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Abstract
The synthesis of low-resolution electron microscopy data with high-resolution molecular structures has become a common
routine in the modeling of biomolecular assemblies. In contrast to algorithmic ‘‘black box’’ solutions, the interactive ‘‘ﬁtting by eye’’
takes advantage of an expertÕs structural or biochemical knowledge and can be used with very noisy experimental data. In the
solution proposed in this paper, we support the expert user in an interactive ﬁtting session by haptic rendering and virtual reality.
The quantitative and tactile feedback facilitates and objectiﬁes the otherwise unrestrained modeling. We introduce a highly accurate
reduced representation of the gradient of the cross-correlation coeﬃcient that sustains force updates for haptic rendering at suﬃciently high refresh rates.
Ó 2003 Elsevier Inc. All rights reserved.
Keywords: Multi-resolution docking; Haptic rendering; Visualization; Vector quantization

1. Introduction
To bridge the resolution gap from individual atoms
to the basic functional units in biological cells, electron
microscopists combine 3D reconstructions data of large
assemblies with high-resolution structures from NMR
spectroscopy or X-ray crystallography (Rayment et al.,
1993; Schr€
oder et al., 1993; Stewart et al., 1993). The
multi-resolution modeling approach has achieved wide
acceptance in recent years and has become an active
ﬁeld of computational research (Chac
on and Wriggers,
2002; Rossmann, 2000; Volkmann and Hanein, 1999;
Wriggers and Birmanns, 2001). Despite these algorithmic advancements it is noteworthy that the manual,
interactive docking on the computer screen (Jones, 1978;
Jones et al., 1991), aided by the eye of the expert modeler, remains popular among microscopists (Agrawal
et al., 1999; Baker and Johnson, 1996; Moores et al.,
2000). In interactive modeling, the complexity of the
ﬁtting process is handed from the computer to the user.
The userÕs structural and biochemical expertise becomes
part of the search strategy, which sometimes compensates
for noise artifacts or low resolution of the reconstruction.
*
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Visualization has become a key technique to analyze
scientiﬁc data acquired by experiment or simulation, so
it comes at no surprise that the interactive modeling
with the aid of a graphics program remains popular in
the modeling ﬁeld. At least to some practitioners, the
interactive rendering of computer generated objects on
the computer screen appears to be more intuitive and
easier to understand than results generated by a complex
program that demands the a priori assignment of search
parameters. Also, the development of 3D computer
graphics hardware and software in the last decades has
signiﬁcantly contributed to the popularization of 3D
visualization. Today, researchers use high-end graphics
workstations for their daily work and are capable of
visualizing very large datasets interactively.
Despite the attractiveness of the visual docking
method among microscopists, it is clear that there are
limitations if a physically plausible 3D model is the goal
of the ﬁtting. Firstly, the docking by eye is inherently
subjective and not fully reproducible. Attempts have
been made to minimize this limitation by comparing
predictions from several individuals (Sosa et al., 1997).
However, the structural evaluation of the resulting ﬁts is
cumbersome, and, in the case of ambiguous protein
shapes, may give rise to controversial interpretations
(Hirose et al., 1999; Kozielski et al., 1998; Sosa et al.,
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1997). Also, researchers may be misled by missing
boundaries between the components of assemblies. In
the absence of such reference surfaces it is not uncommon that structures are placed ‘‘oﬀ center’’ since their
centroids in the whole map cannot be estimated by eye.
We propose, therefore, that the visual feedback in an
interactive graphics session should be augmented by
real-time quantitative feedback technologies to assess
multiple alignments by means of a score function. Since
we wish to build a quantitative feedback for interactive
modeling, a cursory look at existing strategies is useful.
The existing programs (reviewed in Wriggers and
Chac
on, 2001) typically measure the quality of the ﬁt in
an exhaustive search over all possible locations and
orientations. There are many quality criteria at varying
degrees of complexity. The standard cross-correlation
Z
C ¼ qem ðrÞqcalc ðr; R; TÞd 3 r
ð1Þ
is perhaps the most basic ﬁtting measure, so it forms a
natural starting point for conceptually exploring the
proposed feedback. In Eq. (1) the term qem denotes the
electron microscopy density map. To calculate the correlation between objects at diﬀerent resolution, the resolution of the molecular structure (Belnap et al., 1999) is
lowered, leading to a second volumetric dataset qcalc at
the same resolution as qem . T and R denote the three
translational and three rotational degrees of freedom of
the structure.
In this paper we introduce a novel real-time interactive
ﬁtting strategy that reduces the search complexity by
assisting the user with a correlation-based technique
adapted from algorithmic docking programs (Eq. (1)).
To support the user in interactive ﬁtting and modeling
sessions we employ virtual reality and haptic rendering
(force-feedback) methods developed in computer science.
The rendered forces and torques guide the modeler to the
optimum ﬁt by imitating how a ‘‘black box’’ algorithm
would rate the current ﬁtting location and orientation.

