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Abstract haptic representation, which may be as simple as a single
Many haptic rendering problems can be expressed RPint.
terms of constraints on the motion of a proxy within &
virtual environment. This principle is well establisheg
for surface rendering, and can also be applied to other
types of haptic interaction. A key problem in general
constraint based rendering is combining constraints
from several sources into a single unified constraint.
This paper describes some work in progress toward
developing a mathematical framework for manipulating
motion constraint equations, and in particular the derit Figure 1: PHANToM and proxy.
vation of a combination algebra for constraints. This
work could lead to a system for 6DOF rendering involv-

ing non-trivial proxy shapes. The two major haptic rendering SDKs/APIs (Software
Development Kits or Application Programming Inter-
Keywords: haptics, constraints, proxy, 6DOF. faces) currently available (that we know of) are GHOST

from SensAbled] and Magma from Reachiri][ Both
provide separate facilities for shape based surface ren-

1 Intmd_uc“on dering and abstract haptic effect or force field rendering.
In a previous PUG papet][(and see alsa2[3]) we g\‘gt

: ) . ly the surface rendering interfaces allow manipulation
described an approach to haptic rendering based on he proxy position (in GHOST called the Surface

use of constraints, and in particular the use of a COpiact Point or SCP). Thus to program a haptic con-
strainedproxy. The use of a proxy (or god-object) forstraint using the proxy technique, one must implement

haptic surfa_ce re”de“”g IS descrlbed5[p {1_nd ISNOW & the constraint using the surface interface, or implement a
well _estabhshed technique. The basic idea is that t@%cond proxy. The second proxy solution is messy, and
physwal movements of f[he .PHANTOM are tracked by foesn't integrate well with surfaces that use the built-in

virtal proxy object moving in a virtual environment, ai}roxy. The surface interfaces are, naturally enough, good

shown_ in Figure 1. Wherea_s the_PHANToM MOVeSor effects that act like surfaces, but awkward to use for
freely in space, the proxy object will encounter V'rtu%ore general effects

objects and fields which will constrain or change its

motion. The difference between the_ free motion of th?he context of the work described in this paper, then, is
PHANTOM and _the constramed motion of the ProXy 13he development of a new approach to specifying haptic
u;ed as the basis for generating contact forces. T_h|5 teF@ﬁdering that unifies surface and other types of render-
nique is used fqr surface rend_ermg by preventing tnﬁg into a single framework based on constraining the
proxy from moving from one side of a surface _to_thpmotion of a proxy. This is work in progress, with the

oth_er. It can also be used for_of[her types of hapt'(? Int%’ajority of the framework still under development. This

actions, for example: constraining the proxy to a line aper describes some of the mathematical formalisms
plane. A graphical representation of the proxy will us fhat have been developed so far for specifying and

ally be rendered in the user interface to provide m““lﬁanipulating constraints on the motion of a proxy.

modal feedback. The graphical and haptic properties of

the proxy are not necessarily the same — the gra_lphifg provide slightly more context for the mathematics,

may be considerably more elaborate than the haptic Il gjger the problem of implementing a haptic scene-

dering, for example. In this paper, “proxy” refers to th%raph object, which could be a solid shape, a deformable
shape, or some abstract force field. At each traversal of



the scenegraph, the object may be required to solve tiirae. That is, the difference between two configurations
problems of collision detection and contact registratioyver an intervat  will be

Contact registration means, upon detecting a collision,

registering the contact with the rendering system. The (A & xt, wt)

contact is the focus of a two-way communicatio
between the scenegraph object and the rendering syst
The system must combine the effects of all registergBotion can be represented by a tufde & x, w) which
contacts to produce a new proxy position, an outpean be directly computed from the difference between
force, and dynamic information to feed back to théhe initial and final configurations of the PHANTOM
scenegraph objects to update their internal state (eayer a sampled interval.

deform). One aspect of the contact is the local topology

in a neighbourhood of the contact point. This can bgs g body moves in space over time, a péint  on the
expressed as constraints on the motion of the proyudy will move through a curve or trajectory in space

around the contact point. It is essential that the topologj;i-h we can describe (1) For the proportional
cal information from separate objects, which act inde- '

pendently of each other, can be combined by the syst&f €W motion(A, & x, «) , and taking [0, 1] , the
to give a single result. This is the motivation for the algdrajectory of a point is given by the equation
braic treatment described later in the paper. P(t) = Py+ (—r) + xta+r cos(wt) + (1)

(& r)a[1-cos(wt)] +(&xr)sin(wt)

cr)rr]given constant®\ & x an@ . Thus the complete

2. Motion and constraints _ o 3

We will assume that the proxy is a rigid body, and it¢herePq is the initial position dP  and = (A —P,)
motion is described by rigid body kinematitk [At any  The tangent of the trajectory at any point is given by the
instant in time, the configuration of a body in space caterivative of the curve at that point with respect to time:
be described by its position and orientation with respect
to some fixed reference “origin”. If the configuration of a
body in motion is sampled at discrete times, the differ-
ence between any two such configurations can be repiidis tangent can be thought of as describing the direc-

P'(t) = xa—wrsin(wt) + (2)
w(a-e r)asin(wt) + w(a xr)cos(wt)

sented by a tuple tion that the poinP is moving in at tinte . Initially, at
(A 3 X, w) timet = 0, the tangent is
whereA is apointd is a unit vector, is a distance and P(0) = xa+ w(ax (A-Py)) 3)

w is an angle. Herd s called the anchor point, angje call xa the translational component of the tangent

together witha defines a line which is an axis of rotagq w(ax (A—Py)) the rotational component.
tion. The difference in configurations can be interpreted

as the effect of a translation of the body along the axis lEyur goal is to be able to express constraints on the com-
a distancex , and a rotation around the axis countéjete motion of the proxy as the combined effect of sim-
clockwise by the angleo . ple constraints on the motion of individual points in the

proxy. One way these constraints would arise is if a point
We assume that the motion of the PHANToM is an arbpn the surface of the proxy was in contact with the sur-
trary continuous motion sampled at discrete times. \Wace of an object in the scene. A constraint on the motion
wish to approximate this motion over a sampling intervalf a point can be expressed as a constraint on the tangent
by a simple substitute motion that is easily represente@f. the trajectory of the point under the motion. For the
We choose a form of screw motion where the translatidg@mainder of this paper we will make two further simpli-
distance and rotation angle change proportionally ovéfing assumptions:

* We express motion constraints as constraints on the
tangentP'(0) at the start of a sampling interval
only, not on the trajectory over the interval,

1. This representation is possible due to a corollary to Euler’s theorem
that Goldstein], p.163] attributes to Chasles.



* we wish to constrain the translational component « ParaTan(P, f): the tangentoP at = 0 is par-
and the rotational component of the tangent sepa-
rately.

