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1
3D CONTROL SYSTEM FOR
CONSTRUCTION MACHINES

CROSS-REFERENCE TO RELATED
APPLICATION

The present application is a U.S. nonprovisional patent
application of, and claims priority under 35 U.S.C. §119(e)
to, each of: U.S. provisional patent application Ser. No.
60/910,243, filed Apr. 5, 2007, U.S. provisional patent appli-
cation Ser. No. 60/910,247, filed Apr. 5, 2007, and U.S. pro-
visional patent application Ser. No. 60/910,251, filed Apr. 5,
2007, and each of these provisional patent applications is
incorporated by reference herein.

COPYRIGHT STATEMENT

All of the material in this patent document is subject to
copyright protection under the copyright laws of the United
States and of other countries. The copyright owner has no
objection to the facsimile reproduction by anyone of the
patent document or the patent disclosure, as it appears in the
Patent and Trademark Office patent file or records, but other-
wise reserves all copyright rights whatsoever.

BACKGROUND OF THE PRESENT INVENTION

1. Field of the Present Invention

The present invention relates generally to automated con-
trol of construction equipment, and, in particular, to the use of
geodetic devices and information derived therefrom to auto-
matically control, in three dimensions, the operation of slip
form paving equipment and other construction equipment.

2. Background

In the construction industry, a longstanding issue has been
how to accurately determine, on the construction site, the
desired location for a building, road or other construction
project as specified in plans developed by an architect, engi-
neer, or the like. Most commonly, surveying techniques,
supplemented in recent decades by advances in surveying
technology, have been used to pinpoint and mark precise
locations on a construction site, thereby guiding construction
workers as they work.

Unfortunately, during construction, the locations marked
by the surveyors may be affected by the construction process
itself. For example, stakes that are laid out by surveyors to
mark the edges of a planned road may be moved, covered or
destroyed by earth-moving equipment as excavation, fill or
the like is carried out. As a result, construction must often be
halted temporarily while surveyors reestablish the construc-
tion locations, and the earth-moving process is continued.

More recently, advances in global positioning system
(“GPS”) technology have begun to find applicability in the
construction industry. Perhaps most obviously, GPS technol-
ogy is now widely used by surveyors because it permits actual
physical locations to be determined with accuracy to the
nearest hundredth of a foot. Because the plans for most con-
struction projects today are developed via computer, such
techniques are particularly useful because the plans can be
coordinated with the GPS data, thereby providing precise
guidance during the surveying process.

In addition, however, GPS has begun to be used to guide the
operation of construction equipment during the construction
process itself. In fact, the use of so-called three-dimensional
(“3D”) controls to direct the operation of construction equip-
ment is becoming increasingly common, particularly with
regard to earthmoving equipment. A typical implementation
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2

of'a 3D control system in such a context involves the use of
one or more fixed base stations, located in and around the
construction site, coupled with one or more mobile units
respectively disposed on the various pieces of construction
equipment that are to be controlled via the system. As
described below, the type of control system used may vary,
but in each case, the exact position of each base station may be
established by conventional surveying means, optionally
supplemented by the use of GPS technology.

In one type of 3D control system, the mobile unit is a GPS
unit, and thus the position of the mobile unit, and indirectly,
the construction equipment on which it is carried, may be
determined with some accuracy using only the mobile unit.
However, in this arrangement, the GPS data developed by the
mobile unit may be supplemented and adjusted, as appropri-
ate, using additional location data from the fixed base sta-
tions, the position of each of which is known with great
accuracy. This, in turn, provides highly accurate information
about the exact position of the mobile unit, and indirectly, the
construction equipment. Of course, as is well known, a sta-
tionary GPS unit, by itself, can not directly indicate any
direction or orientation.

More commonly, however, the base station is a robotic
laser-based tracking station, sometimes called a “total sta-
tion,” and the mobile unit is a prism, wherein the robotic
tracking station produces one or more lasers and directs them
toward the construction equipment, and more particularly,
toward the prism, which is mounted in a prominent location
on the construction equipment to maximize its ability to
receive the laser. In this type of 3D control system, the laser is
used to determine the position of the prism relative to the base
station by calculating distance and angle. Because the posi-
tion of the base station is known, the position of the prism, and
indirectly the position of the construction equipment, may be
established using the combination of the fixed location infor-
mation developed or known by the base station (which may or
may not utilize GPS information) and the relative positional
information provided using the laser and prism.

Unfortunately, the use of prisms creates a number of com-
plications. First, in order to maintain line-of-sight between
the prism and the robotic tracking station, the prism is usually
elevated above what it is measuring or controlling. As a result,
the center of the prism usually cannot be physically held at the
point you want to measure or locate. Thus, because the point
being measured is always offset from the center of the prism,
manual point location is currently achieved by placing the
prism on a pole, of known length, and then hy aligning and
hold the poll plumb to the earth. This process, although very
common, is time consuming and is prone to operator error.

Further, like a GPS device, a prism can only be used to
locate a single XYZ point in space. A stationary prism, by
itself, thus can not directly indicate any direction or orienta-
tion.

Still further, a robotic tracking station can only track one
prism at a time. Using multiple prisms (e.g., two or three) will
allow direction (using two prisms) or orientation (using three
prisms) to be determined, but doing so requires additional
robotic stations to be setup and calibrated.

Regardless of which type of system is used to determine it,
position by itself is not sufficient to control the operation of
the equipment. For example, steering a mobile machine fur-
ther requires knowledge of the machine’s orientation in two-
dimensional space. Conventionally, the machine’s orienta-
tion is determined indirectly as being closely related to the
machine’s direction of travel. Currently, determining a
machine’s travel direction involves comparing the machine’s
current location, determined via one of the previously-de-
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scribed systems, to its previous location. The vector defined
by those two points approximately defines the machine’s
current direction of travel.

Unfortunately, this approach includes a number of inherent
inaccuracies. First, this approach is dependent upon sufficient
movement by the machine in a straight forward direction. The
approach cannot work at all if the machine is not moving,
because direction of travel cannot be determined in this way
if the current location and the previous location are the same.
Further, the approach may be highly inaccurate if the current
location and the previous location are particularly close to
each other, which may happen if the machine is operating in
aconfined area oris of a type that can spin in place or turn with
a very tight turning radius.

For example, FIG. 1 is a plan view illustrating the path of a
reference point 2, such as where a prism is likely to be
mounted, on a conventional slip-form curbing machine 10
that is being used to form a curb 40 having a curved section of
uniform radius. As the curbing machine 10 moves along the
ground 12 in the direction of travel indicated by the arrows 14,
the reference point 2 first follows a straight path that is sub-
stantially parallel to the course of the straight curb 40 being
formed (i.e., the section of curb 40 shown at the bottom of
FIG.1). However, the path 4 of the reference point 2 begins to
diverge from the course of the curb 40 when the curb begins
curving. In particular, the path 4 of the reference point
remains straight for a significant distance before its curvature
begins to match that of the curb 40 itself. Notably, the effec-
tive distance between the path 4 of the reference point 2 and
the course of the curb 40 is significantly greater along the
curved section of the curb 40 than along the straight sections
of the curb 40. When the curb 40 straightens out again, the
reference point path 4 must thus make an adjustment to return
to the lesser spacing that exists along straight sections of the
curb 40. Overall, then, the dissimilarities between the path 4
of the reference point 2 and the course of the curb 40 in FIG.
1 thus graphically illustrate the inherent difficulty of tracking
and controlling a construction machine 10 using a single
reference point 2 on that machine 10.

Although not illustrated in FIG. 1, another inaccuracy
stems from the fact that machine orientation is not exactly
equivalent to direction of travel. For example, it is impossible
to determine precisely whether the path traveled by the
machine from its previous location to its current location
followed a straight line or a curved one. The orientation of the
machine at the current location will be different if the
machine followed a straight line to get there than if it followed
a curved one.