2. Methods
In the following we ﬁrst introduce virtual reality and
haptic rendering (force-feedback) as a way to eﬃciently
communicate quantitative information to the user. Unfortunately, forces and torques are expensive to compute
and suﬃciently high-force update rates using Eq. (1) are
unrealistic. Therefore, we reduce the calculation complexity by means of vector quantization to achieve the
desired high frequency of force refresh rates.
2.1. Virtual reality and haptic rendering
In the early days of computer graphics and molecular
visualization, most of the development eﬀort was spent

on the representation of the ‘‘virtual,’’ i.e., computer
generated objects. Today we are capable of presenting
3D objects in an almost photo-realistic manner. However, the interaction between the user and modeled objects with the aid of a standard 2D display and a 2D
mouse is still relatively artiﬁcial and unintuitive.
Therefore, advanced ‘‘virtual reality’’ (VR) techniques
hold much promise to provide intuitive human–computer interaction that brings simulated molecular assemblies to life.
Ideally, a VR system would mimic the way a real object
would be experienced. A number of technologies, such as
stereoscopic viewing, positional tracking or multi-display
immersive projection have come close to provide a realistic experience (for an extensive review see (Burdea and
Coiﬀet, 1994)). In this work we apply VR display methods to the problem of the interactive docking of molecular structures into low-resolution EM density maps.
This problem beneﬁts from the enhanced orientational
exploration in the virtual space, which facilitates to positioning of 3D objects relative to one another. One of the
major features of our VR system is the augmentation of
the stereoscopic viewing by haptic rendering.
The word ‘‘haptic’’ is derived from the greek word
haptesthai which means ‘‘to touch’’. The human body
has a haptic sensory system, which enables one to experience the environment by touching objects and to
acquire information about surfaces (e.g., their roughness
or smoothness) and structural conditions (e.g., their
rigidness or softness). Haptic rendering means that an
artiﬁcial tactual sensation is used to simulate the process
of actually touching a real object. Since the 1950s
(Stone, 2001) haptic rendering is routinely employed in
teleoperation, used for the remote manipulation of unreachable objects (e.g., satellites in the orbit).
Several experimental studies have demonstrated a
dramatically improved human performance in terms of
speed and precision when supported by force and touch
feedback. For example, Hannaford and Wood, 1989,
studied the behavior of human operators who were
asked to perform simple remote manipulation tasks
using a force-reﬂecting hand controller and a robot
manipulator. Diﬀerent tasks were assigned, e.g., to attach, detach or move two diﬀerent shaped blocks ﬁxed
to a board with Velcro, or to insert a peg into holes with
diﬀerent diameters. Performance parameters that were
monitored included the completion time, errors in the
alignment, and the force applied to the remote objects.
Human operators were separated into two groups. The
ﬁrst group was able to experience the tactual sensations
measured by the robot actuator, the other group had
only the visual information available. Remarkably, the
group that had the haptic information available
achieved a far shorter completion time (30% speed up),
was able to reduce the applied force by a factor of 7, and
reduced the errors by 63% relative to the control group.
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Force-feedback was also adapted to interactive
computer applications (Ouh-young et al., 1988), and a
similar beneﬁt was observed in terms of human performance (Ouh-young et al., 1989; Richard and Coiﬀet,
1995). Haptic rendering compensates common disadvantages of a pure visual representation, such as the
misjudgement of the size of virtual objects (Wu et al.,
1999). Together, these studies established that the haptic
sensations provide essential information during an interactive task. Since it was our intention ‘‘to keep humans in the loop’’ during the modeling, the beneﬁts of
haptic rendering for the 6D docking task appeared
worthwhile exploring.
Haptic rendering relies on an unrelated, non-visual
sensory system. Therefore it is not possible to substitute
the tactual sensation by a visual representation (for example by graphically outputting force and torque vectors). An experimental study (Ouh-young et al., 1988)
demonstrated that such an approach leads to diﬀerent
interaction patterns in the human–computer interaction.
Subjects in this study were asked to explore a multi-dimensional energy landscape interactively and to ﬁnd an
energy minimum. One group had actual haptic information available whereas the other group could see the
force and torque as visual vectors on the computer
screen. The group that was able to actually feel the force
information was more than twice as fast and was able to
detect a mean ﬁnal energy half as large as that of the
control group. The study suggests that the reason for the
lower precision of the control group lies in a diﬀerent
search strategy—the control group tried to minimize
the translational force vector ﬁrst and then the torque
vector, but was unable to minimize both simultaneously
as was done by the subjects that employed haptic
rendering.
Similar to the special output devices that are required
to stimulate the visual and auditory systems (display and
loudspeakers), special devices are required that produce
haptic sensations. Most haptic devices dynamically
produce a force that gives rise to a kinesthetic sensation.
Since the kinesthetic sensation is part of our experience
while touching a real object, the brain will associate an
appropriately modulated force with the touching of the
surface of a virtual object (Burdea, 1996). An example
for such a haptic device, based on force output, is the
‘‘Phantom’’ (Massie and Salisbury, 1994), shown in
Fig. 1.
The Phantom consists out of a robot-arm-like
mechanism with a pencil-like handle. The user moves
the handle while the Phantom measures the movements
and produces a force (or torque) that is felt at the hand.
Among the diﬀerent commercially available Phantom
prototypes (SensAble Technologies) two units are particularly noteworthy, the aﬀordable but very capable
‘‘Desktop’’ device, and the new Phantom ‘‘1.5/6DOF’’
prototype that produces torque- as well as force-feed-
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Fig. 1. Haptic device ‘‘Phantom 1.5/6DOF’’ by SensAble Technologies. The translational range of motion and force-feedback is
7.5 in.  10.5 in.  15 in., approximating the range of motion of the
forearm. Torque feedback is provided through a powered gimbal. The
rotational range of motion is 335° in the yaw and roll directions, and
260° in the pitch direction.

