mode. Associated control algorithms can be 
further categorized into joint-level, finger-level,  hand-level, 
and contact-level, or into different analysis aspects (e.g., 
force, motion, constraints, force-closure), as shown in 
Figure 1. 

There are no apparent, simple connections between 
symbolic and numeric control schemes. The reasons are 
twofold: 1) There is  no  uniform representation of hand 
postures that links grasp models at the symbolic level  with 
those at the numeric level; and 2) little distinction is made 
between hand posture and hand functionality. Both 
functionality and posture are described by the same terms, 
e.g., power grip, precision grip. For example, the terms 

power and precision [16] have been used in a dynamic as 
well as in a static sense in the same way that flexion and 
extension have been used to describe both posture and 
movement. In reality, the dynamics of grasping produces 
a particular grip, and the static concept indicates the 
initial/final state of grasping [17]. Although  it is not 
explicitly modeled, Cutkosky [ll] has implied the concept 
of hand functionality in his description of grasp types. His 
discussion does not, however, clearly differentiate what a 
grip is toper$om from what  it is. In other words, it does 
not explicitly differentiate hand functionality from  hand 
posture. 

At the symbolic level, the problem of grasping has 
commonly been investigated as a problem of grasp 
selection [ll] based on task functionality and object 
geometry. The problem of regrasping (change of grasp) as 
the result of manipulation has been modestly addressed. At 
the numeric  level, dextrous manipulation has been  analyzed 
in terms of  motion (twist systems), or in terms of forces 
(wrench  systems)  imparted to the object  via  contacts. There 
is,  however,  no systematic procedure  on  how to determine 
these screw systems from a symbolic task description. 

Note also that symbolic control is task-oriented, while 
numeric control is mostly contact-based. For an integrated 
control scheme to be functionally unified, we need a grasp- 
based model. Furthermore, since motions (forces) at the 
numeric level are expressed in terms of mappings that are 
continuous and  differentiable [18], we should also 
formulate the set of grasps at the symbolic level as a 

T. N. NGUYEN AND H. E. STEPHANOU 

471 

IBM J. RES. DEVELOP. VOL. 36 NO. 3 MAY 1992 



1 Topological tetrahedron of hand postures. 

continuous and differentiable set. This dual requirement 
has led  us to the development of a  novel,  topological 
model of multifingered hands, as detailed in our previous 
paper [19]. In the following section, we present a 
computational model of prehensility based on the 
topological  model of multifingered hands. 

3. A computational  model of prehensility 
This section briefly summarizes our computational model 
of prehensility for multifingered  hands. This grasp-based, 
topological  model is represented as a collection of 
topological and geometric spaces described at various 
levels of detail, with topological transformations and 
geometric congruencies defined between those spaces [20]. 

The topological model of multifingered hands (for  hand 
posture and  hand functionality) is based on two groups of 
intuitive concepts: 1) postural concepts, which consist of a 
geometric polyhedron representing an arbitrary hand 
posture, and a point-set, topological polyhedron bounded 
by terminal postures of a  given  hand, representing the set 
of all possible hand postures; and 2) functional concepts 
which consist of a hand subconfiguration representing an 
aggregation of fingers to achieve some intended grasp 
(since not all the digits are always involved in a grasp), 
and a contact subconfiguration representing a collection of 
topological primitives that are common (i.e., intersection) 
to both a  hand posture and  a grasped object (in an act of 
grasping and manipulation). These concepts lead to the 
formulation of postulates and definitions crucial to the 

472 development of our computational model. 
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Hand posture 

Postulate 1 Topological representation of a set of all 
postures. For  a  k-finger hand with k 2 2, the set of all 
hand postures is bounded by four terminal postures, and 
therefore forms a topological tetrahedron T. 

As a  point set, this topological tetrahedron is the highest 
level of abstraction in  all representations of hand postures 
(Figure 2). When the four terminal postures are completely 
specified  (i.e., described in terms of their attributes, 
dimensions, features, etc.), any arbitrary posture 
represented by a  point X inside or on the boundary of the 
tetrahedron is  uniquely determined by a set of barycentric 
coordinates of the vertices representing the four terminal 
postures, i.e., 

X = aF + bA + CC + dD, 

where a + b + c + d = 1 with a ,   b ,   c ,  d 2 0 and F,  
A ,   C ,  D are feature vectors of the four terminal postures. 
For example, the barycentric coordinates of F ,   A ,   C ,  and 
D are (1, 0, 0, 0) ,  (0, 1, 0, 0), (0,  0, 1, 0) ,  and (0, 0, 0, l), 
respectively. Those of the centroid are (1/4,  1/4,  1/4, 1/4). 

When two coordinates are equal to zero, the point X 
representing the corresponding hand posture belongs to the 
edge connecting the other two vertices. When one 
barycentric coordinate is equal to zero, X is on the 
opposite face (triangle) formed by the other three vertices. 
When none of a ,   6 ,   c ,  d are zero, then X is inside the 
tetrahedron. For each tetrahedron, the four barycentric 
coordinates a ,   b ,   c ,  d represent only three independent 
dimensions. The relation a + b + c + d = 1 indicates 
that one variable is dependent on the other three. 

If the hand consists of a  single  finger, the topological 
tetrahedron is reduced to a  topological triangle, since the 
two configurations C and D now coincide. This triangle 
represents a  point set of  all possible finger  configurations. 
A general finger  configuration is of the claw type. 

Postulate 2 Geometric representation of a  hand posture. 
An arbitrary k-finger hand posture, k 2 2, is represented 
as a d-dimensional geometric polyhedron G. 