A more general approach will be left for future work. * FixPoint(P): the tangent oP at = 0 s zero,
However, this simplified version may serve as a good  so thatP s fixed.
enough approximation for the purposes of haptic render-

ing.

allel to unit vectom .

Fixed : the entire body is fixed.

We can identify the set of motions permitted by each of

3. Constraint equation algebra these cases by using the tangent equation Eqgn. (3). First,
To recap, we have a representation for a particular cl&me notation for parallel and perpendicular vectors. We
of rigid body motions as tuples of the form define

M = (A 3 X w) ullv=(uxv=0) @
and we have an equation (Eqn. (3)) that describes a tan- ubv=(uev=0)
gent of the trajectory of a point under such @ motion. Bynen remembering the assumption that the translation
specifying a condition that must be satisfied by the ta'&'omponent and the rotation component will be con-
gent of some poinP , we can identify a set of motionstrained independently, we can derive the following defi-
that will make the tangent satisfy the condition. Thus gitions:
constraint equatioron the tangent defines a set of legal

motions. Clearly, there is a wide variety of conditions (A & x w) [ Free = TRUE ()

that can be placed on the ta_n_gent. We wish to choose 6“\ a x, ) O PerpTan(P, i) = ©6)

useful subset of thesg conditions and develop a mgthe- {(x=0)OR (aA)} AND

matical and computational ffamework for mampu_latmg {(w=0)OR ((ax (A= Py)) OA)}

them. In other words, we wish to developanstraint

equation algebra (A & x, w) 0 ParaTan(P, h) = (7)
{(x=0)OR (allh)} AND

An algebra, in the most general sense as used in alge- {(w=0)OR ((ax(A="Py)) IlN)}

braic software specification, is simply a collection of sets

and functions and relations that satisfy some chosen axi- (A & X, w) O FixPoint(P) = (8)

oms. To specify an algebra, we need to define what sets {x=0} AND

there are, what elements are in them, and what operators {(w=0)OR (all(A-Py))}

Gofining an abstract cata ype n software. In thie case, (A3 %) 0 Fred = ©

) ' {x=0} AND{w = 0}

we wish to define a set of constraint equations, and a sin-

gle operator to combine pairs of constraint equations. We i o ) )

will want the operator to be idempotent, commutativghe zero motion that_ satisfiddxed . will satlsfy.alllof

and associative, so the resulting algebra will have ti8€ other constraints. A motion that satisfies

form of a semi-lattice. FixPoint(P) must be a pure rotation around an axis
throughP , and will satisfy any other constrainti®n

4. The base cases

We start by defining a set of constructors, or generators, Composition

or “base cases” for the set of constraint equations. Thegg now define a composition operator on constraint

are the building blocks which will be combined to Creatgquations, denote@, C, . The motions that satisfy
the complete set. As we have described, we wish to

define these mostly in terms of constraints on the tangdfg combinatiorC, J C, should be precisely those that

of a particular point at the start of an interval. A usefatisfy both of the constraints; a@, . Thus we

set of base cases is: define

¢ Free: free motion of the body. MO (C,0C,)=(MOC,)AND(MOC,) (10)
e PerpTan(P, f):thetangentoP at = 0 is per-

) ) N Another way of saying this is th&, 0 C, is the inter-
pendicular to unit vectoi

section of the set€, ar@, . Thus, we know this com-



position operator satisfies the axioms required of a senfiore it is best to try to match the rotation component of
lattice (idempotency, commutativity, associativity),the motion as closely as possible. This will minimise the

because set intersections do.

discrepancy between the orientation of the haptic device

and the orientation of the proxy, which will minimise the
The complete set of elements in the algebra is therefaexjuired torques. Note that the screw motion representa-
all those generated by the five base cases, plus the cdimn naturally isolates the translation and rotation com-
position of any two other elements. This is essentially onents of the input motion.

recursive definition, and computationally would require

a recursive data structure to represent the elements described in the introduction, this formulation of con-
However, we can make some observations to simplifstraint equation algebra is just one part of a larger speci-
this. Firstly, suppose that all constraints must be applididation for a new approach to haptic rendering. Our

to the same poin®

. This would be the case for a 3Ddpture work will be the continued development and

rendering system with a single point proxy, or, such as {fiplementation of this approach.

Magma, a small spherical proxy where all constraints are
translated to apply to the centre of the sphere. It turns out
that the five base cases completely characterise the 3[31?
tem. That is, every combination of two or more con-
straints applied to the same point are equivalent to a
simple constraint applied to the same point. Mostly, the

result of C, 0 C, is eithelC; ofC, oFixPoint(P)
The only interesting case is

NOT(f, 1) O 3]
(PerpTan(P, i) O PerpTan(P, i) = ParaTan(P, iy x A,))

For the general case where constraints can be applied to
different points on the proxy, there are definitely morg)
elements required. However, it appears that the five base
cases plus the six pairwise combinations of the non-triv-
ial base cases will be enough to completely characterise
the space. So, all constraints could be represented in a
flat data structure with eleven types of elements. The
proof of this conjecture is work currently in progress. [5]

6. Future work

The combination algebra developed above makes it pos-
sible to reduce a set of independent constraints to a sin-
gle constraint that must be satisfied by the motion of the
proxy. Given a potential motion and a constraint, there j§
a straightforward decision procedure to determine if the
motion satisfies the constraint. However, if a motion o[f7]
the proxy does not satisfy the constraint, it is necessary
to find an alternative motion that does. This is alway,
possible (the zero motion satisfies any constraint), so [?A
fact the problem is to find the “best” alternative motion.
The optimal solution may be different for each of the
eleven constraint cases (of course, Bied fereek

cases are easy!) Once the development of the algebra is
complete, this will be the next problem to be solved.
Some cases have been solved already. We assume that, at
present, most haptic rendering will be done using a
3DOF output device, or a 6DOF device where the rota-
tional fidelity is less than the translational fidelity. There-
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Abstract. Virtual Reality has been used to simulate procedures in several
fields, especialy those where critical tasks are involved as simulation of
some invasive medical procedures. We are developing alow-cost haptic and
stereo simulator for bone marrow harvest for transplant. The system
includes an intelligent evaluation procedure that allows classify the trainee
learning. The present paper describes the proposed system, details of its
implementation and results we just obtained.

I ntroduction

Bone marrow transplant, despite commonly held perceptions, is not a usua surgery.
Basically, the bone marrow transplant consists of an infusion of healthy cells, capable of
generating identical copies of themselves and producing blood cells. This blind invasive
procedure is relatively simple, but the success of the procedure will depend on the
physician’s dexterity, and his ability to manipulate the needle in a complex anatomical
region.

This work presents a virtua redlity system to smulate bone marrow harvest for
transplant. Bone marrow transplant, despite commonly held perceptions, is a semi-
invasive procedure that depends on the physician's dexterity, once there is no visua
information of the patient body internal structure.