back for all six rigid-body degrees of freedom. The
torque feedback is particularly useful for biomolecular
modeling, where the orientational ﬁtting is critical for
the proper alignment of structures.
The haptic rendering is intended to support the user
in the interactive ﬁtting process by providing feedback
on the suitability of the current docking location. A
suitable quantity for the feedback is the gradient of the
correlation coeﬃcient. Using the gradient, one can
compute a force that pulls the userÕs hand ‘‘uphill’’ toward an increasing correlation, i.e., a more suitable ﬁtting location. The force does not only provide an
information about the quality of the current ﬁt, but also
provides guidance how to improve, which creates a
virtual ‘‘tactile landscape’’ in which the user may navigate for local maxima of the correlation. These considerations led us to consider the following force equation:
FðR; TÞ ¼ rðCðR; TÞÞ ¼ rCðR; TÞ;
where CðR; TÞ is deﬁned by Eq. (1). Here, the crosscorrelation acts as a (negative) potential energy, whose
(negative) gradient gives rise to the desired force.
2.2. Vector quantization and reduced ﬁtting criterion
The force output depends on the current position of
the userÕs hand and must be frequently refreshed to incorporate even smallest changes of the location in realtime. In order to achieve a realistic haptic perception,
the refresh rate should be at least 500 Hz–1 kHz (Chen
and Marcus, 1998; Dow et al., 1999). After implementing the force equation in a straightforward manner we
observed that the gradient of the correlation coeﬃcient
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cannot be calculated at suﬃcient frequency. Computation of the standard coeﬃcient from the entire datasets,
qem and qcalc , is very expensive.
To simplify the calculation, we adopted vector quantization, a widely used compression method in signal
processing. Vector quantization is able to replace a
complex signal by a small number of so called codebook
vectors. The goal of the vector quantization algorithms
(Gersho and Gray, 1992; Martinetz et al., 1993) is to
ﬁnd a set of codebook vectors for which the distortion
error E is minimal:
X
2
E¼
mj krj  wiðjÞ k ;
j