A geometric hand posture G is  said to be convex if 
x E G and y E G imply ( x ,  y )  C G. In general, a 
geometric polyhedron is not necessarily convex. Since 
most activities with  a  hand  involve convex postures, and 
since concave polyhedra may be decomposed into convex 
ones, we assume that all polyhedral configurations of 
interest are convex. G can be represented by a set of 
(d - 1)-dimensional polyhedra, called simplexes (faces), 
which are represented by (d - 2)-polyhedra (edges), and 
so on until d = 0, or, equivalently, a set of vertices of the 
original d-dimensional polyhedron. These elements (face, 
edge, and vertex)  are topological primitives called 
simplexes in combinatorial topology [8]. 
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Thus, a hand posture may be decomposed into simpler 
forms, caned simplexes, of smaller dimensions, which 
adjoin one another in some describable fashion (i.e., are 
properly situated). We have shown [19, 201 that a 
geometric hand posture is the union of a collection of 
properly situated connected sets which are simplexes. 
Conversely, a hand posture is a geometric polyhedron 
which can be decomposed into simplexes. The 
decomposition scheme is called a geometric complex K 
which is, equivalently, a collection of simplexes. The 
0-simplexes of a complex K are the joints of the digits, the 
1-simplexes are the links, the 2-simplexes are the patches, 
and the 3-simplexes are the geometric tetrahedra. An 
example of a two-finger  hand is shown in Figure 3. 

In summary, for an arbitrary hand posture, the following 
representations are equivalent: 1) a geometric polyhedron 
for the entire hand, which is then subdivided into properly 
situated geometric tetrahedra, 2) a collection of properly 
situated triangular patches representing the dorsum of the 
hand, 3) a set of properly situated chains representing the 
fingers, and 4) a set of vertices representing the joints of 
the digits. 

These simple intuitive concepts give  rise to the use of 
point-set topology techniques for approximating an 
arbitrary hand posture using barycentric coordinates, and 
combinatorial topology techniques for determining a hand 
posture at different levels of geometric and  topological 
details (e.g.,  hand level, finger level, joint level) in 
Cartesian space and in joint space. It is known that lower- 
dimension simplexes can be derived from higher-dimension 
simplexes by  applying the boundary theorems [8]. 

Hand functionality 

Definition 1 Set of hand subconfigurations. A k-finger 
hand is represented as a set S of mutually  exclusive  and 
exhaustive digit singletons. A subset of S is called a hand 
subconfiguration. The set of all possible subconfigurations 
is the power set of S. This power set is a discrete 
topological space. 

Since a hand subconfiguration is  defined as an 
aggregation of digits or groups of digits, the simplest 
subconfiguration has one finger, and the most complete 
subconfiguration is the entire hand. Conversely, a hand 
posture may be composed of the topological concatenation 
of two or more subconfigurations. 

In a fine  pinch (Figure 4), the five-finger  configuration 
may be decomposed into two subconfigurations: a thumb- 
index subconfiguration and a three-finger lightly cupped 
subconfiguration. Conversely, a configuration sf is obtained 
by a topological concatenation of two subconfigurations: a 
two-finger  subconfiguration s2 of the two-finger tetrahedron 
S,, and a three-finger subconfiguration s, of the three- 
finger tetrahedron s,; i.e., (sf E s,) = (s2 E s,) @ 

(s, E S,), where @ is the concatenation operator defined 
in  2', and S,, S,, S, E 2'. The concatenation operator 
and the rules for concatenation are defined  in  [20]. 
Consequently, a complex task to be performed by an 
entire hand may be decomposed into simpler tasks to be 
concurrently performed by subconfigurations in a 
distributed and coordinated manner. 

To characterize hand functionality in terms of contacts, 
we use the notion of contact subconfiguration introduced 
in  [21].  We briefly  recall here our discussion on hand 
subconfiguration, contact configuration,  and contact 
subconfiguration. 

Definition 2 Set of contact subconfigurations. In 
grasping, the hand is in contact with the grasped object 
via a set of contacts, called contact configuration. A 
contact configuration is then the intersection of two 
geometric complexes, one complex representing the hand 
posture and the other representing the graspable object. 
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1 Contact subconfigurations. 

In terms of motion, each contact reduces the freedom of 
motion of the moving object. In terms of force, each 
contact is described by a mapping between the force 
exerted by the finger at the contact, and the resultant force 
and torque at some fixed base. The effect of contact 
configuration or of any of its subsets (group of contacts) 
involved in a grip is described in [15] as somewhere 
between a 0-dof  and a 6-dof  mobility resulting from a set 
of wrenches (twists) applied at the groups of contacts. 

effect  (e.g., forces of same direction and amplitude) a 
contact subconfiguration (Figure 5). In other words, a 
contact subconfiguration is a subset of contacts that are 
functionally equivalent. For example, a lateral pinch that 

We call the subset of  all contacts that produce the same 

474 consists of a thumb in contact with the object and a set of 

the remaining four fingers  (of a human hand) in planar 
convergent posture [19] has two contact subconfigurations. 
The first is the one produced by the thumb, which has a 
relatively small contact area, and the other is the group of 
contacts produced by the four fingers, which has a 
comparatively large contact area. Thus, any given contact 
configuration can be decomposed into functionally 
equivalent contact subconfigurations. To  be functionally 
equivalent, each individual contact of the contact 
subconfiguration must be of the same nature (friction, 
frictionless), and of the same type (point, line, surface, soft 
finger). 

Consider a cupped-hand posture, as shown in Figure 6. 
The same hand posture may be used in three different 
handling schemes: as a thumb-index precision grip [Figure 
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6(a)], as a two-finger precision grip [Figure 6(b)], and as a 
palm-finger power grip [Figure 6(c)]. 

Although the hand postures are the same in the three 
grasps, their hand functionality differs greatly. The 
differences among them are expressed in terms of the hand 
subconfigurations, contact configurations, and contact 
subconfigurations involved. Since a contact configuration is 
actually the intersection of two geometric complexes, one 
representing a given  hand posture and the other 
representing the given object, a contact configuration  is 
unique for a given grasp. Furthermore, each constituent 
contact subconfiguration can be described as a collection 
of simplexes (point, line, surface). 

Our representation of a contact between a hand and a 
grasped object is a modified representation of Laugier 
[22],  i.e., CONTACT(H, 0) = [((s,, t , ,   fype l ) ,  , 
(sn,  t , ,   typeN))] ,  where si and ti are the intersections 
between the simplexes of a hand posture (that are in 
contact with the object) and those representing the faces, 
edges, or vertices of the grasped object, and type indicates 
a point contact, line contact, or surface contact. Thus, a 
contact subconfiguration is a subset of CONTACT(H, 0). 
This modified representation has several advantages: 

It can represent contacts in the sense of Salisbury [15], 
i.e., point, line,  and surface contacts, with attributes 
describing the contact coordinate frames, or other 
pertinent information about contacts. 
It can represent large-area contacts such as those 
between the palm (and/or a group of digits) and the 
object, since it is the intersection of simplexes 
of the hand posture, i.e., patches, chains, joints, 
and the simplexes of the object (i.e., faces, edges, 
vertices). 
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It takes advantage of numerous existing algorithms 
dealing  with the intersection of convex bodies for the 
determination of actual contact configurations. 
It may be used robustly in reasoning about anticipated 
contacts for hand preshaping or grasp planning. 