Yet another inaccuracy stems from the use of positional
data for only a single point (the point at which the mobile unit
is positioned on the machine) to represent the position of the
entire machine. In fact, most machines are several meters
wide, several meters long and at least a couple of meters high.
Because GPS (coupled with one of the systems described
above) may be used to determine location to accuracies of
considerably less than a meter, the positional data thus deter-
mined is accurate only for a small part of the machine, i.e., the
exact location of the mobile unit on the machine. The position
or location of other parts of the machine, such as the
machine’s operational components, may be determined only
by combining information about the relative disposition of
the mobile unit on the machine with knowledge of the geom-
etry of the machine. For machines whose typical use involves
travel only in a linear direction, and deviations from such
travel occur only infrequently, this approximation may be
acceptable. However, for other types of machines that turn
regularly, or whose operational components move or are
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adjusted dramatically relative to the rest of the machine (for
example, excavator shovels), the error induced between the
fixed position of the mobile unit and the position or orienta-
tion of the operational components can become dramatic,
thus rendering the use of such a system unsuitable for con-
trolling certain types of machines.

The significance of this problem increases in relation to the
degree of independence with which the operational compo-
nents of the machine move relative to the movement of the
machine itself. For example, in a curbing machine, the slip
forming equipment mounted on the machine is typically
adapted to form curbs having very short radiuses of curvature
while the machine itself moves forward or stops altogether. In
such a process, the movement of the operational components
is thus very different from the movement of the machine
itself. Conventional 3D control systems are ill-equipped to
address this issue.

Paving and curbing equipment further require the attitude
of the machine side-to-side (generally referred to as “cross
slope”) and the attitude of the machine front-to-back (gener-
ally referred to as “long slope”) to be accurately controlled in
order to maintain the proper three-dimensional form (side-to-
side and front-to-back) of the pavement or curbing being
formed. Traditionally, the machine location, direction, and
long slope is referenced from a string line, as better described
below, that is placed ahead of time to guide the location of the
slip-forming equipment on the machine, while cross slope is
monitored by a cross slope sensor. To better illustrate this and
other limitations of conventional 3D control systems with
regard to paving apparatuses, the following description of a
conventional paving apparatus is presented, wherein FIG. 2 is
a perspective view of a conventional slip form paving appa-
ratus 10 such as is illustrated schematically in FIG. 1. The
paving apparatus 10 is illustrated in FIG. 2 traveling over a
ground surface 12 in the direction indicated by the arrow 14.
The paving apparatus 10 comprises a main frame 20 sup-
ported substantially horizontally on a plurality of ground
engaging members 22. Often, a single front ground engaging
member 22, which is steerable, and a pair of rear ground
engaging members 22 are mounted to the main frame 20 ina
triangular relation to each other to provide stable suspension
of the frame 20 in a generally horizontal position above the
ground surface 12.

A mold 32 having a desired cross sectional shape corre-
sponding to the cross sectional shape of the structure to be
formed, such as a curb and gutter structure, is supported by
the frame 20 and positioned on one side of the paving appa-
ratus 10 to facilitate continuous slip forming of a concrete
curb and gutter such as are typically formed along the sides of
aroadway during road construction. The paving apparatus 10
also includes a hopper 34 and a conveyor 36. Together, the
conveyor 36 and hopper 34 are adapted to receive concrete or
other flowable paving material 38 from a separate paving
material supply (not shown) and to convey the flowable pav-
ing material 38 to the mold 32. Flowable paving material 38
is continuously supplied to the mold 32 such that a continuous
paving structure 40 is formed on the ground surface 12 as the
paving apparatus 10 moves along the ground.

The ground surface 12 on which the paving structure 40 is
to be laid in molded form is typically prepared in advance by
suitable construction grading equipment. At least partially
because of the problems described above, it is common prac-
tice during such preparations to construct an external datum
from which the position of the curb or other paving structure
can be determined. Typically, the external datum used con-
sists ofa string line 16 supported by a plurality of line holders
18, each of which includes a stake and a rod. Using an external
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datum such as a string line has traditionally proven advanta-
geous because paver operations may be automatically con-
trolled using various sensors for determining the position of
the paving apparatus 10 relative to the string line 16.

Specifically, the paving apparatus 10 is often provided with
a steer sensor 42, front grade sensor 46, rear grade sensor 48,
and a slope sensor 49 (shown in FIG. 3). The steer sensor 42
and grade sensors 46,48 are neutral or “null” seeking, and
each may be either a contact type sensor having a wand
contacting the string line or a non-contact type sensor such as
those using ultrasonic ranging or other non-contact sensing
technologies. As illustrated in FIG. 2, the steer sensor 42
includes a steer sensor wand 44 and the front and rear grade
sensors 46,48 include grade sensor wands 50. It should be
noted that the steer and grade sensors 42,46,48 may be
mounted on the paving apparatus 10 in a manner that allows
the sensors to be horizontally and vertically adjustable rela-
tive to the paving apparatus 10. The mounting apparatus used,
however, typically allows for the position of the steer and
grade sensors 42,46,48 to be fixed relative to the paving
apparatus 10 during paving operations.

The paving apparatus 10 is positioned on the ground sur-
face 12 upon which the paving structure 40 is to be laid in such
a manner that the mold 32 is located relative to the string line
16 in the position that the paving structure 40 is desired to be
laid. The steer sensor wand 44 and grade sensor wands 50 are
in contact with the string line 16 such that the wands are
tangent to the string line 16. Generally, it is preferable to use
two grade sensors 46,48, one on the front of the frame 20 and
one on the rear of the frame 20. Each steer and grade sensor
42,46,48 produces an electrical output signal in proportion to
the deflection of its respective wand from the neutral or null
position. Preferably, a slope sensor 49 is located on the paving
apparatus 10 to detect changes in cross slope as the apparatus
10 travels over the ground 12 and to generate an output signal
proportional to the change in cross slope detected. Slope
sensors may be, but are not required to be, of the dampened
pendulum type.

The main frame 20 of the paving apparatus 10 is supported
on the ground engaging members 22 by a plurality of posts,
which are independently extendable or retractable to vary the
position of the main frame 20 with respect to the ground
engaging members 22. Because the mold 32 is also supported
by the main frame 20, changing the position of the frame 20
changes the position of the mold 32 as well. The posts are
typically operated by hydraulic piston-cylinder mechanisms
52,54,56 or, alternatively, the posts may be threaded posts that
are rotated by associated reversible hydraulic motors. Three
such piston-cylinder mechanisms are illustrated in FIG. 2,
including a front grade piston-cylinder mechanism 52, a rear
grade piston-cylinder mechanism 54, and a slope piston-cyl-
inder mechanism 56. The front grade piston-cylinder mecha-
nism 52 illustrated in FIG. 2 is supported by a ground engag-
ing member 22 that includes a hydraulically operated steering
mechanism, which may be a piston-cylinder mechanism or a
hydraulically operated threaded post mechanism, that rotates
the ground engaging member 22 relative to the front grade
piston-cylinder mechanism 52 to thereby steer the paving
apparatus 10.

Automatic paving operations may be conducted using the
sensors 42,46,48 and piston-cylinder mechanisms 52.54,56
described above. After the paving apparatus 10 and sensors
42.,46,48 are correctly positioned relative to the string line 16,
paving apparatus 10 travel and paving operations may com-
mence. When deviations in the horizontal direction of paving
apparatus 10 travel are detected by the steer sensor 42, the
steer sensor 42 generates an output signal used to operate a
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steering servo valve, which directs hydraulic fluid to the
appropriate port on the steering mechanism in order to turmn
the steerable ground engaging member 22 in the direction
required to return the steer sensor wand 44 to its neutral or null
position. The paving apparatus 10 may further include an
additional sensor (not shown) to measure the steered angle of
the ground engaging members 22. The steering sensors com-
mand a proportional steered angle wherein the ground engag-
ing member 22 steers and then remains at a fixed angle rela-
tive to the steering sensor.