where rj is the original signal (with a weight mj associated to it) and wiðjÞ is the nearest codebook vector. To
avoid getting trapped in local minima of the distortion
error, we chose the topology representing network
(Martinetz et al., 1993) that performs a stochastic gradient descent on a smooth energy landscape that slowly
converges toward the actual distortion error E. The
vector quantization is applied here to the probe molecule, replacing it by a number N codebook vectors. This
technique was already successfully used in reduced
modeling of biophysical data elsewhere, e.g., in rigidbody and ﬂexible docking (Wriggers and Birmanns,
2001). The number of codebook vectors N is selected by
the user to balance the accuracy against the speed of the
force calculation. In Section 3 we will investigate the
inﬂuence of the cardinal complexity N on the ﬁtting
precision and on the force refresh rate.
Given a set of codebook vectors wi we approximate
the probe molecule by a sum of Dirac delta functions:
qcalc ðr; R; TÞ 

N
X

dðr  wi ðR; TÞÞ:

i¼1

Introduced into Eq. (1), this reduces the correlation
coeﬃcient to
CðR; TÞ ¼

N
X

qem ðwi ðR; TÞÞ:

i¼1

With this simpliﬁed coeﬃcient one can calculate the
force and torque acting on the probe molecule for the
haptic rendering. The molecule, which is moved about
interactively by the user, is modeled as a rigid-body in a
conservative potential deﬁned by the negative crosscorrelation. The rigid-body consists of a set of particles,
in this case the codebook vectors, which cannot change
their positions relative to each other. The potential
energy of a single particle is
Ui ðR; TÞ ¼ qem ðwi ðR; TÞÞ:
The potential energy for the entire rigid body is
the sum of the potential energies of the constituent
particles:

U¼

N
X

Ui ¼ 

i¼1

N
X

qem ðwi ðR; TÞÞ;

i¼1

which is by deﬁnition the negative simpliﬁed correlation
coeﬃcient. For the force F in a conservative potential
holds F ¼ rU . Thus, the force acting on the COM of
the rigid body is equal to the gradient of the EM density
sampled at the codebook vector positions:
F¼

N
X

rqem ðwi ðR; TÞÞ:

ð2Þ

i¼1

One can compute the total torque Q acting on the
molecule in a similar fashion. Shifting the origin of the
coordinate system to the COM, we obtain:
Q¼

N
X

wi ðR; TÞ  rqem ðwi ðR; TÞÞ;

ð3Þ

i¼1

where ‘‘’’ denotes the vector cross-product. The
gradient ﬁeld rqem can be precomputed and is eﬃciently evaluated in real compute time by tri-linear
interpolation.

3. Results
The haptic rendering described above was implemented in our VR-capable ﬁtting and visualization
program SenSitus. The program is based on the Scientiﬁc Visualization Toolkit (SVT), a free C++ class
library developed by S.B. at Forschungszentrum J€
ulich,
Germany. For the visualization of atomic structures
several drawing modes are implemented, such as van der
Waals-spheres, points, lines, and ball-and-stick models.
Volumetric data is currently visualized in the form of
cross-sections and isosurfaces, calculated by the
marching cube (Lorensen and Cline, 1987) algorithm,
see Fig. 2.
During the interactive ﬁtting process the user must be
able to inspect the structure inside the volume dataset.
Transparency of isosurfaces is not easy to achieve in
interactive computer graphics. Only inexpensive, local
lighting models are used for interactivity. Therefore, all
the triangles in a scene would have to be drawn depth
sorted to create a correct transparency eﬀect. This expensive sorting, in turn, would prevent interactivity. To
avoid this dilemma we use the so-called stipple-mode
technique in which only every nth pixel of the isosurface
is drawn (typically n ¼ 2). If reasonable screen resolutions are used (1024 by 768 or better) this mode closely
resembles true transparency.
SenSitus also features an intuitive graphical user interface. Dialogs allow the user to manipulate the visualization of the atomic structures or to make precise
changes to the transformation or orientation of the
currently selected dataset (see Fig. 2).
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In addition to traditional 3D molecular graphics
applications, SenSitus is able to drive a VR environment. The implementation is very ﬂexible and can work
with arbitrary multi-display VR systems by adjusting a
conﬁguration ﬁle. The software also supports active and
passive stereoscopic glasses, as well as head tracking
devices and high-end computer systems with multiple
graphics pipelines and CPUs.
3.1. Test of implementation
To validate our force calculation we ﬁrst created an
idealized volumetric map consisting only of a single
Gaussian
gðrÞ ¼ e3r