We introduce the following  definitions. 

Definition 3 A functionality pair is a pair of contact 
subconfigurations  aimed at either maintaining  equilibrium 
(Cforces = 0, Emoments = 0), maintaining the stability 
(ability to resist disturbances) of a grasped object, or 
allowing the object to have some mobility (e.g., the ability 
to  rotate) in some predetermined directions. 

Definition 4 A prehensility pair is a pair consisting of a 
group of  hand components and a group of object 
components (palm, digits, object parts) that are in a 
contact subconfiguration. Zt is called type Z when  the 
contact subconfiguration is a point contact, type ZZ when  it 
is a line contact, and type ZZZ when  it  is a surface contact. 

The concept of finctionality pair may  be  thought of as a 
generalization of the concept of kinematic pair [23]. The 
concept ofprehensility pair may be thought of as a 
generalization of the concept ofprehensility [16]. Thus, 
prehensility pair denotes what  should occur, and 
functionality pair denotes how  it occurs. We show in the 
following paragraphs that the functionality pairs and 
prehensility pairs are necessary and sufficient for 
characterizing hand functionality and  hand postures. 

At the numeric level, contacts  are used by Reuleaux [23] 
to classify kinematic pairs into lower pairs or higherpairs, 
i.e., pairs of  rigid bodies which constrain each other’s 
motion. In a lower pair, the contact between the two 
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elements of the pair occurs continuously at all points on 
the surface of the contact, which must therefore have the 
same form in both elements. In a higher pair, contact 
between the elements takes place  along lines or points of 
contact [24]. When the hand  is  in a power grip with the 
object, it  is generally true that the hand contacts the 
grasped object over a large surface because of the 
presence of the palm.  When the hand is in a precision grip, 
the contacts are more of a fingertip type. We associate 
the type of contact between hand and object with a 
functionality pair; for a large surface-contact area 
(specified by the size of the contact), we have a power- 
functionality pair (or power-pair, for short), and for a small 
contact area, we have a precision-functionality pair (or 
precision pair). In other words, the type of functionality 
pair  is determined by the size of the constituent contact 
subconfigurations. 

functionality pairs is not  sufficient for the determination of 
grip types. Indeed, in a support grip, both types of 
functionality pairs exist-power-pair in the platform  grip 
and precision-pair in the hook grip.  Napier’s notions of 
prehensility and opposability and the derived notion of 
force-opposition by Iberall [lo] may be extended in these 
cases. When force opposition is between digits or between 
digits and palm (prehensility pair type I or 11), we are 
dealing  with functionality pairs for power and precision 
patterns. When force opposition is between the hand 
(digits or palm) and the object (prehensility pair type 111), 
we are dealing with supportability. Thus, Iberall’s force- 
opposability may be considered as a special case of 
prehensility pair. Different types of prehensility pairs have 
been introduced in (201. Except for the case of terminal 
postures, where the postures and functionalities are clearly 
indicated, 1) in a power grip, a power-pair is required, 2) 
in a precision grip, a precision-pair is required, and finally, 
3) in a support grip, either a power-pair or a precision-pair 
is applicable, regardless of the posture involved (power, 
precision, or support-oriented). 

types of functionalities of a grip. 

Characterizing intended contacts in terms of 

The following additional examples illustrate the different 

A hammer grip indicates both apowerposture (e.g., a 
fist posture) and apower-functionalitypair (e.g., the act 
of squeezing by the digits and the opposing palm, where 
digits  and  palm are two elements of the pair). 
A hook grip consists of apowerposture and aprecision- 
functionalitypair (e.g., the act of carrying a heavy 
suitcase by a set of flexed  fingers, where the suitcase and 
the groups of fingers are the two elements of the 
precision-pair). 

hand) and apower-functionalitypair (e.g., the act of 
A platform  grip consists of a supportposture (e.g., a flat 
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A tripod grip  similarly consists of a precision posture 
and aprecision-functionality pair (e.g., thumb and two 
fingers placed in opposition). 
A thumb-index pinch seen as compression by the thumb 
and the index finger  in tip-to-tip, pad-to-pad, or pad-to- 
side configurations consists of a precision posture and a 
combination of power-functionality pair and precision- 
functionality pair. 

In summary, we state that 

Hand functionality is subdivided into prehensile 
functionality, i.e., the ability to perform a grasping or 
manipulative task, and quasi-prehensile functionality, 
i.e., the ability to perform a support function (such as in 
hook grasp or platform grasp) by a given  multifingered 
hand  on a given object according to some given task 
specifications. 
All (prehensile and quasi-prehensile) task functionalities 
fall into one of three types: 1) supportability, 2) 
graspability, and 3) manipulability. The corresponding 
hand functionalities are 1) support (e.g.,  in a platform 
grip or hook grip), 2) power (e.g.,  in a palmar grip), and 
3) precision (e.g.,  in a two-finger pinch). In an act 
performed by the hand on an object, these 
functionalities result in three types of prehensility, 
respectively: 1) palm-prehensility, 2) tip-prehensility, and 
3) quasi-prehensility. 

and opposability, and hand functionality can be 
described in terms of pairs: functionality pairs and 
prehensility pairs, which relate to opposability and 
prehensility at the symbolic level, and to kinematic pairs 
at the numeric level. The basis for hand functionality 
determination is a topological reasoning about contact 
configurations, as detailed in [25]. 

