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Abstract-- The NIST Construction Metrology and Automation
Group, in cooperation with the NIST Intelligent Systems
Division, isresear ching robotic structural steel placement as
part of a project to develop an Automated Steel Construction
Testbed. This project wasinitiated in responseto industry
reguestsfor advanced tools and methodologies to speed the
erection of steel structureswhile maintaining or enhancing
standardsfor worker safety and facility reliability. Thisinitial
effort integrates and extends prior NIST research in robotic
crane employment, tele-operated steel beam placement, laser-
based site metrology, construction component tracking, and
web-enabled 3-D visualization.

Index terms-- construction automation, path planning,
robotics, VRML, 3-D coor dinate measurement systems

|. INTRODUCTION

The American Institute of Steel Construction (A1SC)
recently expressed a need for reducing steel structure
erection time by 25% [1]. In response, the Construction
Metrology and Automation Group (CMAG) at the National
Institute of Standards and Technology (NIST) is developing
arobotic crane system for automated steel construction.
This effort is the first phase of CMAG’s Automated Steel
Construction Testbed (ASCT) project and extends prior
NIST research in construction component tracking [2] and
real-time construction metrology [3]. Thiswork also
continues efforts in tele-operated steel beam placement [4]
to include autonomous control of a six degree-of-freedom
(DOF) robotic crane.

The base platform for the ASCT is an inverted Stewart
platform parallel link manipulator [5] known asthe NIST
RoboCrane. RoboCrane's Real-Time Control System [6]
(RCYS) is supplemented with Cartesian position feedback
from alaser-based site measurement system (SMS) for
trajectory planning and dynamic control. The Robot’s and
the construction components’ positions are represented in a
virtual world model of the construction operation for
visualization and control.

The structure to be assembled consists of a steel beam and
two steel columns connected with the ATLSS' quick
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connector. The ATLSS[7] connector was chosen due to its
simple, drop-in operational principle.

Il. SysTem OVERVIEW

The current configuration of the ASCT is made up of the
following five primary components (the first 3 components
are briefly described below, while the reader isreferred to
[8, 9] for adescription of the last 2 components,

respectively):

RoboCrane

Site Measurement System
High-level Controller
Component Tracking System
Visualization System
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A. RoboCrane

RoboCrane is an innovative, cable-driven, manipul ator
invented by the NIST Intelligent Systems Division (1SD)
and further developed and adapted for specialized
applications over a period of several years[10, 11, 12]. The
basic RoboCrane is an inverted Stewart platform parallel-
link manipulator with cables and winches serving as the
links and actuators, respectively. The moveable platform, or
“lower triangle,” is kinematically constrained by
maintaining tension in all six cables that terminatein pairs
at the vertices of an “upper triangle” formed by the cable
support points. This arrangement provides improved load
stability over traditional lift systems and enables 6 DOF
payload control.

The version of RoboCrane used in this project isthe
Tetrahedral Robotic Apparatus (TETRA). Inthe TETRA
configuration, all winches, amplifiers, and motor controllers
are located on the moveable platform. The upper triangle
only provides the three tie points for the TETRA cables,
alowing the device to be retrofitted to existing overhead lift
mechanisms.
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B. Ste Measurement System

The SMS consists of acommercially available positioning
technology that uses stationary, active-beacon laser
transmitters and mobile laser detectors to provide
millimeter-level position data. Each transmitter rotates two
fanned laser beams (eye-safe) and also emits an infrared,
omni-directional timing pulse. The elevation of a detector is
calculated from the time difference between fan strikes. The
azimuth of adetector is referenced from the timing pul se.
Thefield of view of each transmitter is approximately 290°
in azimuth and +/- 30° in elevation/declination. Line-of-
sight between a detector and at least two transmitters must
be maintained in order to calculate a position. Each detector
can track up to four transmitters and wirelesdy transmit
timing information to a base computer for position
calculation. The manufacturer-recommended minimum and
maximum operating ranges from each transmitter are5m
and 50 m, respectively.

The SMSincludes four transmitters positioned around the
work site and 3 detectors mounted on RoboCrane (see
Figure 1). Position data from the three detectors are used to
calculate RoboCrane' s pose (position and orientation). For
convenience, al measurements are calculated in the local
SMS coordinate frame and mapped to RoboCrane' s fixed
coordinate frame. Position data are polled at approximately
7 Hz using a NIST-devel oped data communications
application.

In addition to the three mobile detectors described above,
the SM S also includes a self-contained digitizing tool with
two identical optical detectors mounted at a known distance
apart on arigid pole. Knowing the precise length of the pole
and calculating the vector projection along the line formed
by the two detectors allows accurate calculation of the 3-D
coordinate of the pol€e' stip within the SM S coordinate
system. By measuring a number of points on a steel beam or
column using this digitizing tool, the beam or column’s
position and orientation can aso be calculated within the
SMS's coordinate system.

C. High-level Controller

A high-level, software-based controller is being devel oped
to provide the following functions for the overall system.

Sensor fusion

Pose estimation

Path planning

World model database maintenance
User interface

The NIST RoboCrane was previously tele-operated using a
graphical user interface and a spaceball (a 3-D joystick).
Feedback to the operator was provided in the form of alive
video feed from cameras mounted on and around the robot
aswell as through an estimation of the robot’ s pose (relative

to aknown home pose) that relied on data from encoders
built into the robot’ s 6 winches (i.e., dead-reckoning) [13].
This type of feedback is suitable for tele-operation,
however, the inherent drift in subsequent pose
determinations rules out autonomous control unless the
robot is frequently re-calibrated in order to maintain an
accurate current pose estimate.