2 =2r2

;

. We moved a
where 2r ¼ 10 is the target resolution in A
single probe vector w along the x-axis through the lowresolution map and simultaneously calculated the force
according to Eq. (2). The recorded force values can be
seen in Fig. 3. Since the force is deﬁned as the gradient
of the correlation, the ﬁrst derivative of gðxÞ,
d
3
2
g ¼  xe3x =50 ;
dx
25
should equal the observed force.
As one can see in Fig. 3, the recorded force approximates the derivative very well. The small deviations are
due to discretization eﬀects, since the density and its
gradient are sampled on a lattice.
3.2. Accuracy of the force and torque calculations
We have so far presented a fast way to calculate
forces and torques used for haptic rendering based on
the standard cross-correlation coeﬃcient. We introduced a simpliﬁcation of the calculation using vector
quantization, which represents a complex data set by a
small number of codebook vectors. In this compression
scheme one loses information relative to the full molecular structure, so the question arises how the reduction aﬀects the force-calculation.
To analyze this, we created a single molecule density
map for which the correct ﬁtting location of the atomic
structure is known. To this end, we lowered the resolution of molecular structure (PDB entry 1ATN) to
. The corresponding probe molecule was placed into
10 A
 in
this simulated map and shifted from )10 to +10 A
 increments. Simultaneously, the force was re0.1 A
corded according to Eq. (2). This was done for various
numbers N of codebook vectors. What one would expect is a vanishing force at zero displacement.
As one can see in Fig. 4, the force recorded for 10
codebook vectors oscillates at a low level within a rel. This is not the
atively wide window from )5 to +5 A
desired behavior, since the user does not receive a
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precise feedback near the optimum ﬁtting location. The
loss of information from reducing the atomic structure
(5020 atoms) to just 10 vectors is too severe. If one inspects the curve for 20 codebook vectors, the precision
increases signiﬁcantly. The curve now has the expected
funnel shape, and the user is directed to a unique ﬁtting
location where the force drops to zero. The position of
the minimum is not exactly at the origin but at a devi. If one adds more codebook vectors and
ation of 2.6 A
uses 40 of them to describe the molecule, the force
 deviation).
minimum moves closer to the origin (0.15 A
By adding more codebook vectors, the minimum will
, but does
remain very close to the origin, within 0.3 A
not converge further (see also the curve for 100 vectors
in Fig. 4). This noise is due to the discretization of the
 spacing) that precludes a
density on the lattice (3 A
perfect accuracy of the feedback.
We performed additional tests with more codebook
vector sets, inspected the behavior when moving along
the y- and z-axes or rotating about x-, y-, and z-axes,
and made similar tests with other maps. The results
conﬁrmed the observation that a relative small number
of codebook vectors is suﬃcient for sub-voxel accuracy.
For example, Fig. 5 shows the rotational accuracy when
rotating PDB entry 1CLL. Again, a number of 40
codebook vectors provide a reasonable funnel-shape for
the computed torque (Eq. (3)).
As experimental maps often exhibit low resolution we
also validated that the codebook vector representation
delivers reasonable accuracy in this case. Fig. 6 shows
the accuracy of the torque if maps of diﬀerent resolutions are used. As one can see, the precision remains
almost constant while the resolution of the map drops
 (deviation of the torque minimum is 1°
from 10 to 30 A
, compared to 0° for 10 A
).
for 20 and 30 A
3.3. Eﬃciency and refresh rates
In the previous section we have shown that vector
quantization is able to reduce the molecular structure
without signiﬁcant loss of precision in the force or
torque calculation. Now the question arises if this reduction will yield a suﬃcient speed of the force computation to achieve the required refresh rates in the
kilohertz range. In the following we list the average
observed rates for two computer systems, calculated
during a 60 s interactive ﬁtting session. Since the 3D
graphics load changes during the session, the CPU load
also changes and therefore the rates are not constant.
The observed ﬂuctuations in the rates were relatively
small (<2%).
Even on a low-end PC (single CPU, Pentium III
1 GHz, 256 MB RAM), whose sole CPU is responsible
for force-feedback, rendering of the 3D scene and displaying the graphical user interface, the force recalculation rates were suﬃciently high (Table 1). Since the 40