Similarly, deviations in the vertical direction of the main
frame 20 relative to the string line 16 are detected by the front
and rear grade sensors 46,48 each of which generate an output
signal used to control a servo valve associated with the front
grade piston-cylinder mechanism 52 and the rear grade pis-
ton-cylinder mechanism 54, respectively. The piston-cylinder
servo valves control extension or retraction of their associated
piston-cylinder mechanisms 52,54,56 to return the frame 20
to a position in which the front and rear grade sensors 46,48
are in their null position.

Changes in mold cross slope as the paving apparatus 10
travels are detected by the slope sensor 49, which generates an
output signal used to control a servo valve associated with the
slope piston-cylinder mechanism 56, located on the opposite
side of the frame 20 from the string line 16. Extension or
retraction of the slope piston-cylinder mechanism 56 is used
to change the position of one side of the frame 20 in order to
compensate for changes in ground slope or to induce a desired
cross slope on the mold 32. Although only one slope piston-
cylinder mechanism 56 is shown in FIG. 2, additional slope
posts or piston-cylinder mechanisms may also be used.

Typically, a pulse pickup device (not shown) is installed on
the hydraulic motor of a driven ground engaging member 22
to generate a signal used to a determine the distance the
paving apparatus 10 travels and the speed of the travel of the
paving apparatus 10.

Proper control of the paving apparatus 10, and particularly
of'the mold 32, depends on proper determination and use ofa
variety of geometric relationships. For example, in many
applications, it is desirable for slip form pavers to control the
mold position during paving operations such that the cross
slope of the mold is changed as the paving apparatus 10
travels along the string line 16 to thereby produce a paving
structure 40 having a variable cross slope. Put another way,
the paving apparatus 10 travels along a ground surface 12 that
has a cross slope, and the paving apparatus 10 is capable of
positioning the mold 32 with respect to the ground surface 12
such that the mold 32 itself has a cross slope.

Determination of the proper mold position is convention-
ally dependent on the determination of the current and/or
proper mold position relative to the string line 16. FIG. 3 isa
schematic diagram illustrating the relationship between the
mold 32, the string line 16, and the control system sensors for
the conventional paving apparatus 10 of FIG. 2. The value or
angle of the cross slope for a particular mold is the value of the
angle formed between the ground surface 12 and an imagi-
nary reference plane 58 enclosing the bottom of the mold 32,
when viewed in the transverse direction relative to the paving
apparatus’ direction of travel 14. Whenever it is desired to
extrude a paving structure 40 having a transverse angle equal
to the slope of the ground surface 12, then there would be no
cross slope on the mold 32 for use in forming the given
structure 40. In other words, the mold 32 would be level
relative to the ground surface 12.

The determination of proper mold position is even more
complicated in those applications in which it is desirable to
form a paving structure 40 having a cross slope that is differ-

19



US 8,068,962 B2

7

ent from the slope of the ground surface 35 onto which the
structure is laid. For example, it is often desirable when
making gutters or curb and gutter structures 40 to form the
gutter pan with either a “catch” or “spill” angle as previously
described. Transitioning between an initial mold cross slope
and a desired or altered mold cross slope during paving appa-
ratus 10 travel along the string line 16 can be accomplished
automatically as described, for example, in commonly-as-
signed U.S. Pat. No. 6,109,825, the entirety of which is incor-
porated herein by reference. In FIG. 3, the mold 32 is shown
in a paving operation in which the ground surface 12 has zero
slope and in which there is no cross slope on the mold 32. The
steer sensor wand 44 and the grade sensor wand 50 are in
contact with the string line 16 and the mold 32 is adjacent the
ground surface 12 in a position relative to the string line 16 in
which it is desired to form a curb and gutter structure 40. An
imaginary control line 62 extends between the string line 16
and the slope sensor 49. Notably, the slope sensor 49 is
illustrated only schematically in FIG. 3; this illustration does
not therefore attempt to show the position of the pendulum in
the slope sensor 49 ata given time. The desired location of the
mold 32 relative to the string line 16 is measured as the
distance, broken into a vertical mold distance (“VMD™’) and a
horizontal mold distance (“HMD?”), between the string line
16 and a predetermined reference point 60 on the mold 32.
Where the mold 32 is a curb and gutter mold, the predeter-
mined reference point 60 on the mold 32 is often the inter-
section of the back of curb (“BOC”) and the top of curb
(“TOC”). A cross slope may be established by extending or
retracting the slope piston-cylinder mechanism 56. The
extension or retraction of slope piston-cylinder mechanism
56 causes rotation of the mold and control sensors around the
control string line 16, illustrated by double-pointed dotted
lines in FIG. 3. For example, a cross slope may be established
by extending the slope piston-cylinder mechanism 56, in
which case the reference point 60 on the mold 32 moves up
and to the right along the arcuate path illustrated in FIG. 3.
The magnitude of the movement of the mold 32 in the hori-
zontal and vertical directions may each be caused calculated
as a function of the cross slope angle. Unfortunately, the
extension or retraction of the slope piston-cylinder mecha-
nism 56 causes numerous downstream interrelated effects
that must be managed. Some of these problems, and one
possible solution therefor, are discussed in the aforemen-
tioned *825 patent.

Solutions such as those described in the 825 patent, how-
ever, are dependent upon the use of a conventional string line
16 to control the paving apparatus 10. If a 3D control system
of one of the types described hereinabove is applied to such
equipment, the only information continuously established
with regard to the machine is the location of the single mobile
unit (most often, a prism); all other information must be
extrapolated, with varying degrees of accuracy, or must be
developed using other means. For example, the determination
of'long slope for the equipment requires an additional sensor
over and above the cross slope sensor. Such a sensor is not
usually provided on string line-controlled machines, and thus
represents an additional complication in the application of
conventional 3D control systems to, for example, paving and
curbing machines.

Not to be ignored is the traditional importance of the string
line 16 in establishing, indirectly, the location of other fea-
tures as well. Conventionally, the string line 16 is one of the
first construction elements put in place on a construction site.
Other construction elements are either placed based directly
on the string line 16 or are placed based on the paving struc-
ture 40 that is built by the paving apparatus 10.
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Inview of all of the foregoing, a need exists fora 3D control
system for construction equipment, particularly paving and
curbing equipment, that may be used reliably to guide the
operation of such equipment. Such a control system needs to
be able to determine geodetic information about the equip-
ment, including its location, direction and orientation, with
sufficient accuracy to be relied on to replace the use of string
lines 16 and other technology in the construction environ-
ment.

SUMMARY OF THE PRESENT INVENTION

Broadly defined, the present invention according to one
aspect includes a construction system utilizing 3D control
including a fixed base station of known location; a self-pro-
pelled construction machine located in the general vicinity of
the fixed base station; and a rotating mobile unit assembly
mounted on the self-propelled construction machine and hav-
ing a location-determination device arranged to rotate around
an axis, the location-determination device adapted to operate
in conjunction with the fixed base station to determine geo-
detic information about the self-propelled construction
machine.

In features of'this aspect, the geodetic information includes
the location of the self-propelled construction machine, the
direction of the self-propelled construction machine, and the
orientation of the self-propelled construction machine. In
another feature, the construction system further comprises a
machine controller adapted to control one or more opera-
tional functions of the self-propelled construction machine
based on the geodetic information. In a further feature, the
location-determination device is a geodetic prism, and the
fixed base station is a total station.

The present invention according to a second aspect
includes a 3D controlled construction apparatus including a
self-propelled construction machine; a rotating mobile unit
assembly mounted on the self-propelled construction
machine and having a location-determination device
arranged to rotate around an axis, the location-determination
device adapted to operate in conjunction with a fixed base
station to determine geodetic information about the self-pro-
pelled construction machine; and a machine controller
adapted to control one or more operational functions of the
self-propelled construction machine based on the geodetic
information.

In features of'this aspect, the geodetic information includes
the location of the self-propelled construction machine, the
direction of the self-propelled construction machine, and the
orientation of the self-propelled construction machine.