In this simulator we are using a haptic device and stereo view glasses to give an
immersion degree satisfactory to the user trainee. To give an evaluation of the training
we add to the system an intelligent evaluation tool based on fuzzy rules. This way, the
expert doctor knowledge is modeled by fuzzy rules by four variables to give a
classification of the procedure performed by the trainee.

M otivation

The bone marrow transplant is a relatively new medical procedure to treat recently
considered incurable diseases. The first success transplant was made in 1968, and since
then has been a current procedure for patients with leukemia, aplastic anemia,
lymphomas, multiple myelomas, disturbs in the immunology system and in some solid
tumors such as the breast cancer and ovarian cancer [Oncolink, 1999].



The process to extract the bone marrow is made through many material aspirations from
the iliac crest bone marrow (sometimes it includes the sternum bone aso) from the
donator under general anesthesia. The procedure is a blind procedure without any visual
feedback except the external view of the donor body, the physician need to feel the skin
and bone layers trespassed by the needle to find the bone marrow and then start the
material aspiration. From the physicians point of view the bone marrow harvest
demands great ability, which will offer a better recovery to the donator and less pos-
harvesting pain. Particularly on children the bone marrow harvest for transplant is
critical considering that bones in this case are thin and soft, and that the patient receive a
smaller degree of anesthesia. The Children’s Ingtitute of Hospital das Clinicas de Séo
Paulo - Brazil realize on average 15 procedures every year. Currently the only training
procedure available for novice doctors is training with guinea pigs, rea procedure
observation and further supervision by physiciansin real procedures.

In the same way, it is known that expert physicians evaluate trainee learning observing
the needle position, its angle when inserted in the body of the patient and how deep it is,
beyond the fact the trainee extract the bone marrow (goal of the procedure). That means,
the expert doctor evaluation is partialy subjective. One way to model subjective
knowledge is using fuzzy sets [Dubois and Prade, 1980]. In our system physicians
knowledge in bone marrow harvesting is modeled by fuzzy rules by the four variables
described bellow (needle position, angle, depth and bone marrow extraction) to give a
classification of the procedure done by the trainee.

With our system, we intend to improve the learning for novice doctors once the
dexterity necessary will be acquired through the training on a virtual reality system,
which will simulate and evaluate the procedure with a force-feedback device integrated.
We expect to reduce and improve the learning curve affecting donors’' rehabilitation.

Intelligent Evaluation Systems

Intelligent evaluation is called the one made by an expert. In intelligent evaluation
systems, the expert knowledge is stored in a knowledge database using some logic
representation, generally by rules. The rules utilization control is done by an inference
system. The architecture formed by the knowledge database and the inference system is
caled “expert system”. When there is subjectivity in the knowledge database its
representation can be done by fuzzy models [Zadeh, 1988], where the subjectivity is
modeled by fuzzy sets.

In fuzzy expert systems the expert’s knowledge about a specific task is modeled by
fuzzy rules. The variables of interest are collected by a subsystem and sent to the expert
system. The data provided by the variable values will be analyzed by the rules database.
Each rule isrelated to a variable of interest and each expert can have his own conclusion
about a specific fact. The several conclusions about one rule are aggregated to compose
a new fact. This fact will be analyzed by the rules set providing a conclusion about the
facts presented.

For the evaluation, we utilize an expert system joined to the simulator. To evauate a
trainee, the expert knowledge about the procedure is modeled by fuzzy rules. The
variable values are “collected” by the haptic device and sent to the expert system to be
analyzed by the rule database. The pertinent facts of a rule are joined and analyzed to
provide a final classification of the trainee. We are using five types of fuzzy



classifications to a trainee: you need much more training, you need more training, you
need training, your training is good or your training is excellent, allowing identify if
more training is or is not necessary.

Proposed System and I mplementation

The proposed system is a semi-immersive virtual reality system [Pimentel, 1995] where
the trainee and some expectators doctors (tutor and trainee) can share the same
stereoscopic view of the bone marrow harvest procedure simulation [Machado, 2000].
A high end PC Pentium Il 600Mhz platform with and AGP 3Dlabs Oxygen GV X1
board including a time-multiplexed Stereo Graphics Crysta Eyes shutter glasses
[Stereographics, 1997] and a Phantom Desktop haptic device composes our simulator
[Sensable, 1999 and Sensable, 2000]. The simulator consists in a force feedback virtual
interactive model of tissue layers from the pelvis region and its hardness and texture
characteristics.

Using a virtual syringe with tactile feedback (smulated by the Phantom Desktop) the
user can penetrate thought the several tissue layers feeling the transitions among tissues,
aswell as feeling the texture associated to each layer.

Perfusion direction

U Epidermis
U Dermis

U Subcutaneous
U Periosteum
| U Compact bone

S U bone marrow

U Compact bone

Figure 05 - The Perfusion Tissue Layers

The feedback sensation associated to each layer was modeled from tactile sensation
descriptions done by specialists. So, we modeled the several physical properties of the
tissues in the iliac crest in the following layers:

Epidermis: approximately 2 mm thick, elastic and slippery tissue;

Dermis: approximately 7 mm thick, elastic tissue;

Subcutaneous: approximately 4 mm thick, soft and non-resistant tissue;
Periosteum: approximately 2 mm thick, resistant, Slippery, lubricated and
smooth tissue.

Compact bone: approximately 5 mm thick, hard and resistant tissue;

Bone marrow: approximately 10 mm thick, soft tissue, without resistance.

The fuzzy rules of our expert system are modeled by membership functions according
to specifications of experts. Several types of membership functions can be used as



trapezoidal, triangular and pi-functions and the fuzzy inference system used is
Mamdani-type [Mamdani, 1975]. An example of rule for this expert system is:

IF Position x is left_center AND Position_y is up_center AND Position _needle is
acceptable AND Marrow_harvest isyes THEN Trainee classisyou need training

where: Position_x, Position_y are coordinates which the needle touch the patient body;
Position_needle is the angle of needle input to body of patient; Marrow_harvest shows
the success or failure of trainee to harvest bone marrow and Trainee class is the
classification of trainee.
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Abstract

We address the real-time collection and simultaneous broadcast of haptic information to multiple haptic session
participants, so that collaborative exploration of objects is possible, even when users are equipped with disparate haptic
devices, such as the PHANToM and the CyberGrasp. We have designed and are currently testing a prototype system for
haptic collaboration over the Internet. The basic idea is to provide a framework for multiple users (each with his or her own
haptic device connected to a computer) to share a common experience of touch. This will allow users to exert forces on each
other through the network as well as exert forces on common objects.