128

S. Birmanns, W. Wriggers / Journal of Structural Biology 144 (2003) 123–131

Fig. 2. SenSitus interactive ﬁtting session. Visible are the main 3D graphics window and the central user interface. Also shown are dialog boxes such
as the translation and rotation dials or the atomic structure visualization menu.

Fig. 3. Recorded force for a probe atom in a single Gaussian test density, and comparison with the analytic solution. See text for details.

c
Fig. 4. Recorded force for translations of PDB entry 1ATN along the x-axis for various numbers of codebook vectors (CV).
Fig. 5. Recorded torque for rotations of PDB entry 1CLL about the x-axis for various numbers of codebook vectors (CV).
Fig. 6. Recorded torque for rotations of PDB entry 1CLL about the x-axis for volumetric data simulated at various resolution levels.
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Table 1
Force and torque refresh rates observed with PDB entry 1ATN, 1 GHz
Pentium III CPU
Number of codebook vectors

Refresh rate (Hz)

10
20
40

2530
1563
954

Table 2
Force and torque refresh rates observed with PDB entry 1ATN,
2  1 GHz AMD Athlon CPU
Number of codebook vectors

Refresh rate (Hz)

10
20
40

8542
5244
2919

codebook vectors yield suﬃcient accuracy, the interactive ﬁtting process can be supported by haptic rendering
even on this low-end platform.
The visualization and the force and torque calculations of SenSitus run in separate parallel threads, so that
the program takes advantage of a multiprocessor environment. Therefore, we also performed tests on a dualCPU workstation (Table 2). As one can see, the refresh
rates are well above 1 kHz. Hence, a dual processor PC
platform has suﬃcient compute reserves to deal with an
even ﬁner vector quantization or with a more demanding visualization.
3.4. Discussion and conclusions
In this work we introduced a new and innovative way
to perform a real-time interactive ﬁtting of atomic
structures into low-resolution EM density maps. Supported by virtual reality and haptic rendering, it is more
intuitive for users to orient molecules in 3D space and to
position the datasets relative to each other. Our software
provides feedback in which direction (and orientation) a
better ﬁtting location can be found.
We note that the optimum number of codebook
vectors in the reduced representation may depend on the
molecular shape, the ﬁtting scenario (single molecule or
multiple subunits) and on the resolution of the volumetric density map. Although a number 20–40 was
suﬃcient in all our trial runs, a simple algorithmic implementation is possible that detects the optimum
number based on the convergence properties of the force
or torque minima, or based on the achieved refresh
rates.
We originally developed our SenSitus software on a
two-display immersive VR system, the holobench at
Forschungszentrum J€
ulich in Germany. The active stereo rendering using liquid crystal display (LCD) shutter
glasses, emitters, and multiple cathode ray tube (CRT)
projectors (for high-frequency optical refresh rates) requires a synchronization of multiple graphics pipelines