Task functionality may be transformed into prehensility 

4. Topological  reasoning  about  dextrous  grasps 
Several investigations have been conducted to apply to 
robot hands some capability of reasoning about dextrous 
prehension. An example is the effort by Cutkosky [ll] with 
GRASP-EXP,  an expert system designed for automatic 
grasp generation. Another example is SUPER-GRIP, 
designed to generate the best grasp for picking  up a 
rectangular box [26]. Most current expert systems for 
grasp selection are knowledge-based, with rules derived 
from observations of human prehension. The rules 
supposedly express prehensility knowledge,  i.e., the 
knowledge required to perform a prehensile task. This 
prehensility knowledge is used by some reasoning schemes 
designed for various grasp-synthesis problems. Some 
authors use deductive schemes [27,  281, some use 
inductive methods [29], while others use evidential 
reasoning [30]. 
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Prehensility knowledge is required for both symbolic and 
numeric controls. At the symbolic level, prehensility 
knowledge  is partially expressed in terms of task attributes 
such as stability, graspability, manipulability, and 
supportability. At the numeric level,  it  is partially 
expressed as a collection or sequence of primitive actions 
and constraints, e.g., one or more of the following: 1) 
equilibrium  conditions (Zforces = 0 and h m e n t s  = 0); 
2) insensitivity to disturbances (meeting stability 
requirements; i.e., net forces are within friction cones 
determined by contact normal  and the cone angle a); 
3) primitive translation (expressed in terms of current 
location, translation direction, and magnitude) along a 
known axis; and 4) primitive rotation (expressed in terms 
of current location, axis of rotation, and  angle of rotation). 

A common approach to reasoning about dextrous grasps 
is to reason about the tasks, and about the objects 
separately, and then to merge these two processes into a 
process of reasoning about task-object combinations to 
derive a set of grasp-relevant attributes. The attributes 
obtained are, in turn, used to determine a particular grasp 
from the small and finite set of available grasps [ll]. The 
merging  normally involves the cross product of the task- 
attribute domain and the object-attribute domain, thus 
drastically increasing the complexity of the associated 
grasp-synthesis techniques. 

on the surface, to be the same as most current reasoning 
schemes (i.e., reasoning about tasks, reasoning about 
objects, and reasoning about grasps), there are two basic 
differences between our reasoning scheme, called 
topological reasoning, and the others. First, our reasoning 
is based on  topological properties of tasks, objects, and 
contacts, and second, it avoids the cross-product operation 
by mapping these properties into the topological contact 
domain. 

Since the three (topological) reasoning processes (i.e., 
reasoning about tasks, objects, and grasps using their 
topological properties) involve contact (anticipated or 
actual) or contact avoidance, the key element of 
topological reasoning about hand posture and hand 
functionality is reasoning about contact subconjigurations. 
Reasoning about contacts is topological for the simple 
reason that contact configuration is defined as the 
intersection of (topological) hand posture simplexes (i.e., 
joints, chains, patches) and  (topological) object simplexes 
(Le., vertices, edges, and faces). This reasoning about 
contacts is simply a scheme for finding and describing 
these intersections (which are themselves simplexes), given 
a symbolic task. 

Topological reasoning extends the concept of geometric 
reasoning, which is a form of representation and reasoning 
about geometry [31]. The topological  model also facilitates 
the acquisition of prehensility knowledge. For example, in 

Although our approach to topological reasoning appears, 

an assembly task of two component parts, a symbolic 
prehensile task may involve a simple operation such as 
placing one part in contact with another. A topologically 
relevant question may be asked: What is the anticipated 
contact conjiguration between the two parts:  point 
contact, line contact, or surface contact? Another question 
may be, If it is a surface contact, can the surface be 
identifed? A grasp-relevant question may be, Is the 
anticipated contact surface area large  enough to require  a 
placement of more than  one finger or the palm? These 
questions describing some topological and geometrical 
situations are instrumental in the formulation of 
appropriate rules for reasoning about hand  configurations. 
These questions and rules are then grouped according to 
their specific details-for example, into rules for two-finger 
subconfigurations, rules for the entire hand, or rules for 
reasoning about anticipated contact subconfigurations. 

We  now describe how the computational model  and the 
topological reasoning can be used in the general framework 
of an intelligent robot prehension scheme. The scheme is 
called aprehension scheme because it deals with three 
basic elements of prehension [32]: an intent (a task), 
perception, and the mechanism of grasping and 
manipulation. The intelligent aspect is associated with the 
topological reasoning scheme described below. Note that 
in our scheme, whether dextrous hand activity involves 
grasping or regrasping, it consists of two processes-a 
postural transformation for the derivation of hand posture, 
and a functional transformation for the derivation of hand 
functionality to achieve a set of intended contact 
configurations. The form of perception discussed here is 
called perception by memory, a term coined by 
psychologists [33] to indicate a recall of perceived things 
previously stored in  memory.  We  implement the concept 
of perception by memory through the use of prototypes. 

There are  three types of prototypes: task prototypes, 
object prototypes, and  hand subconfiguration prototypes. 
These prototypes are considered as typical situations or 
events that describe classes of tasks, objects, and hand 
shapes whose elements are treated more or less 
equivalently. All prototypes have attributes that describe 
their structure (topological and geometrical), function, and 
behavior. A structural description of a prototype consists 
of the individual components that characterize it  and their 
interconnections. A functional description reveals the 
purpose of the structural component or connection in 
producing the behavior expected from task execution. A 
behavioral description describes the potential events that 
may occur. The more detailed the description of these 
prototypes, the better the basis for discrimination or 
similarity between a given instance Z (of task, object, 
and/or hand posture) and a prototype P .  

A high-level, prehensile task is a task expressed in 
general terms such as build or assemble. A high-level task 477 
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may be decomposed into subtasks, e.g., grasp, screw. For 
each subtask, we consider two types of tasks: those that 
produce no motion to the object, or type I tasks, and those 
that impart motion to it, or type IZ tasks. One example of 
type I tasks is a holding task. Type I1 tasks include 
shaking, twisting, turning,  moving, etc. Thus, type I1 tasks 
may precede, follow, or coexist with type I tasks. A low- 
level or primitive task is one expressed in terms of forces 
and  primitive motions (e.g., translation, rotation). Type I 
and type I1 tasks may also be decomposed into low-level 
tasks. In general, there is no unique way to arrange the 
typed tasks in sequence. In other words, there are many 
ways to perform a high-level task. 

From the above discussion, we use  multiple levels of 
task specifications: 

1. High-level (abstract) tasks such as build, assemble. 
2. Subtasks (typed tasks) such aspreshape, enclose, hold. 
3. Sub-subtasks, etc. 
4. Primitive tasks such as translation, rotation. 