The present invention according to a third aspect includes
a rotating mobile unit assembly for 3D control of a self-
propelled construction machine including a mounting assem-
bly adapted to be mounted on a self-propelled construction
machine; a location-determination device supported by the
mounting assembly and arranged to rotate around an axis; and
a sensor adapted to determine the angular orientation of the
location-determination device.

The present invention according to a fourth aspect includes
a method of controlling a self-propelled construction
machine including mounting a mobile assembly, having a
location-determination device that revolves around an axis,
on a self-propelled construction machine; repeatedly deter-
mining a location of the location-determination device as the
location-determination device revolves around the axis; and
utilizing data indicative of the repeatedly-determined loca-
tions to control the operation of the self-propelled construc-
tion machine.
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In a feature of'this aspect, the step of repeatedly determin-
ing a location is carried out in conjunction with a fixed base
station. In accordance with this feature, the step of utilizing
the data to control the operation of the sclf-propelled con-
struction machine includes utilizing the data to steer the self-
propelled construction machine; utilizing the data to adjust
the cross slope of the self-propelled construction machine;
and utilizing the data to adjust the long slope of the self-
propelled construction machine.

The present invention according to a (ilth aspect includes a
handheld mobile unit assembly including a surveying pole; a
location-determination device supported by the surveying
pole and arranged to rotate around an axis; and a sensor
adapted to determine the angular orientation of the location-
determination device.

In features of this aspect, the location-determination device
is a prism adapted to be tracked using laser technology, or the
location-determination device is a GPS device.

The present invention according to a sixth aspect includes
a method of determining a location on a construction site
including providing a handheld mobile unit assembly, includ-
ing a surveying pole with a rotating location-determination
device mounted thereon; positioning a distal end of the sur-
veying pole at a location of interest; holding the surveying
pole steady while the location-determination device rotates at
least one time about an axis; in conjunction with the operation
of a fixed base station, determining the position of the loca-
tion-determination device a plurality of times each time the
location-determination device rotates about the axis; and
determining a location on a construction site on the basis of
the determined positions of the location-determination
device.

The present invention according to a seventh aspect
includes a method of determining a location on a construction
site including providing a mobile unit assembly having a
rotating location-determination device; determining a fixed
geometric relationship between the location-determination
device and a point of interest; repeatedly rotating the location-
determination device around an axis; during each rotation,
determining the location of the location-determination device
aplurality of times; and determining a location of the point of
interest on the basis of the determined positions of the loca-
tion-determination device and the fixed geometric relation-
ship.

In a feature of this aspect, the point of interest is a distal end
of a surveyor’s pole to which the rotating location-determi-
nation device is attached. In another feature of this aspect, the
point of interest is a point on a construction machine. With
regard to this feature, the point of interest is a point on a slip
form paving machine. With further regard to this feature, the
point of interest is a point on a mold of the slip form paving
machine.

In additional features of this aspect, the location-determi-
nation device is a prism adapted to be tracked using laser
technology, or the location-determination device is a GPS
device.

The present invention according to an eighth aspect
includes a 3D controlled paving apparatus including a slip
form paving machine; a location-determination device sup-
ported by the slip form paving machine and arranged to rotate
around an axis, the location-determination device adapted to
operate in conjunction with a fixed base station to determine
geodetic informationabout the slip form paving machine; and
a machine controller adapted to control one or more opera-
tional functions of the slip form paving machine based on the
geodetic information.
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Infeatures of this aspect, the location-determination device
is a prism adapted to be tracked by the fixed base station using
laser technology, or the location-determination device is a
GPS device.

The present invention according to a ninth aspect includes
a method of installing a 3D control system for a construction
apparatus including mounting a rotating mobile assembly,
having a location-determination device arranged to rotate
around an axis, on a self-propelled construction machine
having a [orward direction; rotating the location-determina-
tion device until it points in a direction having a known
angular relationship to the forward direction; determining,
using an angular orientation sensor, the rotational angle of the
location-determination device while the location-determina-
tion device points in the direction; and associating the deter-
mined rotational angle of the location-determination device
with the known angular relationship of the direction to the
forward direction.

Further areas of applicability of the present invention will
become apparent from the detailed description provided here-
inafter. It should be understood that the detailed description
and specific examples, while indicating the preferred embodi-
ment of the invention, are intended for purposes ofillustration
only and are not intended to limit the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Further features, embodiments, and advantages of the
present invention will become apparent from the following
detailed description with reference to the drawings, wherein:

FIG. 1 is a plan view illustrating the path of a reference
point, such as where a prism is likely to be mounted, on a
conventional slip-form curbing machine that is being used to
form a curb having a curved section of uniform radius;

FIG. 2 is a perspective view of a conventional slip form
paving apparatus such as is illustrated schematically in FIG.
1

FIG. 3 is a schematic diagram illustrating the relationship
between the mold, the string line, and the control system
sensors for the conventional paving apparatus of FIG. 2;

FIG. 4 is aplan view of the system of the present invention,
as implemented on a paving apparatus, in accordance with a
preferred embodiment of the present invention;

FIG. 5 is a block diagram illustrating some of the basic
components of the base station of FIG. 4;

FIG. 6 is a perspective view of the slip form paving appa-
ratus of FIG. 4;

FIG. 7 is a block diagram illustrating some of the basic
components of the paving apparatus control system;

FIG. 8A is a schematic representation of the rotation of the
prism;

FIGS. 8B and 8C are schematic representations of the use
of multiple positional measurements to determine direction,
position and orientation of the paving apparatus;

FIG.9is a flow chart illustrating the steps performed by the
control system in transitioning cross slope over a given dis-
tance;

FIGS. 10A and 10B are a top plan view and a side plan
view, respectively, of a paving apparatus whose direction of
travel is being accurately determined;

FIGS. 11A and 11B are a top plan view and a side plan
view, respectively, of a paving apparatus whose actual direc-
tion of travel is being inaccurately determined;

FIG. 12 is a perspective view of a handheld rotating mobile
unit assembly in accordance with another preferred embodi-
ment of the present invention; and
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FIG. 13 is a block diagram illustrating some of the basic
components of the mobile unit control system.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

As a preliminary matter, it will readily be understood by
one having ordinary skill in the relevant art (“Ordinary Arti-
san”) that the present invention has broad utility and applica-
tion. Furthermore, any embodiment discussed and identified
as being “preferred” is considered to be part of a best mode
contemplated for carrying out the present invention. Other
embodiments also may be discussed for additional illustrative
purposes in providing a full and enabling disclosure of the
present invention. Moreover, many embodiments, such as
adaptations, variations, modifications, and equivalent
arrangements, will be implicitly disclosed by the embodi-
ments described herein and fall within the scope of the present
invention.

Accordingly, while the present invention is described
herein in detail in relation to one or more embodiments, it is
to be understood that this disclosure is illustrative and exem-
plary of the present invention, and is made merely for the
purposes of providing a full and enabling disclosure of the
present invention. The detailed disclosure herein of one or
more embodiments is not intended, nor is to be construed, to
limit the scope of patent protection afforded the present
invention, which scope is to be defined by the claims and the
equivalents thereof. It is not intended that the scope of patent
protection afforded the present invention be defined by read-
ing into any claim a limitation found herein that does not
explicitly appear in the claim itself.

Thus, for example, any sequence(s) and/or temporal order
of steps of various processes or methods that are described
herein are illustrative and not restrictive. Accordingly, it
should be understood that, although steps of various pro-
cesses or methods may be shown and described as being in a
sequence or temporal order, the steps of any such processes or
methods are not limited to being carried out in any particular
sequence or order, absent an indication otherwise. Indeed, the
steps in such processes or methods generally may be carried
out in various different sequences and orders while still fall-
ing within the scope of the present invention. Accordingly, it
is intended that the scope of patent protection afforded the
present invention is to be defined by the appended claims
rather than the description set forth herein.

Additionally, it is important to note that each term used
herein refers to that which the Ordinary Artisan would under-
stand such term to mean based on the contextual use of such
term herein. To the extent that the meaning of a term used
herein—as understood by the Ordinary Artisan based on the
contextual use of such term—differs in any way from any
particular dictionary definition of such term, it is intended that
the meaning of the term as understood by the Ordinary Arti-
san should prevail.