that is achieved only by high-end computing systems
(e.g., Silicon Graphics Onyx). The cost of the computer
hardware together with the precision mounting of mirrors, screens, and expensive CRT projectors places this
technology well out of ﬁnancial reach for the average
user.
However, there are now modestly priced PC-based
solutions available. This new, inexpensive VR technology is based on passive stereo, i.e., the use of polarizing
ﬁlters and glasses. Instead of CRT projectors, passive
stereo uses the ubiquitous LCD projector technology,
and no expensive synchronization of the graphics cards
is required. We are currently building a passive VR
system in Houston that costs little more than a low-end
UNIX based graphics workstation. For the future we
are seeking also an alternative for the expensive haptic
rendering device, which admittedly limits the application
of our solution to research labs with suﬃcient equipment funding. Although an inexpensive Phantom prototype is available from SensAble Technologies, the loss
of torque feedback in more aﬀordable devices may
compromise the orientational ﬁtting that we deem critical for biomolecular data.
We have demonstrated SenSitus and the Phantom
device to audiences at the Biophysical Society Discussions in Asilomar, California (April 2002), and at a Situs
(Wriggers and Birmanns, 2001) user workshop in San
Diego, California (February 2003). The VR and haptic
technology was very well received and did not require a
special training. However, a number of users at the live
sessions pointed out that interactive ﬁtting is surprisingly challenging even when supported by force and
torque feedback. It is possible that this perception is due
in part to the relative insensitivity of the cross-correlation to rotational changes. Limitations of the crosscorrelation criterion are well documented and we will
seek to implement remedies such as ﬁltering (Chac
on
and Wriggers, 2002) and landmark-based ﬁtting (Wriggers and Chac
on, 2001) in future versions of SenSitus. In
any event, the calculated forces and torques provide
information only in the vicinity of the currently visited
part of the six-dimensional ﬁtting landscape. This means
that the user is still responsible to explore the global
search space before reﬁning it locally.
Computer-aided interactive ﬁtting has been proposed
before and is implemented, e.g., in the program ‘‘O’’
(Jones et al., 1991). Typically, the earlier initiatives integrate algorithmic ‘‘black box’’ solutions into the
search, e.g., by providing modules that will automatically optimize a found candidate ﬁt. Our strategy presented here is diﬀerent in the sense that we are guiding
the user at all times during the actual interactive modeling process. An integration of the alternative search
strategies for the reﬁnement of candidate ﬁts (Wriggers
and Birmanns, 2001) is planned for future releases of the
SenSitus program.
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Source code and executables of SenSitus version 1.0
can be downloaded for various UNIX and PC architectures at http://sensitus.biomachina.org.

Acknowledgments
We thank Herwig Zilken and R€
udiger Esser for
useful discussions. This work was supported by NIH
Grant 1R01-GM62968 and by startup funds at the
University of Texas Health Science Center at Houston.

References
Agrawal, R.K., Heagle, A.B., Penczek, P., Grassucci, R.A., Frank, J.,
1999. EF-G-dependent GTP hydrolysis induces translocation
accompanied by large conformational changes in the 70S ribosome.
Nat. Struct. Biol. 6, 643–647.
Baker, T.S., Johnson, J.E., 1996. Low resolution meets high: towards a
resolution continuum from cells to atoms. Curr. Opin. Struct. Biol.
6, 585–594.
Belnap, D.M., Kumar, A., Folk, J.T., Smith, T.J., Baker, T.S., 1999.
Low-resolution density maps from atomic models: how stepping
‘‘back’’ can be a step ‘‘forward’’. J. Struct. Biol. 125, 166–175.
Burdea, G.C., 1996. Force and Touch Feedback for Virtual Reality.
Wiley-Interscience, New York.
Burdea, G.C., Coiﬀet, P., 1994. Virtual Reality Technology. WileyInterscience, New York.
Chac
on, P., Wriggers, W., 2002. Multi-resolution contour-based ﬁtting
of macromolecular structures. J. Mol. Biol. 317, 375–384.
Chen, E., Marcus, B., 1998. Force feedback for surgical simulation.
Proc. IEEE 86 (3), 524–530.
Dow, S., Thomas, G., J.L. 1999. Signal detection performance with a
haptic device. In: 1999 Proceedings of the Human Factors and
Ergonomics Conference, Houston, TX.
Gersho, A., Gray, R.M., 1992. Vector Quantization and Signal
Compression. Kluwer Academic Publishers, Norwell, MA.
Hannaford, B., Wood, L., 1989. Performance evaluation of a 6 axis
high ﬁdelity generalized force reﬂecting teleoperator. In: Proceedings JPL/NASA Conference on Space Telerobotics. JPL publication. 89-7.
Hirose, K., L€
owe, J., Alonso, M., Cross, R.A., Amos, L.A., 1999.
Congruent docking of dimeric kinesin and ncd into 3-D electron
cryo-microscopy maps of microtubule-motor-ADP complexes.
Mol. Biol. Cell 10, 2063–2074.
Jones, A., Zou, J.-Y., Cowan, S., Kjeldgaard, M., 1991. Improved
methods for building protein models in electron density maps and the
location of error in these models. Acta Crystallogr. A 47, 110–119.
Jones, T.A., 1978. A graphics model building and reﬁnement system
for macromolecules. J. Appl. Crystallogr. 11, 268–272.
Kozielski, F., Arnal, I., Wade, R.H., 1998. A model of the microtubule-kinesin complex based on electron cryomicroscopy and X-ray
crystallography. Curr. Biol. 8, 191–198.