In order to achieve autonomous control, the SMS was
installed on RoboCrane as described above. However, since
the SM S can only update the robot’ s pose at a maximum
rate of 7 Hz, real-time feedback control cannot be achieved
by relying solely on the SMS data. Therefore, real-time
motion was achieved by driving the robot using the
encoder-based pose estimate in the feedback oop and by
periodically stopping the robot at preset waypoints and
updating the pose using the SM S data.

Figure 2 presents the overall structures of the RoboCrane
controller and the high-level controller that was devel oped
to function on top of the existing controller. The high-level
controller receives encoder data from the RoboCrane
controller and compares them with data from the SMS. The
high-level controller then sends back velocity commands
that move RoboCrane. The RoboCrane controller, aversion
of the NIST Real-time Control System implemented in the
early 1990’s, converts these velocity commands to winch
controller inputs that effect the desired movement. Closed-
loop position feedback from the SM S-calculated pose
enabl es periodic modification of the path until the desired
target poseis reached.

The position of RoboCrane calculated using the SMS
enables us to characterize the drift in the robot’ s current
encoder-based pose and to adjust for it. Currently this
adjustment is made by assuming that the SMS-provided
robot pose is more accurate than the encoder-based pose
(figures for these accuracies are currently under
investigation). Thus, the robot’ s best pose estimate is
calculated by simply subtracting the calculated drift from
the encoder-based pose'.

RoboCrane' s pose within the construction site will be
maintained in aworld model database that will also include
the pose estimates of all relevant construction components.
Based on world model component locations and
RoboCran€' s current pose and operating limits, a series of
waypoints will be calculated that will move the robot into a
desired target pose. The required transformations and
corresponding Cartesian velocity commands (Tranglation:
X, Y, z; Rotation: roll, pitch, yaw) are calculated and sent to

! In future work, more sensors will be incorporated for
measuring the crane’ s pose and the pose of the various
construction components on the site. High frame-rate
LADAR aswell as differential GPS are some of the sensors
under consideration by CMAG. In addition, we also plan to
incorporate a more sophisticated sensor fusion technique
such as Kalman filtering once we have a better
characterization of the various sensors' performance.



the RoboCrane controller viaa communications interface.

A VRML-based 3-D visualization system will also be used
to provide remote visual feedback to an operator or
supervisor (see Figures 3 and 4). Elements of the world
model — the construction plane, RoboCrane, and the target
components —will be modeled in VRML 97 [14] and
displayed within a browser environment giving an observer
3-D “fly-through” review capability. A socket connection
between the ASCT controller and the VRML environment
will provide pose updates for RoboCrane, components
being moved, and other elements of interest. The VRML
object models within the visualization system will then be
repositioned by a Java applet using the External Authoring
Interface browser extension. This provides a non-
proprietary, open standard, low-bandwidth method of
displaying a 3-D representation of robot operations within
thework site.

IIl. RECENT RESULTS

Currently, we are able to achieve autonomous placement of
a steel beam using RoboCrane, the SM S described above,
and arudimentary path planner. In recent experiments at
NIST, RoboCrane was able to autonomously place a beam
in aspecially designed holder (see Figures 5 and 6), abeit at
arelatively slow speed not yet suitable for construction
purposes. A brief description of the placement process
follows.

Once the SM'S system has been setup and calibrated, the
special beam holder is placed within the SMS' s work-
volume. Using the SMS' s digitizing tool (see Figure 7), the
beam’ s pose and the holder’ s pose are measured and
manually input into the high-level controller. The number of
desired waypoints along the path between the beam and its
holder are also manually provided by the user. The high-
level controller (which is a C++ program running on the
same PC as the RoboCrane controller) requests the robot’s
position from the SM S and cal culates the required velocity
commands that will move the robot to effectively place the
beam in the holder (the beam is currently fixed in the

robot’ s grippers). At each waypoint, the robot stops and a
new estimate of its pose is requested from the SM S by the
high-level controller. This processis automatically repeated
until the beam isinside the holder.

IV. CONCLUSIONS

In response to industry demand NIST is developing an
autonomous robotic crane system for automated steel
construction. The current system uses RoboCrane, arobotic
crane that has been in development at NIST since the late
1980's, as its base platform. The autonomous system also
incorporates acommercially available, laser-base site
measurement system and a preliminary version of anewly

developed, high-level controller that is software-based.
Using these technol ogies we have been able to
autonomously place a steel beam inside a specially
designed holder. Development of the NIST Automated
Steel Construction Testbed is ongoing and future work will
incorporate new sensing technologies as well as more
sophisticated path planning and sensor fusion techniques.
We are also working on significantly increasing the
system’s pick-and-place rate in an effort to meet or surpass
current steel construction practices.
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Figure 1: Photograph of RoboCrane with the SMS.
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Figure 2: The interface between the ASCT high-level controller and the existing RobCrane controller.



Figure 3: The VRML visualization system showing RoboCrane attempting to dock a steel beam into the special holder.

Figure 4: A closeup of the VRML visualization system showing RoboCrane docking a steel beam into the specia holder.



Figure 5: RoboCrane, the beam, and the holder.

Figure 6: A picture of RoboCrane actually docking a steel beam into the special holder.



Figure 7: An operator using the 3D digitizing tool.
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