Furthermore, it is important to note that, as used herein, “a”
and “an” each generally denotes “at least one,” but does not
exclude a plurality unless the contextual use dictates other-
wise. Thus, reference to “a picnic basket having an apple”
describes “a picnic basket having at least one apple” as well as
“a picnic basket having apples.” In contrast, reference to “a
picnic basket having a single apple” describes “a picnic bas-
ket having only one apple.”

When used herein to join a list of items, “or” denotes “at
least one of the items,” but does not exclude a plurality of
items of the list. Thus, reference to “a picnic basket having
cheese or crackers” describes “a picnic basket having cheese
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without crackers”, “a picnic basket having crackers without
cheese”, and “a picnic basket having both cheese and crack-
ers” Finally, when used herein to join a list of items, “and”
denotes “all of the items of the list.” Thus, reference to “a
picnic basket having cheese and crackers” describes “a picnic
basket having cheese, wherein the picnic basket further has
crackers,” as well as describes “a picnic basket having crack-
ers, wherein the picnic basket further has cheese.”
Referring now to the drawings, in which like numerals
represent like components throughout the several views, the
preferred embodiments of the present invention are next
described. The following description of the preferred
embodiment(s) is merely exemplary in nature and is in no
way intended to limit the invention, its application, or uses.
FIG. 4 is a plan view of the system 100 of the present
invention, as implemented on a paving apparatus 110, in
accordance with a preferred embodiment of the present
invention. As shown therein, the system 100 includes a self-
propelled construction machine 110, a rotating mobile unit
assembly 101 and a fixed base station 120 located on the same
construction site as, or otherwise in the general vicinity of| the
construction machine 110. Because of the particular applica-
bility of the system of the present invention to equipment for
performing slip form paving operations, the construction
equipment illustrated is a slip form paving apparatus 110.
However, it will be apparent that the teachings of the present
invention are equally applicable to many other types of con-
struction equipment, including dozers, dozer blades, excava-
tor shovels, concrete and asphalt pavers, road planers, trac-
tors, and any other equipment that can benefit or be fitted with
3D controls. Each such piece of equipment may be referred to
generally herein as a “self-propelled construction machine.”
FIG. 5 is a block diagram illustrating some of the basic
components of the base station 120 of FIG. 4. The rotating
mobile unit assembly 101 and the fixed base station 120 may
make use of any technology by which the exact position of a
rotating mobile unit is determined using a fixed base station of
known location. For ease in understanding the various fea-
tures and aspects of the present invention, the embodiments
described herein will generally include a mobile unit in the
form of a prism that is tracked by a robotic tracking station,
which in at least some versions is sometimes referredto as a
“total station,” using laser technology. However, it will be
appreciated by the Ordinary Artisan that the robotic station
used in the system of the present invention may be any of a
variety of conventional robotic tracking stations whose func-
tion is simply to develop location information and send it to a
handheld device or machine controller, and the mobile unit
may be any geodetic or other location-determination device
which, instead of a prism, may include a separate GPS device
or may be tracked using RF tracking technologies. Further-
more, in some embodiments preferred for improved perfor-
mance but requiring additional development, various non-
conventional robotic station technologies may likewise be
used.
In the embodiment shown in FIG. 5, the base station 120 is
a robotic tracking station equipped with laser technology for
tracking a prism 102, incorporated into the mobile unit
assembly 101, using lasers 121, conventional robotic controls
122, a GPS or other geodetic system 125 for determining the
position of the station 120, and facilities 123 for transmitting
positional data to a machine controller 150 in the paving
apparatus 110, described below, all managed by a controller
124. The position of the robotic station 120 in space may be
determined with great accuracy using GPS technology. By
extension, the position of the prism 102, and thus the paving
apparatus 110, may also be determined with great accuracy
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by determining its position relative to the robotic station 120
and applying the known information about the position of the
robotic station 120. The positional data transmitted by the
basc station 120 may be in a variety of forms, such as absolute
data (defining the absolute location of the prism 102), relative
data (defining the location of the prism 102 relative to that of
the base station 120), error data (defining the deviation of the
actual position of the prism 102 from its desired position), or
any other usable form of positional data.

FIG. 6 is a perspeclive view ol the slip [orm paving appa-
ratus 110 of FIG. 4. The paving apparatus 110 is illustrated in
FIG. 6 traveling over the ground surface 12 in the direction
indicated by the arrow 14, and the paving apparatus 110 ofthe
present invention incorporates many of the components of the
conventional paving apparatus 10 illustrated in FIG. 2. None-
theless, for ease in understanding the present invention, an
abbreviated description of those elements is presented with
specific reference to FIG. 6.

The paving apparatus 110 comprises a main frame 20
supported substantially horizontally on a single front ground
engaging member 22, which is steerable, and a pair of rear
ground engaging members 22. The engaging members 22,
which are preferably endless track crawler assemblies, are
mounted to the main frame 20 in a triangular relation to each
other to provide stable suspension of the frame 20 in a sub-
stantially horizontal position above the ground surface 12. An
engine 24 and a hydraulic pump (not shown) are mounted on
the frame 20 to provide drive power to at least one ground
engaging member 22 and to supply operational power to the
various paver systems. The driven ground engaging member
or members are preferably driven through individual, prefer-
ably reversible, hydraulic motors, thereby making the paving
apparatus 110 operable while traveling in the forward or in the
reverse direction.

The paving apparatus 110 includes an operator station 26 in
which the operator of the paving apparatus 110 is positioned
and may monitor and control the paving apparatus 110 using
a control console 28. The control console 28 is part of a
control system 130 for the paving apparatus 110; a block
diagram illustrating some of the basic components of an
exemplary control system 130 for the paving apparatus 110 is
presented in FIG. 7. As shown therein, the control system 130
further includes operational controls 140 for directing the
various operational components of the paving apparatus 110,
areceiver facility 132 for receiving data from the robotic base
station 120, and the machine controller 150 for processing the
data and interfacing with the control console 28 and opera-
tional controls 140. Many of these components are described
in greater detail hereinbelow.

As will be understood, the ground surface 12 on which the
paving structure 40 is to be laid in molded form is prepared in
advance by suitable construction grading equipment. How-
ever, the paving apparatus 110 may be equipped with a trim-
ming station 30 in order to provide a finished grade of the
ground surface 12 immediately in advance of the paving
operation. The structure of such a trimming station 30 may
include a rotatively driven roller having digging teeth project-
ing from its outer periphery for the purpose of partially dig-
ging into the ground surface to loosen and uniformly distrib-
ute the soil on which the pavement is to be formed. The
trimming station 30 may additionally include a scraper blade
extending transversely across the rear side of the digging
roller to level the loosened soil. The trimming station 30 may
be of the type described and illustrated in U.S. Pat. No.
4,808,026 to Clarke, Ir. et al. or U.S. Pat. No. 4,197,032 to
Miller.
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A mold 32 having a desired cross sectional shape corre-
sponding to the cross sectional shape of the structure to be
formed is supported by the frame 20. The mold 32 is located
rearwardly of the trimming station 30 if such a trimming
station 30 is installed on the paving apparatus 110. In FI1G. 6,
a mold 32 in the shape of a curb and gutter structure is
illustrated and the mold 32 is positioned on one side of the
paving apparatus 110 to facilitate continuous slip forming of
a concrete curb and gutter such as are typically formed along
the sides of a roadway during road construction. It should be
understood, however, that the paving apparatus 110 is capable
of continually depositing concrete or other flowable paving
material 38 in a variety of different predetermined cross sec-
tional shapes defined by a variety of different mold structures
transported at a variety of different positions on the paving
apparatus 110. Hence, it should be understood that the illus-
trated apparatus 110 is not limited to curb paving machines
but is equally applicable to machines for slip forming road-
ways, gutters, spillways, sidewalks, troughs, barriers, and any
other form of continuous paving extrusion.