In this paper we present a distributed architecture for haptic collaboration via the Internet. We explicitly address the
issue of latency (communication delay), thus providing a foundation for a shared haptic experience among distributed users.
With respect to stability, latency is a critical factor that governs whether two users can truly share a common haptic
experience. We propose an algorithm where the nature of the interaction between two hosts is decided dynamically based on
the measured network latency between them. Users on hosts that are near each other (low communication latency) are
dynamically added to fast local groups. If the communication latency is high, users are allowed a slower form of interaction
where they can touch and feel objects but cannot exert forces on them. Users within a fast local group experience true haptic
collaboration since the system is able to resolve the interaction forces between them fast enough to meet stability criteria. We
discuss the creation, maintenance and update mechanisms of local groups for fast interaction, as well as synchronization
mechanisms for hosts participating in slower interaction. We conclude with a discussion of open issues and future work.

1. Introduction

Haptic (adj): of or relating to the sense of touch. In the present context, haptic refers to the modality of touch and the
sensation of shape and texture an observer feels when exploring an object in a virtual environment. Applications of haptics
include online museums [6], aid for the visually impaired, remote surgery and entertainment. In many of these applications it
will be necessary for users tateract with each other as well as with other objects. In this article, we propose an
architecture for haptic collaboration among distributed users. We focus on collaboration over a non-dedicated channel (such
as an Internet connection) where users experience stochastic, unbounded communication delays [7].

The area of haptic collaboration is relatively new. There have been a few prior studies that we briefly review here. In a
study by Basdogan et. al. [1], partners at remote locations were assigned three cooperative tasks. Experiments were
conducted with visual feedback only, and with both visual and haptic feedback. Both performance and feelings of
togetherness were enhanced in the dual modality condition. Durlach and Slater [3] note that factors that contribute to a sense
of co-presence include being able to observe the effect on the environment of actions by one's interlocutors, and being able to
work collaboratively with co-present others to alter the environment. Buttolo et. al. [4] note that when the same virtual
environment is shared between two distributed sites there may be registration problems. Representations of the virtual object
must coincide, but the distributed nature of the communication, especially over the Internet, may introduce considerable
latency whose effects may be hard to predict.

2. Virtual Haptic World

Imagine you decide to go to a handicraft museum. There is a map of the museum at the door showing different halls in
the museum, each containing a group of handicrafts. Upon entry into a hall, you can see the handicrafts and the other people
in that room. You can touch all of the objects in the room and interact with them. In a real museum, all of the above are
familiar experiences, except for the last one. As a matter of practice, touching art objects is usually strictly prohibited.

The scenario described above motivates the research presented here. Our goal is to design an architecture that will
support collaborative touch in virtual environments. We term such environmvemitia haptic world. As shown inFigure
1, users may have different kinds of haptic devices, such as the PHANToM, CyberGrasp, or a FEELit mouse, or they can just
be viewers. Some of the participants in the haptic world may only provide virtual objects as a service to the remaining users.
This would be the role, e.g., of a museum'’s server.
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Figure 1: Avirtual haptic world

From a computational perspective, a haptic world consists of a network of nodes. Each node corresponds to a computer
whose operator is part of the shared virtual environment. The operator will typically interact with virtual objects through a
haptic device, but conceivably, some users may interact with the haptic world using other modalities, e.g. by simple
visualization. Some nodes may operate autonomously (i.e., without a human operator) and simply provide virtual objects for
the haptic world.

Each node in the haptic world contributes to the shared environment with virtual objects. These can be static, eg., a
sculpture “bolted” to the ground, or dynamic, e.g., a teapot that can be virtually manipulated. We view the haptic devices that
the human operators use to interact with the haptic world as dynamic objects. Each object in the haptiowmddisone
of the nodes, which is responsible for defining how its dynamic properties evolve. Typically, a node that is physically
connected to a haptic device owns the object that represents the device.

Two databases are used to represent a haptic worlchobleedatabase contains information about the node network. It
stores the logical identifiers and the IP addresses of all nodes, as well as the latency and available bandwidth between all
nodes. The need for this information will become clear later. This database is dynamic because new nodes may join or leave
the haptic world at run-time. Thabject database contains the information about all objects that are part of the haptic world.
Each record in this database refers to a particular object and it contains the object identifier, the identifier of tla¢ node th
owns it, its static properties (shape, size, color, etc.) and its dynamic properties (position, orientation, velocity, etc.).

The force control algorithms used for haptic rendering generally require high sampling rates (typically, on the order of
1KHz) and low latency (typically, on the order of a few milliseconds) [5]. This means that the databases need to be queried
very frequently and with very low delay. Because of this it is necessary to distribute these databases by keeping local copies
at each node. This allows for very fast access to the data about the objects that is needed for the force feedback loops, at th
expense of the added complexity introduced by issues related to the consistency between the databases. Much of what
follows is precisely related to the problem of keeping the databases synchronized so that all nodes have roughly the same
perspective on the shared environment.

3. Database Synchronization

Since the object database contains data that is dynamic, the local copies of this database that exist at each node must b
kept synchronized by a periodic exchange of data. This is done by a very simple mechanism that uses the concept of object
ownership introduced earlier: periodically, the owner of each object broadcasts the dynamic properties of its objects to all
other nodes. Each node must then continuously listen to the other nodes for updates on the dynamic properties of the objects
that it does not own. This is represented schematicakjgure 2.



While (1)
{

Listen for dynamic properties of objects owned
by other nodes and update local object
database

Query haptic rendering system for dynamic
properties of objects owned

Broadcast dynamic properties of objects owned

! @ Wait for one synchronization period
> }
Node Local Database Data transfer between nodes
Figure 2; Object database synchronization in the haptic Table 1: Pseudo-code for object database
world. synchronization

Typically, the haptic rendering system uses the following fairly standard algorithm:

Compute amount of overlapping between objects owned and all other objects

Compute forces on objects owned (assuming spring-damper system)

Transmit forces to haptic device

Integrate forward in time to predict dynamic properties of objects owned at next sampling time

Table 2: Pseudo-code for the update of dynamic properties of objects

When the number of nodesis large, the broadcast of object properties required by the algorithm in Table 1 may be costly
unless the synchronization period is large. We will address thisissue later.

Another main challenge arising from the distributed nature of the databases that store the information about the haptic
world is related to the addition and removal of nodes from the haptic world. When a new node joins the haptic world, it must
first receive the current node and object databases from some other node in the haptic world. It must then add itself to the
node database and add its objects to the object database. Finaly, it must inform all other nodes of these changes to the
databases. Thisisimplemented by the pseudo-code shown in Table 3 that must run in every node.

Request copy of node database Input: G = {list of objects in local group}

Request copy of object database

Add self to node database While (1)

Add objects owned to object database {

Broadcast request to add new record to node database Listen for the dynamic properties of objects in G owned

Broadcast request to add new records to object database by other nodes and update local object database

While (node active) Query haptic rendering system for dynamic properties

{ of objects owned

Listen for requests to: Broadcast to the owners of the objects in G the dynamic
send node/object database properties of objects in G owned by self
add/remove record to/from node database Wait for one local group synchronization period.
add/remove record for/from object database }

}

Broadcast request to remove self from node database

Broadcast request to remove owned objects from object

database

Table 3: Pseudo-code for the creation of a new node in Table 4: Pseudo-code for local group synchronization
the haptic world



4. Loca Groups

The broadcast required by the synchronization algorithm in Table 1 can be very costly when the number of nodes is
large. Because of this, the synchronization period may need to be fairly long. For static objects this poses no problems, but
the same is not true for dynamic objects, i.e., objects that can move.