These levels form a tree  structure associated with the high- 
level task. Task functionality may be defined as a set of 
specifications that describe what to do. Just  as a high-level 
task is commonly decomposed into smaller tasks, task 
functionality of the high-level task may be decomposed 
into a collection of functionalities of subtasks (typed tasks) 
and  primitive tasks at each of the nodes of the task tree- 
structure. 

To describe a high-level task, following Yeap [33] we 
present here the idea of a task map. Initially, the task map 
is in the form of a general skeleton (list of subtasks or a 
tree of subtasks). A raw task  map is a task map that is 
initialized. The raw map is filled  in with the 
aforementioned functional details and constraints. The raw 
map then takes  the form of aful l  task map. The structures 
of both the raw map and the full map of each task are the 
same: All the characteristics and attributes are organized 
in four categories: geometrical, topological, functional, and 
behavioral. Each task (subtask, primitive) is described by 
this list of attributes. 

The full map describes the what to do, not the how to 
do  it associated with a task. The what to do is unique for a 
given typed task or primitive task, but the how to do is 
not. For example, in a type I task such as hold there is 
one unique functional requirement, i.e., stability, 
regardless of how to hold. Although there is  more than one 
possible way of how to hold a given object, all such 
possibilities satisfy a single functional requirement: 
equilibrium. The how to  do is derived from our reasoning 
process using the algorithms detailed in [20, 251. 

is also described by a task map, as mentioned earlier. A 
Taskprototypes describe generic tasks. A task prototype 

478 full task  map is a full-blown map that contains attributes 
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grouped into four categories: topological, geometrical, 
functional, and behavioral. These categories are needed for 
the topological reasoning scheme. The subprocess of filling 
out detailed information in a task map from task 
specifications is called reasoning  about  tasks (task 
mapping, Figure 7). 

Similarly, we assume the existence of object prototypes 
in this system. To model the object in its workspace such 
that its topology and geometry are readily available, the 
boundary representation (BR) method is appropriate. The 
BR contains both topological  and geometric information. 
The topological information describes the connectivity 
between vertices, edges, and faces of the object. The 
geometrical information includes vertex coordinates, and 
equations for edges and faces. Transformation matrices are 
attached to these elements for the computation of object 
locations with respect to a fixed base [34]. When  regular 
objects are in  BR format, more complex objects may be 
formed  from these regular objects by using a constructive 
solid geometry (CSG) representation in a hydrid CSGBR 
representation [34, 351. The subprocess of  filling out 
detailed information in a full task map from object 
specification is  called reasoning  about objects (object 
mapping, Figure 7). 

The BR representation is also suitable for a hand 
posture, since it  is viewed as a 3D geometric polyhedron, 
which is a collection of connected geometric tetrahedra, as 
discussed in Section 3. Furthermore, the topological  point 
set of  all hand postures is represented as a tetrahedron. As 
a result, both topological and geometrical representations 
of the hand may use the same data structure. The 
subprocess of using detailed information in a full task map 
to derive hand postures is called reasoning  about  hand 
postures (block 11, Figure 7). 

Thus, block I in Figure 7 transforms a symbolic 
prehensile task description and graspable object 
specifications into a list of task-object attributes. The 
attributes describe the topological and geometrical 
structure, behavioral and functional characteristics of the 
task and of the object. Block I1  in Figure 7 consists of a 
composite mapping which derives and extracts two sets of 
grip attributes: posture-oriented grip attributes (i.e., what 
is the required hand shape), and functionality-oriented grip 
attributes (i.e., what to do with the hand shape); a posture 
mapping for processing posture-oriented attributes; and a 
functionality mapping for processing functionality-oriented 
attributes. In block 111, there are two subprocesses- 
geometric transformation and contact mapping. These 
processes together perform what is called reasoning  about 
contact configurations (block 111, Figure 7). 

Basically, topological reasoning uses a set of algorithms 
to derive a suitable grip  given a symbolic task description 
and a graspable object. The set of algorithms can derive 
hand posture for palm prehension or complex 
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combinations of palm/tip prehension; reduces the 
complexity and size of the inverse kinematics solution 
space, if inverse kinematics is used (as in the common 
cases of tip prehension, where a hand posture is 
subdivided into one, two, or a maximum number of 
three-finger  hand subconfigurations); and guides the 
development of rules  representing the necessary prehensility 
knowledge. 

We recall  below the set of topological algorithms that 
have been detailed elsewhere [20, 251, upon which our 
topological reasoning is  built. This set of algorithms aims 
at providing solutions to the transformation from symbolic 
task description and specifications to the numeric 
description of hand posture and functionality. 

Step 1: Reasoning about tasks 
a. Task constraint analysis. 

Step 2: Reasoning about objects 
b. Graspable configuration analysis. 

Step 3: Reasoning about contacts. 
c. Determination of contact configuration. 
d. Selection of contact subconfiguration. 

Step 4: Determination of hand subconfiguration posture 
(postural transformations and topological reasoning about 
hand postures) 

e. Approximation of barycentric coordinates (tip 

f. Polyhedral approximation of a hand posture (palm 
prehension). 

prehension). 

The details of these two algorithms may be found in 
[20, 251. The output obtained from the algorithms is a 
geometric polyhedron, with associated barycentn'c 
coordinates, describing the hand posture to achieve a set 
of contacts on the graspable objects as dictated by some 
basic functional requirements of the task. These algorithms 
areposture-oriented; i.e., this step has not taken into 
account explicitly the functional aspects of a grasp. 

Step 5: Determination of hand  subconfiguration 
functionality (functional transformations and topological 
reasoning about hand functionality) 

g. Barycentric subdivision of subconfiguration space. 
h. Detection of functionality pair and prehensility 

pair. 

As discussed previously, the combined task-object 
functionality may be analyzed in terms of functionality 
pairs and prehensility pairs. In other words, the problem 
of determination of hand functionality becomes the 



problem of determination of possible functionality pairs 
and prehensility pairs as required by the task to be 
performed on the object. Furthermore, as explained in 
Section 3, functionality pair and prehensility pair are 
notions parallel to Reuleaux’s notions of kinematic pairs 
and Napier’s notions of prehensility and opposability. This 
parallelism plays a key part in the derivation of low-level, 
numeric kinematic pairs from  hand functionality and task 
functionality. 