The paving apparatus 110 also includes a hopper 34 and a
conveyor 36. Together, the conveyor 36 and hopper 34 are
adapted to receive the concrete or other flowable paving mate-
rial 38 from a separate paving material supply (not shown)
and convey the flowable paving material 38 to the mold 32. As
is known in the art, means for vibrating the flowable paving
material 38 may be provided on the paving apparatus 110 to
eliminate air bubbles and facilitate flow of paving material 38
into the mold 32. Flowable paving material 38 is continuously
supplied to the mold 32 such that a continuous paving struc-
ture 40 is formed on the ground surface 12 as the paving
apparatus 110 moves along the ground.

The main frame 20 of the paving apparatus 110 is sup-
ported on the ground engaging members 22 by a plurality of
posts, which are independently extendable or retractable to
vary the position of the main frame 20 with respect to the
ground engaging members 22. Because the mold 32 is also
supported by the main frame 20, changing the position of the
frame 20 changes the position of the mold 32 as well. The
posts may be threaded posts that are rotated by associated
reversible hydraulic motors or, alternatively, the posts may be
operated by hydraulic piston-cylinder mechanisms 52,54,56.
Three such piston-cylinder mechanisms are illustrated in
FIG. 6, including a front grade piston-cylinder mechanism
52, a rear grade piston-cylinder mechanism 54, and a slope
piston-cylinder mechanism 56. In addition to extending or
retracting in a generally vertical direction, it should be under-
stood that the front grade piston-cylinder mechanism 52 illus-
trated in FIG. 6 is supported by a ground engaging member 22
that includes a hydraulically operated steering mechanism,
which may be a piston-cylinder mechanism or a hydraulically
operated threaded post mechanism, that rotates the ground
engaging member 22 relative to the front grade piston-cylin-
der mechanism 52 to thereby steer the paving apparatus 110.

Returning to FIG. 7, an exemplary machine controller 150
includes RAM 152, ROM 153, a clock 154, a central process-
ing unit (CPU) 155, an analog-to-digital converter 156, a
digital-to-analog converter 157, and an input/output control
unit 158 integral to the machine controller 150. Each compo-
nent is electrically connected to the CPU 155. Control system
program instructions are stored in ROM 153 and executed by
the CPU 155, which uses RAM 152 to temporarily store data
during machine controller operations. An integral clock 154
provides a timing reference for the control system 130 and
converters 156, 157 are used to convert analog data from
various sensors to digital data for computation of the required
offsets, and then back into analog data for the various outputs.
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It should be understood that, while ROM 153 is illustrated in
FIG. 7, those in the art will readily appreciate that program
instructions may be stored on other devices, such as, but not
limited to, an EPROM. The input/output control unit 158 is
used to control data moving in and out of the machine con-
troller 150.

Those skilled in the art will appreciate that the functions
performed by the machine controller 150 of the present inven-
tion may readily be performed by other equivalent electrical
devices or circuits, which are intended to be included within
the scope of the present invention. For example, in lieu of
using a machine controller 150, a control system may utilize
a conventional microprocessor-based personal computer to
accomplish functions performed by the machine controller
150. Additionally, in lieu of using integral processors execut-
ing stored program codes, discrete electrical components
may be arranged in an electrical circuit to accomplish the
same functions as the machine controller 150, as those in the
art will readily appreciate that a circuit comprising discrete
electrical components may receive input signals, performed
calculations, and output values to output devices. These cir-
cuits are also included within the scope of the present inven-
tion.

The operational controls 140 of the control system 130
include a plurality of output devices, including a steering
piston-cylinder mechanism servo valve 142 controlling the
direction of movement of the steerable ground engaging
member 22, a front grade piston-cylinder mechanism servo
valve 143 controlling the elevation of the front grade piston-
cylinder mechanism 52, a rear grade piston-cylinder mecha-
nism servo valve 144 controlling the elevation of the rear
grade piston-cylinder mechanism 54, and a slope piston-cyl-
inder mechanism servo valve 145 controlling the elevation of
the slope piston-cylinder mechanism 56. Additionally, output
data from the machine controller 150 is sent to an operator
display 161, which is typically located on the control console
28, and a data entry device 159 such as a keypad or keyboard,
also usually located on the control console 28, provides input
data to the machine controller 150 entered from an operator.
Steering servo valves suitable for use in the present invention
are widely available.

Unlike the conventional paving apparatus 10, the paving
apparatus 110 of the present invention does not require or
include steer, grade or slope sensors 42,46,48,49. For guid-
ance, the paving apparatus 110 of the present invention
instead includes the rotating mobile unit assembly 101,
mounted thereon, having a mobile unit 102 for interaction
with the robotic station 120 shown in FIG. 4, and the machine
controller 150 shown in FIG. 7 for receiving positional data
from the robotic station 120 and making calculations to deter-
mine the position and orientation of the apparatus 110 and
thereby control its operation. As described previously, the
mobile unit 102 will generally be described herein as a prism,
but it will be appreciated that another type of geodetic or other
location-determination device, such as a GPS device, may be
substituted therefor. Machine controllers for performing cal-
culations to determine the position of a prism and using that
information to control the operation of a piece of construction
equipment are well known. However, the machine controller
150 of the present invention varies from a conventional con-
troller in that it is equipped to perform an additional layer of
determinations and calculations, or may perform a replace-
ment set of determinations and calculations, to derive posi-
tional and orientational information as described in detail
hereinbelow. In this regard, it will be appreciated by the
Ordinary Artisan that the machine controller 150 shown in
FIG. 7 may further include a separate device or set of devices
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(not shown) to perform such determinations and calculations,
or it may include additional programming to handle such
functionality.

The rotating mobile unit assembly 101 includes a mobile
unit 102, such as a “3D” optical prism or other device,
mounted at the end of a support arm 103. A counterweight
104 may be disposed at the other end of the support arm 103,
and the entire arrangement is supported on a spindle 105 such
that the prism 102 rotates about an axis 107 defined by the
spindle 105. The length of the support arm 103 is not critical
so long as the prism 102 is offset from the axis 107 around
which it rotates by a sufficient distance to provide accurate
readings, as described below. In particular, the radius of revo-
Iution can be small. A larger radius will provide more accurate
results, but because of the accuracy of robotic station mea-
surements, even a 3-inch radius could provide data more
accurate than conventional purpose-made slope sensors
because of the greater accuracy of directional data as com-
pared to the time-based-position calculations used by such
conventional sensors. The mobile unit assembly 101 is pref-
erably disposed in a location that minimizes line-of-sight
obstructions between the prism 102 and the robotic station
120, such as on top of the engine 24.

The mobile unit assembly 101 further includes a gear
motor (not shown) for causing rotation of the support arm 103
around the axis 107. The support arm 103 may be directly or
indirectly mounted to the motor. The mobile unit assembly
101 also preferably includes a sensor 134, shown schemati-
cally in FIG. 7, for determining angular orientation of the
support arm 103, and hence the prism 102, about the axis 107
at any given moment. The sensor 134 is preferably a rotary
encoder mounted to the rotating support arm 103, but other
types of sensors may be substituted. If a rotary encoder is
utilized, a relative position encoder with a single index output
is sufficient. The importance of the angular orientation infor-
mation will be made clear below.

The prism 102 may be of conventional design, in that it
may be any optical device capable of reflecting light, such as
a laser beam, directly back to the robotic station 120 or other
source, and of having its position determined with great accu-
racy (less than one-eighth of an inch using currently-available
equipment). Unlike conventional technology, however, the
prism 102 is continuously rotated about the axis 107 defined
by the spindle 105. FIG. 8A is a schematic representation of
the rotation ofthe prism 102. As shown therein, the rotation of
the prism 102 occurs in a plane 108 defined as perpendicular
to the axis 107. Notably, the plane need not be perfectly
horizontal, as long as a substantial portion of the movement of
the prism 102 occurs in the x- and y-directions.