When two or more dynamic objects touch each other, the resulting motion must be computed by simulating Newton’s
laws using an algorithm similar to the oneTable 2. However, when the same node does not own all the objects involved in
a close interaction, each object only observes the effect of its motion in the motion of other objects at a relatively low
sampling rate, determined by the synchronization period. This leads to very unrealistic motions (and possibly instability)
because the algorithm iFable 2 no longer provides a good approximation to Newton’s law. We overcome this by creating
small groups of nodes that engage in very fast and very frequent exchange of synchronization data for objects in close
interaction. The creation of these groups is, of course, only possible when the bandwidth between the nodes is sufficiently
large and the latency is sufficiently small. Because of the high cost of local groups, these should only be maintained while th
objects are interacting.

As explained above, to resolve the motion of objects involved in close interaction a high bandwidth/low latency
synchronization mechanism is needed. In our architecture this is achieved by introducing the conbega of @up. A
local group consists of a group LG of objects, whose owners enhance the basic synchronization algorithm for those objects in
LG, by decreasing the synchronization-sampling period. The local group synchronization algorithm, Galtea dnis very
similar to the basic one ifable 1.

Since each local group determines the positions of all the objects in that local group, each object should belong to, at
most, one local group (this does not prevent a node that owns several objects from being involved in several local groups).
Moreover, the fast synchronization within the local group requires high bandwidth and low latency between the nodes
involved. Special care must therefore be paid to the creation of local groups.

o
‘‘‘‘‘
. K
. .
. .
......

i LG-4 " rrannnnans
—>» Reqguest toform a !

local group

Figure 3: Haptic world with three local groupsand a Figure 4: New local group, after the request in Figure 3
node requesting to create a local group was processed

We use an example to illustrate the issues involved in the management of local groups. Consider the haptic world shown
in Figure 3. In this figure we see three local groups: LG-1 is formed by the set of objects {O-2, O-4}, LG-2 is formed by {O-
3, O-5, 0-6}, and LG-3 is formed by {O-7, O-8}. Note that the same node owns the objects O-2 and O-3 but they are part of
distinct local groups. This means that, although belonging to the same node, these objects are not in close proximity and
therefore their motions are independent. Suppose now that the user at the node that owns O-1 wants to use O-1 to manipulats
the objects O-2, O-5, and O-Figure 3). This requires the creation of a local group that confeingO-1, O-2, O-5, O-7}.
However, since some of these objects are already part of other local groups, the old local groups LG-1, LG-2, LG-3 must be
destroyed and a new local group LG-4 must be created, containing the objeets well as those in the old local groups
LG-1, LG-2, and LG-3FKigure 4). This only occurs if the network connections between all the nodes that own the objects in
question have sufficiently large bandwidth and sufficiently low latencies for the local group synchronization.

The pseudo-code ifable 5 implements the algorithm used to create a new local group. The pseudo-datieid
also needs to be modified as showiTable 6 to process the requests generated by the algoritfiable 5.



Input: T = {desired list of objects in new local group}
L = Expand (T) % determine list of all objects that need {...}
% to be included in new local group
If Feasible (L) While (node active)
{ % Only create local group if all nodes involved {
% satisfy the bandwidth and latency requirements Listen for requests to:
ForeachlOL send node database
Request owner of object to destroy the local group send object database
to which it belongs add/remove record to node database
Foreachl OL add/remove record for object database
Request owner of object to create a local group for create/destroy a local group
objects in L }
Return Success
} {...}
Else
Return Failure

Table 5: Pseudo-code to create a new local group Table 6: Modification in the pseudo-code in Table 3 to
process the requests generated by Table 5.

5. Conclusions and Future Work

We proposed an architecture for the real-time collection and simultaneous broadcast of haptic information to multiple
haptic session participants, so that collaborative exploration of objects is possible, even when users are distributed across a
network. The architecture relies on two distributed databases: the node and the object databases. These two databases are
dynamic and need to be kept coherent among all nodes in the virtual haptic world. We presented pseudo-code for the
algorithms that keep these databases synchronized. These algorithms are independent of the actual haptic devices employed
by each user.

In future work, we hope to make significant progress on the registration of the haptic display systems in collaborative-
networked environments. We will also examine the necessary entities to achieve networked collaboration with disparate
haptic devices (pen-based versus glove-based, small versus large workspace). We plan to address not only integration issues
but also questions related to the interaction process itself, including feelings of co-presence and performance satisfaction, and
how these variables are affected by the exploration modality (vision, vision plus haptic or haptic only). Another line of
research is the development of force control algorithms tailored to a distributed haptic environment. These algorithms must
be robust with respect to the stochastic delays caused by the communication network.
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Haptic Control of a Simplified Human Model
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ABSTRACT the level of interaction should be deep enough that users can
This paper describes a haptically enabled human model con- work effectively even with visual obstructions.
trolled by multibody dynamics. The application implements a
reduced degree of freedom dynamics model, which is a proto-
type for a system with a higher number of degrees of freedom.
This work is meant to provide insight into the response of a con-
strained multibody dynamics system to real-time haptic interac-
tion. The model is manipulated through virtual coupling User a very detailed level of control over every aspect of the fig-
attachment points, allowing the user to feel inertia and environ- ure’s motion. Most of this type of work had its start in robotics
ment contact reactions through a force feedback device. A brief research [2], and has been adapted to work with computer
comparison is made between 3-DOF and 6-DOF haptic devices graphics animation. In order to make something look like it is
regarding depth of interaction achieved for this application. responding to external influences, animators need to make a lot
of kinematic adjustments and use special spline functions to
1. INTRODUCTION make the motion look realistic. Using kinematics alone as the
Traditional human modeling user interface tools can be diffi- driver for a haptic simulation is very difficult.
cult to use for complex posture adjustments, especially in con-  Although inverse kinematics solutions for the arm can keep
fined spaces where contact with multiple objects is required. A up with the motion of haptic position inputs without causing too
more efficient interface that includes arm contact force feedback much of a strain on performance, there is no direct way to pro-
should be able to take advantage of insights the user already hagluce reaction forces from a kinematic solution alone. Collision
about getting an arm into and out of confined configurations. response, inertia, momentum, compliance, and gravity are some
Achieving this type of interaction requires deveioping a phys|- of the aspects of a realistic simulation that are not part of a kine-
Caiiy based model of the System and integrating it with a haptic matics-based SO|Uti&n Heuristics can be defined to simulate
(force feedback) interface device. some types of forces, but these are special case solutions that
Purpose of this paper is to introduce a prototype articulated tend to be incomplete and cumbersome to maintain.
human model that demonstrates the type of interaction possible Dynamics offers a better general purpose solution. In a physi-
with multibody dynamics, interactively controlled by a haptic cally based system, Newtonian mechanics are used as the basis
device. The implementation described here is an initial design for motion. This is a better alternative for haptics, since forces
with three degree of freedom (DOF) limbs constrained to move are already part of the calculation. Efficient formulation of the