Commonly,  in the problem of hand-functionality 
determination, ambiguity occurs when the functional 
characteristic (power, precision, or support) of the grip  is 
not clearly indicated, or when there is more than one 
functionality associated with a posture. Even in the case 
where the posture clearly indicates power, precision, or 
support patterns, the hand functionality may not be 
unique. Indeed, when a hand assumes a certain posture, 
there exist a number of tasks that it may handle with that 
posture. For example, a flat  hand  may perform a support 
function or a push/pull function with the palm, a cutting- 
type function with the edge of the palm, or a squeeze 
function between the edges of the fingers. Conversely, 
given a certain task, there exists a multiplicity of grips that 
can be used to perform the same task depending on the 
purposeful utilization of the object. Similarly, one may 
hold the same object in  different ways depending on the 
task requirements: with a flat  hand (object on the 
horizontal palm),  with a power grip (palm and fingers 
wrapping around the object), or with a precision grip (five 
fingers  in  fingertip contact with the object). 

Step 6: Derivation  of joint space  variables 
i. Mapping of functionality/prehensility pairs into 

contact space. 

This process is based on reasoning about contacts in 
contact space. The mobility of a hand-held object is 
determined by the nature of contacts, the type of contact, 
the number of contacts, the contact configurations (i.e., 
spatial arrangement of contacts), and the contact motion 
allowed  (e.g.,  sliding,  rolling). Contacts may be described 
in terms of forces and velocities (i.e.,  in terms of a wrench 
and twist system) between the multifingered  hand  and the 
grasped objects at a body frame of coordinates, at the 
contacts (in Cartesian coordinates), and at the joint 
coordinate systems [36, 371. 

Since each finger interacts with the grasped object, for 
each contact between the finger and the object there exists 
a single closed-loop kinematic chain; i.e., there are six 
kinematic constraint equations which define the loop: three 
position  and three orientation equations. The only 
variables in these equations are the degrees of freedom in 
the loop, i.e., the joint angles. The sets of contacts 

480 describing the kinematic relations must be satisfied to 
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allow the wrench (twist) systems at the contacts and at the 
finger joints to be computed given the required external net 
force. The kinematic relations describing a hand-object 
system have been derived by Salisbury (using  grip 
transform [15]), extended by Kerr and Roth (selection of 
internal forces in overconstrained and underconstrained 
hand-object system [38]), augmented with stiffness control 
to resist slippage by Cutkosky and Wright [13], and 
allowed  rolling contact motion  with compliance to be 
monitored by Montana [39] and by Hsu et al. [37] and Li 
and Sastry [36]. For a closed kinematic chain, one may 
analyze the hand-object system in terms of transformations 
between coordinate frames as defined  and used by Li and 
Sastry [36] (coordinate frame of the object body at  its 
center of mass, coordinate frames at each contact point, 
coordinate frames at each joint, coordinate frame at the 
palm, and coordinate frame-the k e d  base-of the hand 
system). 

The mapping  from  hand functionality and prehensility 
pairs to contact space is a computation-intensive process. 
At the joint and contact level, there are many existing 
algorithms for grasping and manipulation  in tip prehension 
mode,  including algorithms for simple grips with a two- 
finger planar, frictionless hands (e.g., [40]), and algorithms 
for the more complex case of a three-soft-finger hand  (e.g., 
[36]). The mathematics of these grips are well documented. 

5. Applications to dextrous  manipulation 
Dextrous manipulation required in a task may be viewed 
as a repeated sequence of grasping and regrasping acts. In 
grasping, a hand  is  in contact with a graspable object via a 
set of contacts which constitutes a contact configuration. 
Regrasping may be roughly  defined as a process involving 
a change of grasp. Regrasping is necessary, particularly 
when the environment is unstructured. Initial grasps 
(generated by using some intelligent scheme) must be 
refined after the first contact, the locations of contacts are 
easily disturbed because of slippage or rolling, or the 
objects themselves are not  rigid.  Regrasping consists of a 
change of position (repositioning), or a change of force 
(force adjustment) with or without a change of position. In 
the following subsections, we discuss the application of our 
scheme to two  problems, grasp selection  and  regrasping. 
Simulation results are included  for the former  case. 

Grasp  selection 

Task  and object input  specifications 
The task selected for this study is a HOLD task. Three 
task requirements are used: stability, force closure,  and 
connectivity. Stability means the ability of the hand to 
resist external disturbances, i.e., to keep the object in 
stable equilibrium. Force closure [ll] indicates the 
conditions to be satisfied by the forces and moments 
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1- 
Graspable configurations. 

applied via the anticipated contacts without breaking the 
contacts, and  finally, connectivity I151 indicates the 
number of task degrees of freedom of the object relative to 
the hand. A high-stability, low-force-closure, and  low- 
connectivity hold task on a graspable object intuitively 
implies a zero-dof task mobility and a stable hold. 

such a shape, the topological simplexes of the object 
consist of two edges, one cylinder surface, and two 
circular disks. 

The regular object selected is of cylindrical shape. For 

The  set of  all possible graspable configurations (Figure 8) 
includes [25] (a) cylindrical graspable configurations 
(g  -config -1); (b, c) circular graspable configurations 
(g  -config -2 and g -config -3); and (d-f) configurations 
graspable by the edges (g  -config -4, g sonfig -5, 
g -config -6). Each graspable configuration  may  involve 
any combination of point, line, and surface contacts, i.e., 
point-to-point, point-to-line, point-to-surface, line-to-line, 
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line-to-surface, and surface-to-surface contact. For a grasp, 
the types of contact are defined as follows. (Note that our 
definitions of contact types are for the whole hand, and are 
different  from the contact types defined  and  modeled by 
Salisbury [15]. Ours may be considered as macroscopic 
definitions  with respect to Salisbury’s  definitions.  Our 
definitions complement those defined by Salisbury, and are 
necessary for palm prehension, or palmhip prehension.) 