The robotic station 120 continues to track the prism 102
during its rotation. During each revolution of the prism 102
about the axis 107, the robotic station 120 gathers data on the
position of the prism 102 at least twice and more preferably
about three times. This process of gathering this data occurs
generally conventionally, in that the robotic station controller
124 uses the robotic controls 122 to direct a laser 121 at the
prism 102 to determine the distance and angle from the
robotic station 120 to the prism 102, and uses the transmission
facilities 123 to transmit that positional data as well as GPS
data from the GPS system 125, to the paving apparatus con-
trol system 130.

It will be appreciated that the positional data the robotic
station 120 gathers about the location of the prism 102 may be
in any of a variety of forms, such as XYZ data, angular data,
or the like. Whatever form is selected, it will be necessary, of
course, for the paving apparatus control system 130 to receive
the data in the expected form. However, it will be apparent
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that any of a variety of data forms may be utilized without
departing from the scope of the present invention.

Automated 3D Control of Paving Operations

Each time the robotic station 120 gathers information
about the location of the prism 102, the orientation sensor 134
determines the angular orientation a of the prism 102 about
the axis 107 and provides this angular orientation data to the
machine controller 150. Ifneeded, the machine controller 150
can readily calculate the angular velocity, and any position,
using encoder counts and time, regardless of the motor speed.
Meanwhile, the positional data determined by the robotic
station 120, including the GPS data for the robotic station 120
and the instantaneous relative positional data for the prism
102, is transmitted to the receiver facility 132 of the machine
control system 130 and relayed to the machine controller 150,
where it is coupled with the angular orientation data. Using all
of'this data, the machine controller 150 triangulates to deter-
mine the precise instantaneous location of the prism 102 at the
time the respective data was gathered.

FIG. 8B is a schematic representation of the use of multiple
positional measurements to determine direction, position and
orientation of the paving apparatus 110. Because the rota-
tional speed of the prism 102 is known, repeated measure-
ments or determinations of the position of the prism 102 may
be used to derive information about the movement of the
paving apparatus 110. By revolving the prism 102 and mea-
suring two instantaneous positions at known angles about the
axis 107, a vector representative of the direction of movement
14 of the paving apparatus 110 may be obtained. By revolving
the prism 102 and measuring three positions at known angles
about the axis 107, the plane in which the prism 102 rotates
may be determined. Because the plane is fixed relative to the
paving apparatus 110, the three points may be triangulated to
determine the position and orientation of the paving appara-
tus 110 in space, with the development of the mathematical
equations used for such determination being within the skill
of the Ordinary Artisan.

In at least some embodiments, the robotic station controller
124 receives position data exactly three times during each
revolution, at rotational increments that are exactly 120
degrees apart, as shown in FIG. 8B. However, readings that
are recorded at irregular increments will be sufficient as the
machine controller 150 of the paving apparatus 110 will be
triangulating the angular position of the revolving prism 102
using the data sent by the robotic station 120. Furthermore,
additional readings (such as ¥ revolution) may be taken and
averaged to verify or improve upon the data transmitted from
the robotic station 120. At any time, increasing the number
angular position readings can increase accuracy by averaging
these redundant measurements.

Automatic paving operations may be conducted using the
rotating mobile unit assembly 101, front ground engaging
member 22 and piston-cylinder mechanisms 52,54,56
described above. After the paving apparatus 110 is correctly
positioned relative to the intended location of the paving
structure 40, paving apparatus 110 travel and paving opera-
tions may commence. When deviations from the desired hori-
zontal direction of paving apparatus 110 travel are detected
by the machine controller 150, the controller generates an
output signal used to operate a steering piston-cylinder
mechanism servo valve 142, which directs hydraulic fluid to
the appropriate port on the steering mechanism in order to
turn the steerable ground engaging member 22 in the desired
direction.
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Similarly, deviations from the desired vertical direction of
the main frame 20 relative to the intended location of the
paving structure 40 are detected by the machine controller
150, the controller generates one or more output signals used
to control the servo valves 143,144 associated with the front
grade piston-cylinder mechanism 52 and the rear grade pis-
ton-cylinder mechanism 54, respectively. The piston-cylinder
servo valves 143,144 control extension or retraction of their
associated piston-cylinder mechanisms 52,54 to return the
frame 20 to its desired position relative to the intended loca-
tion of the paving structure 40. Significantly, the accuracy of
long slope adjustments can be greatly improved as compared
to the accuracy of current purpose-made slope sensors.

Automated 3D Control of Adjustable Cross Slope

As will be appreciated by those skilled in the art after
reading the discussion above, the control system 130 of the
present invention advantageously provides for a mold posi-
tion on a paving apparatus 110 that maintains a relative posi-
tion true to the desired location of the paving structure 40 as
the paving apparatus 110 travels along the ground 12. The
present invention may be advantageously utilized to auto-
matically form a paving structure 40 having a variable cross
slope relative to the ground upon which the structure is laid,
all without the need for a string line 16. As described below,
an operator may enter a desired cross slope at any time during
operation of the paving apparatus 110 and the automatic
control system 130 of the present invention will adjust the
slope piston-cylinder mechanism 56 accordingly to insure
that the predetermined reference point on the mold position
remains constant relative to the desired location of the paving
structure 40 while the mold 32 transitions between cross
slopes.

FIG.9isa flow chartillustrating the steps performed by the
control system 130 and more particularly by the machine
controller 150 in transitioning cross slope over a given dis-
tance. In step 2005, the machine controller 150 receives initial
cross slope input as an output of the process described above
as well as the desired altered cross slope and desired transition
distance, which are preferably provided as part of the site data
but may alternatively be entered or downloaded manually by
an operator using the data entry device 159. Whether pro-
vided automatically or manually, the latter values would typi-
cally be received as a percentage final slope over a given
distance expressed in feet.

The desired altered cross slope and desired transition dis-
tance are converted into a desired percent change in cross
slope per foot of paving apparatus travel by the machine
controller 150 in step 2010. If a pulse pick-up device is
utilized, this value is then converted into a desired percent
change in cross slope per pulse of the pulse pick-up device in
step 2015. This conversion is possible because the distance of
paving apparatus 110 travel per pulse and therefore the num-
ber of pulses per foot of paving apparatus 110 travel is known
for a given pulse pick-up device.

In step 2020, the machine controller 150 determines the
current cross slope and in step 2025, the machine controller
changes the present cross slope of the paving apparatus 110
based on the location or distance-of-travel input derived by
the machine controller 150 or received from the pulse pick-up
device at a rate necessary to achieve the desired altered cross
slope over the desired distance. This process may be periodi-
cally performed as the paving apparatus 110 travels and suc-
cessful results have been achieved in the present invention
performing the above process 200 times per second. A par-
ticular advantage of the control system 130 of the present
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invention is that an operator may change the desired altered
mold cross slope or the desired transition distance at any time
during a cross slope transition without affecting the present
cross slope of the paving apparatus. During transition, the
control system 130 of the present invention is also performing
the vertical and steering adjustments, as previously discussed,
in order to ensure that the predetermined reference point on
the mold 32 maintains a substantially constant position rela-
tive to the desired location of the paving structure 40 during
mold cross slope transition.

As demonstrated by the above discussion, the present
invention advantageously allows for the automatic molding
of continuous paving structures 40 having a variable cross
slope without the need for a string line 16 while maintaining
the position of the mold 32 substantially constant relative to
the desired location of the paving structure 40 as the paving
apparatus 110 travels. The present invention also automati-
cally maintains a substantially constant position of the mold
32 relative to the desired location of the paving structure 40
during transition from an initial mold cross slope to an altered
mold cross slope over a given transition distance, also advan-
tageously without the need for a string line 16. Perhaps most
significantly, the accuracy of cross slope adjustments, like
those for long slope, can be greatly improved as compared to
the accuracy of current purpose-made slope sensors.