2. BACKGROUND AND PREVIOUS WORK

With a few exceptions, most human modeling software uses
kinematically defined posture control. Inverse kinematics and
complex interpolation schemes have been developed to give the

in a plane.
Motivation: The ultimate goal of this line of research is build
a fully functional virtual environment for simulation. A big part

dynamic equations of motion allow simulation to take place at
interactive rates.
Recently, interactive control of physically based human

of that is a human model that can interact realistically with model simulation with non-force feedback input has been
objects in a virtual world. In an engineering environment, the accomplished [7][4]. But this level of physically based, interac-
primary use for a haptically enabled human modeling system is tive control for articulated figures has not been fully explored
in the area of accessibility analysis for manufacturing and main- With haptics as the interface mechanism.
tenance. This type of simulation environment would offer In addition to an efficient dynamics model, another key aspect
designers and analysts a more efficient way to answer basic©f physically based haptics simulation is an efficient collision
ergonomics questions like “can a real mechanic get his/her arm detection and force generation algorithm. Collision forces must
in there when removing that part?” be computed at high rates (1000Hz) in order to maintain simula-
The ability to interact with the environment without a com-  tion and haptic device stability. Achieving high rates in increas-
plete graphical representation of the scene is an important aspectngly complex environments is an active research subject [3][5].
of a fully functional simulation system. Although this may seem
like a minor consideration, real-life maintenance and assembly
applications often have situations where the mechanic cannotl. In the strict definition, kinematics is the study of motion without regard to
view all aspects of a task. In a haptic simulation environment, the forces required to achieve it.



3. PHYSICALLY BASED MODELING

Developing a motion generation procedure based on the laws
of physics will be the focus of this section. The basic process
involves four steps: 1. derive efficient equations of motion for a
system of interconnected bodies, 2. include control forces and
torques, 3. include collision forces and torques, and 4. solve the
equations of motion using numerical integration methods.

3.1 Multibody Dynamics

The first tasks in deriving the equations of motion will be to
set the scope of problem and to define the structure of the multi-
body system.

Since most human modeling applications in engineering
design analysis involve situations in which arm motion is the
primary focus, derivation of the dynamic equations for the arm
will be the main topic of this discussion. A full human arm has
seven articulated degrees—of—free&but for this application a
simplified 3-DOF articulated arm model will be implemented
with motion constrained to the sagittal plane (the motion plane
seen from a side view).

In order to reduce the computational effort required to obtain
a solution, generalized coordinates will be used to define the
equations of motion. Generalized coordinates describe the sys-
tem with the minimum number of equations necessary; one
independent variable will be solved for each degree of freedom.
In general, the equations will be more complex to derive than
those described in Cartesian coordinates, but there will be far
fewer for the computer to solve at run time. Figure 1 shows the
generalized coordinates and dimensions for the 3-DOF arm.

Figure 1. Planar 3-DOF arm coordinates and dimensions

The equations of motion will be second order ordinary differ-
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Whereg; is the generalized coordinaté,is the scalar kinetic

energy equatiorV is the scalar potential energy equation, &hd

is the virtual work. The resulting nonlinear equations are in the

form, AX = B and are then solved for in terms of the accelera-

tions, X = A™'B . WhereX is the vector of acceleratioAds

a symmetric matrix of mass and inertia terms, &ig a func-

tion of the generalized velocities, positions, control forces, and

collision reaction forces. Since the generalized coordinates are

joint angles, all of the forces due to collisions and control inputs

are converted into moments and appear irBthiector.

3.2 Control

For a haptics application, forces and torques transmitted to the
end effector will be necessary.

Control of the arm is accomplished though a virtual spring/
damper coupling attached to the wrist, as shown in Figure 2.
This acts like a proportional-derivative (PD) controller [6], and
will need to be tuned depending on the mass and inertial proper-
ties of the system. Other solution methods, like joint space con-
trol, can offer better goal position following, but requires an
inverse kinematics calculation which adds to the computational
overhead.

Shoulder
Connection

Virtual

Coupling =

V

Goal
Position

Figure 2. Arm with virtual coupling element

The equations for the control forces and torques transmitted to
and from the haptics end effector are listed below.

U= _(Xgoal_xattacQKp_(Xgoal_xattach)Kd (2)

WhereU = [Fx,Fy,Fz,Tx,Ty,TiZ, andK, andKg are the pro-
portional and derivative gains, respectively. Note that Tx,
and Ty are not part of the equations of motion for this 3-DOF
arm. They can be removed from the equation above and used as

ential equations (ODESs). For this application, the equations are a control mechanism for other aspects of the simulation. The
derived by using the Lagrange method [8], which is a technique forces and torques are described in terms of the wrist position
for describing the energy exchange between kinetic and poten- (or ankle for a similarly configured 3-DOF leg), are then sent to
tial forms. The Lagrange method begins by defining the motion the haptic device. For the PHANTOM the calculateForce-

of each body segment in terms of the partial differential equa- FieldForce GHOST functions are used to accomplish this.

tion described in Equation 1.
3.3 Collision Detection

A simple polygonal-based system was initially developed to

2. _/-\n_u_ncons_tralned arm has seven primary degrees of freedom, not counting generate the appropriate reaction forces, but was eventually
individual finger motions or shoulder translations.



replaced with a more efficient force generation method that
allows the object sizes and complexity to be scaled effectively.
The system currently uses a voxel based collision detection
and contact force generation algorithm called Voxmap Point-
Shel™ (VPS) [5]. This method defines each object as a collec-
tion of voxels and surface points. When the relative motion of
two objects places a surface point of one object in the same vol-

3.4 Solving the Equations of Motion

In order to solve the decoupled equations of motion, which
are described in terms of the acceleratiods, , the equations will
need to converted into a series 2N first order equations in
preparation for numerical integration. To solve the first order
system, a constant time step numerical integration method is
needed (a Runge-Kutta‘h4order method was used here). The

ume as a voxel of the other, a contact event is detected and &gme step is adjusted so that the simulation can maintain stability

penalty based force is generated.

Due to the voxelization process, the forces generated by VPS

tend to be somewhat jaggy when just a few of the surface points
are in contact, but this effect diminished when more of the
points are in contact. The accuracy of collision position and
force generation for this method is based on the size of the vox-
els and the number of surface points. If more memory and pro-

cessing power are available then the size of the voxels can be
reduced and the number of surface points increased. On the

other hand, if more processing power is available, then a more
complex dynamic model could be implemented instead.