We have apoint contact when the contact is between a 
fingertip and the object. We have a line contact when 
multiple  point contacts occur between a finger  and the 
object (on successive finger links), or when there is a set 
of point contacts, each of which is between the same finger 
link and the object. We have a surjace contact when there 
is  more than one line contact between the hand  and the 
object. A precision grasp in the sense of Napier [16] most 
likely occurs in tip prehension, which involves a set of 
point contacts by the fingertips. A power grasp or support 481 
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grasp, most  likely occurring in  palm prehension, involves a 
combination of point, line,  and surface contacts. The 
determination of the graspable configuration of a given 
cylindrical object then involves the selection of one of the 
multiplicity of available combinations of anticipated 
contact configurations, out of the six different graspable 
configurations described above. 

grasp (posture and functionality) consists of a systematic 
execution of the algorithms described in Section 4. In this 
subsection, we report and evaluate the results of our case 
study on grasp selection. The grasp selection is limited to 
the following processes: 

Topological reasoning for the determination of a suitable 

1. Reasoning about task (HOLD). 
2. Reasoning about object (CYLINDER). 
3. Reasoning about anticipated contact configurations. 
4. Determination of hand subconfiguration posture and 

functionality. 

Simulation results 
The following results were obtained for the cases below. 

Case 1: Power grasp 
Inputs: 

Task  constraints:  High  Stability, 
Low  Force  Closure, 
Low  Connectivity. 

Object  dimensions:  Diameter  of  cylinder:  0.84 
Height  of  cylinder:  0.95 

482 Finger  link  length:  0.25 

outputs: 
Recommended  grasp:  THUMB-INDEX 

SUBCONFIGURATION, 
Line  contact, 
Fingers  have  multiple  contacts, 

Palm-prehensility  type I, 
Power pair, 
Line  contact  (thumb), 
Line  contact  (index), 
Graspable  configuration 1 

Hand  opening  larger  than  0.84. 
(cylindrical) 

Hand  posture  (polyhedral  approximation): 
Number  of  iterations: 3 

First  iteration : 0.97 
Second  iteration : 8.58 
Third  iteration : 0.24 

Interpretation of input  specifications,  results,  and 
discussion 
In this simulation run, the object is smaller than the hand 
size (refer to the object dimensions; diameter and  height 
are normalized  with respect to hand size, and are both less 
than 1). The recommended subconfiguration is a thumb- 
index grasp, the overall posture is of type I palm- 
prehensility [19], and the overall functionality ispower- 
pair. The grasp should occur along the cylindrical face of 
the object, with a hand  opening between the thumb  and 
the index larger than 0.84, the size of the cylinder 
diameter. Furthermore, the anticipated contacts should be 
of line contact type, with each finger  in  line contact with 
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the object. This is a power grasp in the sense of Napier 

The problem  is to find a polygonal approximation for 
each finger,  knowing the contact subconfiguration and the 
wrist position. This is equivalent to the problem of 
identifying an outer polygonal covering of the intersection 
between the hand and the object. For example, in the case 
of graspable configuration 1 (cylindrical face), the contact 
subconfigurations involved are the elliptic cross sections 
[Figure 9(a)]. 

The polyhedral approximation comprises, first, the 
generation of a regular  hexagon covering the cross section 
[Figure 9(b)] and then an iterative shortening of the edge of 
the polygon  until  it is comparable to the phalange length 
[Figure 9(c)] .  The finger shape is the shape of the polygon 
obtained at the last iteration. 

The approximation of hand posture using the polyhedral 
approximation technique required three iterations. In the 
first iteration, the edge of the hexagon covering the 
circular cross section is computed and  is equal to 0.97. 
This edge is much larger than the finger  link, which is 0.25 
(the finger has four links, and each link  is then 114 = 0.25). 
On the second iteration, the hexagon becomes an octagon 
with edge length equal to 0.58. Therefore, another iteration 
is necessary. The third iteration, a decagon, has an  edge 
length that is equal to 0.24, which is smaller than the finger 
link, 0.25, and the process stops. The joint angles are the 
angles between adjacent edges of the decagon. The 
following rules have been fired: 

Reasoning for Case 1 
Statement:  If  (task = HOLD) then dof = 0; 
Statement:  Switch  (Stability) 

Case  (high): 
Switch  (Force-closure) 
Case  (low): 

Switch  (Connectivity): 
Case  (low): 
Sub-config = thumb-2fingers; 
Contact = line; 
Conflict = Force-closure; 

Statement:  If  Stability(high)  and  Force-closure(1ow) 
and  Contact(point) 

then Contact(1ine); 
Statement:  If  Force-closure(1ow) and Connectivity(1ow) 

then  subtract-sub-configo; 

Statement:  If  (obj-diam < 1  and  obj-hi < 1) 
then 
switch  (Stability) 

case  (high): 
switch  (Connectivity) 

case  (low): 
g-config-1 ; 

IBM .I. RES. DEVELOP. VOL. 36 NO. 3 MAY 1992 

Statement:  If  (thumb-index  and  contact(1ine)) 
then 
line(thumb); 
line(index); 
power-pair; 

We  now illustrate the results of a precision grasp and a 
support grasp without further explanation. 

Case 2: Precision grasp 
Inputs: 
Task constraints:  Medium  Stability, 

Medium  Force  Closure, 
High  Connectivity. 

Object  dimensions:  Diameter  of  cylinder:  0.81 
Height  of  cylinder: 0.90 

outputs: 
Recommended  grasp:  THUMB-INDEX 

SUBCONFIGURATION, 
Point-to-point  contact, 
Fingers  have  single  contacts, 

Tip-prehensility  type II, 
Precision  pair, 
Point  contact  (thumb), 
Point  contact  (index), 
Graspable  configuration 1, 
Hand  opening  larger  than  0.81. 

Case 3: Support grasp 
Inputs: 
Task  constraints:  Medium  Stability, 

Medium  Force  Closure, 
Low Connectivity. 

Object  dimensions:  Diameter  of  cylinder:  1.22 
Height  of cylinder: 2.1 0 

outputs 
Recommended  grasp:  THUMBAND-THREE-FINGERS, 

Lineto-Surface contact, 
Fingers  have  multiple  contacts, 

Supportability type I, 
Power  pair, 
Line  contact  (thumb), 
Surface  contact  (finger), 
Graspable  configuration  1. 