131

Lorensen, W.E., Cline, H.E., 1987. Marching cubes: a high resolution
3D surface construction algorithm. Comput. Graph. 21, 163–
169.
Martinetz, T.M., Berkovich, S.G., Schulten, K., 1993. ‘‘Neural gas’’
for vector quantization and its application to time-series prediction.
IEEE Trans. Neural Networks 4, 558–569.
Massie, T., Salisbury, J., 1994. The phantom haptic interface: a device
for probing virtual objects. In: ASME Winter Annual Meeting,
Symposium on Haptic Interfaces for a Virtual Environment and
Teleoperator Systems.
Moores, C.A., Keep, N.H., Kendrick-Jones, J., 2000. Structure of the
utrophin actin-binding domain bound to F-actin reveals binding by
an induced ﬁt mechanism. J. Mol. Biol. 297, 465–480.
Ouh-young, M., Pique, M., Hughes, J., Srinivasan, N., Brooks, F.,
1988. Using a manipulator for force display in molecular docking.
In: Proceedings of the IEEE Robotics and Automation Conference
3.
Ouh-young, M., Beard, D., Brooks, F., 1989. Force display performs
better than visual display in a simple 6-D docking task. In: IEEE
Int. Conf. Robot. Autom. (ICRA).
Rayment, I., Holden, H.M., Whittaker, M., Yohn, C.B., Lorenz, M.,
Holmes, K.C., Milligan, R.A., 1993. Structure of the actin–myosin
complex and its implications for muscle contraction. Science 261,
58–65.
Richard, P., Coiﬀet, P., 1995. Human perceptual issues in virtual
environments: sensory substitution and information redundancy.
In: Proceedings of the IEEE International Workshop on Robot
and Human Communication, Tokyo, Japan.
Rossmann, M.G., 2000. Fitting atomic models into electron-microscopy maps. Acta Crystallogr. D 56, 1341–1349.
Schr€
oder, R.R., Manstein, D.J., Jahn, W., Holden, H., Rayment, I.,
Holmes, K.C., Spudich, J.A., 1993. Three-dimensional atomic
model of F-actin decorated with Dictyostelium myosin S1. Nature
364, 171–174.
Sosa, H., Dias, P., Hoenger, A., Whittaker, M., Wilson-Kubalek, E.,
Sablin, E., Fletterick, R.J., Vale, R.D., Milligan, R.A., 1997. A
model for the microtubule-ncd motor protein complex obtained by
cryo-electron microscopy and image analysis. Cell 90, 217–
224.
Stewart, P.L., Fuller, S.D., Burnett, R.M., 1993. Diﬀerence imaging of
adenovirus: bridging the resolution gap between X-ray crystallography and electron microscopy. EMBO J. 12, 2589–2599.
Stone, R.J., 2001. Haptic feedback: a brief history from telepresence to
virtual reality. In: Lecture Notes in Computer Science, 2058.
Springer Verlag, pp. 1–16.
Volkmann, N., Hanein, D., 1999. Quantitive ﬁtting of atomic models
into observed densities derived by electron microscopy. J. Struct.
Biol. 125, 176–184.
Wriggers, W., Birmanns, S., 2001. Using Situs for ﬂexible and rigidbody ﬁtting of multi-resolution single molecule data. J. Struct. Biol.
133, 193–202.
Wriggers, W., Chac
on, P., 2001. Modeling tricks and ﬁtting techniques
for multi-resolution structures. Structure 9, 779–788.
Wu, W., Basdogan, C., Srinivasan, M., 1999. The eﬀect of perspective
on visual-haptic perception of object size and compliance in virtual
environments. In: Proceedings of the ASME Dynamic Systems and
Control Division, vol. 67.