One of the key challenges here is to balance the complexity of
multibody dynamics computations with the accuracy of the
voxel based collision detection method. For this application the

system was tuned so that the amount of time spent in integrating
the equations of motion is approximately the same amount as

that spent generating collision forces.
Collecting Collision Results

In this application, collisions are processed in pairs instead of
simultaneously. Objects with relative motion are fed two at a
time into the collision detection algorithm and the forces from
all collisions are collected and included in the equations of

in the case where a large numbers of collisions occur simulta-
neously. Adaptive time step methods are not used since the
speeding up and slowing down of these methods causes incon-
sistent performance.

3.5 Other Implementation Issues

To increase application usability, a simple first order transla-
tion function can be used to pull the figure around the environ-
ment. It activates when an arm is fully extended and wrist forces
reach a specified value. The only variables to adjust here are the
activation force value and a velocity gain, which is a linear func-
tion of the wrist force.

Since the user has only one haptic device in this application
for controlling multiple limbs, only one arm or leg can be inde-
pendently controlled at any one moment in time. The active
limb is controlled through attachment points on the wrists or
ankles. When an arm is not actively controlled by the haptic
device and multibody dynamics model, it stays in a locked pos-
ture at the previous position. An inverse kinematic function
automatically positions inactive legs to keep the feet on the
ground.

A limitation of this system is that the limbs are not dynami-

is the combination:
C(n2) = n(n-1)/2 3
For a system which includes a single three link arm and three

environment with a single haptic device, simultaneous operation
of both arms is not possible, so this limitation is not critical here.
Dynamic coupling will become more important when two
handed haptic applications are implemented or full body inter-

external objects, the total number of pairs to be checked at eachaction is required.
update is 15. As the system becomes more complex this can A momentum transfer step is required when picking up

quickly get out of hand. For example, a system with 16 moving
objects and links (which is reasonable for a fully articulated
human model) the total would be 120 pairs!

Culling the list is important to achieving usable performance
for larger systems. Taking advantage of joint limits to reduce the
number of potential collisions between segments is a first step.
Predictive algorithms, temporal coherence, and spatial partition-
ing can also help to reduce the number by helping to decided
what needs to be checked and what does not. An application

objects. This is treated as an inelastic collision. Mass and inertia
of the combined hand and object segment must be recalculated.
The collision pairs list will also need to be updated to avoid cal-
culating unnecessary collisions for the reconfigured system. It
should be possible to pick up several objects using the same pro-
cess for each new object, although this is not currently imple-
mented.

As mentioned earlier, the complexity of the system model is
limited by the processing power available. Since the haptic

should also be prepared to experience the worst case scenariqjevice must be updated at 1000Hz, it is best to try to match this
with all, or many, of the components coming into contact at the rate with the model dynamics update rate. If the required update
same time. Since the complexity of the current 3-DOF arm rate is not achieved, the forces sent to the haptics device are kept
application is relatively low, a higher level part culling algo-  the previous values, and the computation falls into the next hap-
rithm was not implemented. This means that the worst case col- tic refresh cycle. The result of unmatched updates is usually an
lision situation is always in effect. unsatisfying washboard-like force effect.



4. RESULTS be expected, the torque reaction is amplified by using extended
A collection of functional test environments were assembled hand tools like a hammer, pipe wrench, or tennis racket. The
to evaluate the interaction capabilities of the human model with higher torque output of the larger of the two 6-DOF haptic
a static scene and movable objects. These consisted of partdevices (the PHANTOM 3.0/6DOF) gives a more convincing
extraction and environment interaction tasks. One of the test reaction in these amplified cases. After using the application on
cases, in which a hand tool is used to interact with the environ- @ device with 6-DOF force feedback, and feeling the interaction
ment, is shown in Figure 3. The app"ca’[ion was evaluated on of the wrist torque due to collisions and rotational inertia of the
two 6-DOF haptic devices: the PHANTOM 1.5/6DOF and 3.0/ various tools, going back to using the 3-DOF feedback device

6DOF; as well as a 3-DOF PHANTOM Desktop. The applica-
tion was hosted on a 250MHz dual processor SGI Octane.

Figure 3. Dynamics application with 6-DOF PHANTOM

Initial development was done with the 3-DOF PHANTOM
Desktop device (which measures all six degrees of freedom, but
only has force output on the three translational axes). Collisions
with all parts of the arm and tool are transmitted to the users
hand. Inertia and gravitational forces of the arm are also trans-
mitted through the wrist of the model to the user’s hand.

Attempting to extend the arm past the limit of reach produces
a restoring force. If extended further, the force increases until it
reaches a specified limit, after which the figure is translated
along the direction of the force. This allows the user to drag the

body to a desired location and seems to be a very natural way to[4]

interact with the model.

Although the PHANTOM Desktop haptic device does not
have the ability to output torques at the end effector, the dynam-
ics of the arm model allows some indirect artifacts of rotational
motion to be perceived by the user. Translational motion is gen-
erated through the coupling of the wrist and arm segments,
which provides important cues that wrist rotations are affecting
the system. When simultaneously viewing the model motion on

the screen and feeling the translational output it is possible to [

train yourself to accept this type of reaction as a partial substi-
tute for true rotational force output.

When the same application was applied to a haptic device
with 6-DOF force feedback the wrist torques were directly
available for output. This gives the system a more natural qual-
ity feeling that comes closer to the goal of being able to explore
the virtual environment without looking at the screen. As would

gives the user a sense that something is missing — or not work-
ing properly.

These comparisons are subjective in nature. In order to draw
more objective conclusions with respect to performance benefits
of 6-DOF vs. 3-DOF haptics, more formal studies will be
needed.

5. CONCLUSIONS

An articulated human figure defined by a multibody dynamics
model was presented in which limb motions are interactively
controlled by a haptic device. The primary contribution of this
type of system for human figure manipulation in a virtual envi-
ronment is in its ability to allow more natural interaction modes.
The results show that a human modeling application, enabled by
interactive multibody dynamics and force feedback, can be
made to respond with a heightened sense of realism and func-
tionality, especially when using a 6-DOF haptic device.
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Abstract

We describe an experiment showing that addition
of tangential forces can alter the haptically
perceived orientation of a flat surface in a
systematic fashion. Using a stylus mounted on a
Phantom controlled by the GHOST software
package, subjects performed single horizontal
strokes along vertical surfaces at a number of
orientations around the mid-sagittal plane. After
each trial, subjects (who could not view their
hand) judged whether the surface was rotated
around the vertical axis in the clockwise or
counter-clockwise direction from the sagittal
plane. Psychometric curves for perceived surface
orientation were measured in this way for various
magnitudes of tangential forces along the stroke
direction or in opposition to it. Psychometric
curves shifted systematically with varying force
magnitude, indicating that resistive forces tilted
the perceived surface into the path of motion,
while assistive forces tilted it away. More
generally, the results show that perception of
global surface orientation is not exclusively based
on the location of the surface in space, but also on
the forces encountered along the surface.