Regrasping tasks 
Regrasping (change of hand posture) exists in three ways: 
1) from a subfunctionality with  few  fingers to one with 
more  fingers, 2) from a subconfiguration of more fingers to 
one with fewer fingers,  and 3) a change of subconfiguration 
for  which the number of fingers remains the same. The 
first two cases involve a mapping between complexes, 
which  is  not discussed here. As an example, we elaborate 
only the third case. 483 
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I Change in hand subconfigurations. 

Traditionally, as a result of changes in  hand shape, 
the grasp matrix must be recomputed analytically. 
Topologically, the change in  hand subconfiguration may 
involve only some of the constituent topological simplexes 
of a particular geometric complex representing the current 
hand posture. Thus, it is possible to partially recompute 
some simplexes to reflect the change, thereby avoiding the 
total recomputation of  all simplexes. 

A topological or geometric change of simplexes may 
occur either in their connectivity to other simplexes or in 
their own geometry. A change in connectivity and in 
subconfiguration geometry is due to two basic motions at 
some or all  of the joints: abductionladduction or 
jlexionlextension. A flexionlextension motion changes the 
joint angle at the joint of two connected links. An 
abduction/adduction motion, however, changes both the 
joint angle and the angles between consecutive fingers. 

The distinction between a topological  and a geometric 
change is  clarified  in a rule, called the rule for simplex 
identijication: A subconfiguration  change  is  topological if 
it  involves  a  continuous  mapping of the geometry of some 
or all  of  the simpleres. It is geometric if the  rule produces 
a unique  simplex geometry for each  simplex. 

In other words, the discrimination question (between a 
topological change and a geometrical change) is this: Does 
the  continuous  transformation vary the geometly of some 
simplexes  while  maintaining  connectivity? If the answer is 
yes, the change (i.e., transformation) is topological; 
otherwise, it is geometric. In flexionlextension, the 
change may be seen as a foldinglunfolding operation in 
which an axis through the joint becomes the axis of 
flexionlextension. The shape of the 2-simplex is preserved, 
and only its orientation changes. In abductionladduction 
at each joint, the angle between fingers changes linearly, 
(Y E (0, A,,), where Amax is the joint limit  of the 
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Consider now the two thumb-index subconfigurations in 
Figure 10; the one on the left is a fine  thumb-index  pinch 
S,, and the one on the right, S,, is derived from S, from 
the flexion  motion of the distal phalanges at the distal 
joints (joints n + 1). Let K, and K,  denote the two 
subconfiguration complexes corresponding respectively to 
the two subconfigurations. In terms of the geometric 
tetrahedron representation, the geometric tetrahedra Tx,o, 
Tx,l, Tu,o, and Ty,l remain  unchanged. The distal geometric 
tetrahedron Ty,2 may be obtained from Tx,2 by a rotation 
(flexion) about the axis Jo,2, Jl,2. In other words, one 
needs only to recompute the complex corresponding to 
Ty,2 instead of the entire complex Ky.  

In a geometric polyhedron representing a hand posture, 
the scheme described above allows the computation of a 
topological or geometrical complex representing the hand 
posture in coordinate frames associated with the vertices 
(hence, in joint coordinate variables). However, it cannot 
determine which side of the boundary surface (i.e., the 
triangular surfaces) is the dorsum of the hand. This 
difficulty is eliminated by using oriented boundaries, 
known as oriented  simplexes in algebraic topology [41]. 

6. Concluding remarks 
The topological  model described in Section 3 consists of a 
structural (hand posture) model of multifingered hands, and 
a functional model of hand functionality. Collectively, they 
constitute a computational  model for multijingered robot 
prehension. 

We have detailed a reasoning procedure for deriving 
hand posture and  hand functionality from symbolic task 
specifications, described by a task map and translated into 
contact configuration specifications, and object 
specifications, described in terms of graspable 
configurations and also translated into contact 
configurations.  Our reasoning scheme avoids the common 
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approach to grasp synthesis which relies on the cross 
product of task attributes and object attributes. 

We have introduced the concept of contact 
subconfigurations as a group of contacts and as a subset of 
contact configurations,  and used them in describing a 
contact configuration as a hierarchy of contacts (i.e., 
configurations, subconfigurations, contacts) and in 
facilitating the description of power-oriented grasps, 
support grasps, and precision-grasps. Again,  all contacts 
are specified  in  topological terms. 

Describing a grasp in terms of contact configurations, 
contact subconfigurations, and individual contacts 
facilitates the determination of grasps at the numeric level, 
which is contact-based. Describing  hand functionality in 
terms of functionality pairs (task-oriented) and prehensility 
pairs (object-relevant) facilitates the description of the task 
and the object as a collection of grasp-relevant attributes at 
the symbolic level. 

The overall design of  an intelligent robot prehension 
scheme has also been described. The structural and 
functional design aspects  are basically directed by the 
topological  model of prehension. The design serves as a 
prototype system for further investigation of more efficient 
prehension algorithms. The data structure introduced here 
is  uniform  in that the same structure is applicable for 
representing objects, hands, and contacts between them. 
The classification of data into four categories (topological, 
geometrical, functional, and behavioral) forces designers to 
think about the nature of each attribute and to accurately 
specify the data in each category. It also guides the 
formulation of rules for the processing of categorized facts, 
helps to analyze prehensile tasks for capturing prehensility 
knowledge, and provides a natural way to link to 
geometric reasoning. 

We have presented the application of the topological 
reasoning scheme to both the problem of grasp selection 
and the problem of regrasping. We have pointed out 
numerous advantages of our scheme, one of which is the 
greatly reduced recomputation of the grasp matrix. 

The continuous nature of the topological  model has not 
been fully explored in our current work. The topological 
tetrahedron representing the set of  all postures permits a 
neighborhood concept to be defined  in the set. Motion 
planning  and path planning of the fingers are then 
represented as curves inside or on the boundary of the 
tetrahedron. The one-to-one and bicontinuous nature of 
mappings  among various representational spaces of hand 
postures, at different levels of detail, allows inverse 
transformations to be defined. This may be particularly 
useful in the study of numeric sensing and in extending the 
current model to active sensing. Our  model and reasoning 
scheme, so far, is used as a straightforward transformation 
from symbolic to numeric representation spaces. Future 
work will include an extension to a sensor-based control 
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scheme, which is a perception-action integration that gives 
rise to the application of evidential reasoning to dextrous 
manipulation. 
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