Introduction

In order to haptically determine surface shape
through a stylus or similar tool, one could
envision a method of sampling contact points in
space and performing some kind of interpolation
between them. However, there is evidence
suggesting that, in humans, the forces
encountered during a haptic scan affect the shape
percept, suggesting a richer set of perceptual
mechanisms. For example, as mentioned in
Minsky (1995), lateral assistive forces on a haptic
interface create the percept of moving downhill.

Fifth Phantom User's Group Workshop, Aspen, Colorado, Oct. 2000

Morgenbesser & Srinivasan (1996) demonstrated
that particular modifications of force vectors on a
nominally flat surface (“force shading”) were
perceived as a bump.

It is unclear, however, whether we have simply
learned to associate certain changes in resistance
with particular shape features. For example, an
increase in resistance followed by a decrease
would generally be associated with a bump.

In the experiment described here, we sought to
determine whether tangential forces can in fact
modify the global perceived orientation of a
surface. This was done by measuring the
perceived change in orientation of a flat surface as
a function of the magnitude of an added
tangential force. Specifically, we tested a range of
orientations under a number of force conditions,
and from the results computed an estimate of the
perceived sagittal plane for each condition. This is
a form of nulling technique to cancel the perceived
change in orientation with a real change in the
orientation of the surface.

Estimating the magnitude of a perceptual
phenomenon by nulling it with variations in the
physical stimulus has been applied to a number of
perceptual phenomena in the past (Taylor, 1963;
McCourt, 1982; Krauskopf et al, 1986; Sachtler &
Zaidi, 1993).

Equipment

Experiments were performed using a Phantom
1.0x fitted with 4000-counts-per-revolution
encoders and a standard stylus. Surfaces and
tangential force fields were generated using the
GHOST software package running on a dual-500
MHz-processor Pentium PC under the Windows
NT 4.0 operating system.



Stimuli & Procedure

Stimuli consisted of flat vertical surfaces with a
spring constant of 0.8 N/mm and no friction.

Surfaces were presented at a range of orientations,
in increments of 6 degrees, around the mid-
sagittal plane. A value of zero corresponds to a
surface aligned with the mid-sagittal plane.

Figure 1 shows a top-down view of a subject's
relation to the stimulus. The two subjects whose
results are reported here were both right-handed.
They were instructed to stroke the surface with the
stylus by always moving their right hand towards
their body.

Force fields tangential to the surfaces were added
along the horizontal direction, that is, parallel to
the ground, and were directed either towards or
away from the subject. Figure 2 summarizes the
sign conventions for force fields at positive and
negative surface orientations.

Positive forces were directed towards the subject,
assisting motion of the stylus tip along the
simulated surface, while negative forces were
directed away and thus resisted movement of the
stylus.

Seven force conditions were tested with
magnitudes of -0.9, -0.6, -0.3, 0.0, 0.3, 0.6, and 0.9
Newton (N). Tangential forces were applied only
when the endpoint of the stylus was in contact

Figure 1: Top-down schematic view of a subject
performing a single haptic scan of a simulated surface
(solid line) with a Phantom stylus. Surface
orientation (0) is defined with respect to mid-sagittal
plane.
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with the simulated surface.

Figure 3 summarizes the procedure for a single
trial, as described in the caption. Subjects, who
could not view their hand, were seated at a desk,
resting their right elbow on its surface, and used a
chin-and-forehead rest to maintain a fixed location
with respect to the Phantom throughout the
experiment. They were instructed to draw the tip
of the stylus along a horizontal path on the vertical
surface. Movement and forces were restricted to
the horizontal to minimize confounds with
gravity. At the end of each trial, subjects indicated
via key press with their other hand whether they
judged the right side of the surface to be oriented
towards or away from them, that is, whether the
surface was rotated in the clockwise or counter-
clockwise direction from the sagittal plane. They
were instructed to guess when unsure.

Seven surface orientations for each of the seven
force conditions were randomly interleaved for a
total of 49 trials in one block. Eight such
individually randomized blocks were run for each
subject, providing psychometric curves for
perceived surface slant.

The midpoint of each psychometric curve--with
equal proportions of clockwise and counter-
clockwise orientation judgments--served as an
estimate of the perceived sagittal plane. That is,
the angle at which a surface was perceived as not
tilted. The range of orientations tested for each

Figure 2: Sign conventions (top-down view).
Positive tangent forces are directed towards subject,
in alignment with motion of stylus tip along a surface.
Positive angles correspond to counterclockwise
rotation of the surface with respect to mid-sagittal
nlane.
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Figure 3: Procedure

A) All trials began from the same starting point. Phantom
was constrained under software control.

B) A tone (1) indicated when the constraint was released,
and subjects moved the stylus towards the virtual surface.
C) Point of first contact on surface served as reference for
distance traveled along the surface.

D) Subjects drew stylus towards their body along the
surface.

E) A second tone indicated when desired travel distance
from first contact was reached (60mm).

F) Subjects were required to lift stylus off surface within
10mm after travel distance limit or trial was cancelled.

G) A third tone indicated if passed beyond liftoff zone to
provide feedback.

H) Subjects lifted stylus off the surface.

I) Subjects responded via key press with free hand while
holding stylus in space.

J) Once the response was recorded, the Phantom was pulled
to the starting point under software control, and a new trial
began.

force field was determined in pilot runs.

Two right-handed subjects were tested. DHP was
naive regarding the purpose of the experiment.

Results

Results for each subject are shown in separate
columns in Figure 4. Panels show psychometric
curves for perceived surface slant at different force
field magnitudes indicated on the left.
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Figure 4: Results for two subjects are shown in
separate columns. Each panel shows psychometric
curves for perceived surface orientation for different
tangential force fields, indicated on the far left.
Surface orientation is plotted on the abscissa, while
the ordinate shows the proportion of trials in which
subjects indicated the surface was rotated
counterclockwise (CCW) with respect to the mid-
sagittal plane. Solid curve shows the best-fitting
logistic function used to estimate the angle at which
clockwise and counterclockwise judgments were
balanced.

Surface orientation is plotted along the abscissa,
while the ordinate of each panel indicates the
percentage of counter-clockwise judgments (thus,
response percentages are high for positive--
counter-clockwise--rotations). A value of 50%
indicates that the proportion of clockwise and
counter-clockwise judgments was the same.

A logistic curve, shown as a solid line, was fit to
each data set to estimate the surface orientation at
the 50% mark. A thin vertical line in each panel
indicates this value, which served as a measure of
the angle at which a surface did not appear tilted.

The position of the psychometric curves varied
systematically with the applied force field. This is
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