Method of Continuously Determining a 3D plane
and Coordinate System

The information determined as described above may be
used by the system 100 to derive or translate the position and
orientation of the paving apparatus 110 in any desired, pre-
determined x-y-z coordinate system. In some embodiments,
for example, the x-y-z coordinates may correspond to those of
a construction site as a whole, wherein the x coordinate could
defined as extending directly north or south, the y coordinate
could be defined as extending directly east or west, and the z
coordinate could be defined as extending directly up or down.
In other embodiments, the x-y-z coordinates may be defined
relative to the paving apparatus 110 itself, wherein the x
coordinate could be defined as extending directly forward and
backward from the paving apparatus 110, the y coordinate
could be defined as extending directly to the right and left of
the paving apparatus 110, and the z coordinate could be
defined as either extending vertically above and below the
paving apparatus 110 or extending perpendicularly upward
and downward relative to the x and y coordinates. In these
embodiments, the zero point along each coordinate axis may
be defined at any desired point, but it may be useful in some
of'these embodiments to define it at some physical point in the
paving apparatus 110, with the “+” and “~” directions defined
appropriately.

Also, it should be noted that although the process described
hereinabove may be used to derive the position and orienta-
tion of the paving apparatus 110 in the x and y coordinates, it
may be necessary to provide some manual input to the system
as to the “+” and - orientation of the z coordinate. Alterna-
tively, it could be assumed that the “+” direction is upward
and the “~” direction is downward.

Notably, the position and orientation of the paving appa-
ratus 110 may be determined regardless of whether the appa-
ratus is moving or not. If the paving apparatus 110 is station-
ary, then the three positions at which measurements or
determinations are made during each revolution are sufficient
to define a circle that lies in the plane and whose center is on
the axis 107. If the paving apparatus 110 is moving, then the
circular or elliptical figure defined by the three positions
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varies from a true circle in an amount proportional to the
amount of movement of the paving apparatus 110.

Speed Control of the Rotating Mobile Unit
Assembly

The gear motor does not need to be closely speed-con-
trolled as the robotic station controller 124 is simply gather-
ing and relaying three readings that are preferably %3 revolu-
tion apart. The exact speed with which the rotation occurs is
not critical, but certain parameters are preferably observed.
The speed of the gear motor should be slow enough so as to
not overwork the robotic station 120 but fast enough to pro-
vide directional data as quickly as the machine controller 150
of the paving apparatus 110 needs it. The machine controller
150 will always know the position of the paving apparatus
110 even if the revolve speed is zero because it will always
know the angular position of the prism 102 and the angular
position of the prism 102 relative to the paving apparatus 110.
However, in order to provide orientation data, the revolve
speed must be increased from zero. It is anticipated that in the
preferred embodiment of the present invention, rotational
speed should be between 0 RPM and 60 RPM.

Although it may appear that the revolution of the prism 102
would increase the movement of the tracking portion of the
robotic station 120, rotational speed can be modulated so that
the tracking portion of the robotic station 120 actually shifts
more slowly than if the prism 102 does not revolve. This can
be achieved if the rotational speed of the prism 102 is made
slower than the ground speed of the paving apparatus 110, all
relative to the location of the robotic station 120.

In at least some embodiments, this is further refined by
incorporating the general position of the robotic station 120
relative to the paving apparatus 110. For example, as shown in
FIG. 8B, if the forward direction 14 of the paving apparatus
110 is defined as 0 degrees, the direction perpendicularly to
the right of the paving apparatus 110 is defined as 90 degrees,
and so on, then it might be assumed that when the rotation of
the prism 102 is in the clockwise direction (as viewed from
above), the three readings should be taken when the prism 102
is at angular orientations of 0, 120 and 240 degrees, respec-
tively. However, if it is known that the robotic station 120 is
located generally in the 90 degree direction (i.e., directly to
the right of the paving apparatus 110), then the optimal read-
ings would be taken at angular orientations of approximately
30, 150 and 270 degrees, respectively, as shown schemati-
cally in FIG. 8C. This helps reduce the amount of movement
of' the robotic station 120 because the movement of the prism
102 caused by the forward movement of the paving apparatus
110 is counterbalanced by the rearward movement of the
prism 102 caused by the clockwise rotation of the mobile unit
assembly 101. In other words, the actual position of the prism
102 changes little from the 30 degree reading to the 150
degree reading, thereby minimizing the amount of movement
required of the robotic station 120 to track it.

Initially, triangulation calculations are preferably per-
formed only after the third measurement, which in the previ-
ous example would be the measurement taken at the angular
orientation of 180 degrees. However, after the first three read-
ings are taken, triangulation is preferably refined on an ongo-
ing basis. The machine controller 150 need not wait for three
new readings before making a new triangulation calculation;
instead, once the first three readings are taken, the triangula-
tion can occur after every reading. In other words, rather than
make triangulation calculations only after the third reading,
the sixth reading, the ninth reading, the twelfth reading, the
fifteenth reading, and so on, triangulation calculations may be
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made after the third reading, the fourth reading, the fifth
reading, the sixth reading, and so on. This further reduces the
need for high revolution speeds.

Data Interruptions & Lag Time

The use of averaging or ongoing refinement also helps to
address issues caused by interruptions or delays in receiving
data from the robotic station 120. Ideally, the robotic station
120 would take a reading, transmit the data and the machine
controller 150 would receive the data and know the angular
position of the revolving prism 102, all at the same instant in
time. Time for triangulation calculations can be done after-
wards.

However, because interruptions or delays in data from the
robotic station 120 can occur on jobsites, at least some
embodiments of the present invention include features and
aspects at least partially intended to address such occur-
rences. Some delay, often referred to as “lag time,” may be
inherent in the system, since the machine controller 150 is
likely to receive the angular position data directly from the
rotary encoder 134 a significant period of time before the
locational data is received from the robotic station 120. Other
interruptions and delays may stem from line of sight inter-
ruptions, such as may be caused by someone walking
between the prism 102 and the robotic station 120, data trans-
mission interference, lag time between the data signal
received and the actual position of the paving apparatus 110
or other steerable construction machine, or the like. During an
interruption, the machine controller 150 will typically allow a
short period of time to pass as the controller 150 simply locks
the operational controls 140; the paving apparatus 110 may
continue to advance, but no height, steering, or other correc-
tions will be made. A longer time period will halt the machine
110 altogether.

Additionally, if the signal from the robotic station 120 is
interrupted or delayed, in at least some embodiments there
will be less need to wait for three new points, because previ-
ous readings may be used to infer current conditions, at least
for a time, until the signal from the robotic station 120
resumes. Other aspects and features for dealing with the
interruption or delay of signals from the robotic station 120
are described below.

These problems may be addressed as follows. For delays
due primarily or entirely to lag time, it will be recognized that
some amount of error due to data lag may be acceptable. First,
data lag is inherent to current 31D controllers that are already
operating with sufficient accuracy. In addition, triangulating
position and orientation from multiple (revolving) points will
inherently average the measurement, thereby reducing over-
all error. Further, since the revolving prism 102 moves rela-
tively slowly, compared to the update frequency of the robotic
station 120, revolution angular error will not cause a signifi-
cant error in machine orientation.

On the other hand, more significant delays may be
addressed as follows. As a preliminary matter, it will be
understood that the machine controller 150 essentially always
knows the angular (revolved) position of the prism 102 more
or less instantaneously. Thus, the critical time period is from
the time that the robotic station 120 begins to calculate posi-
tion until the time that the machine controller 150 receives the
calculated position data from the robotic station 120. Depend-
ing on the amount of lag time or other delay that occurs, the
location of the revolving prism 102 may have moved by the
time the machine controller 150 fully receives the signal. That
creates the difficulty of knowing what revolve angle the
machine controller 150 should use in triangulation.
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Depending on the circumstances, this problem may
handled in one or more ways. If the time delay is inherent in
the system, e.g., due to the robotic station calculations or due
to timc to transmit data, then the robotic station controller 124
could send a short burst of data, such as a unique checksum,
to the machine controller 150 to indicate that the current
revolve position corresponds to the position of the forthcom-
ing data. The robotic station controller 124 would also likely
need to include a checksum at the end of the data transmission
to verify data integrity.

In at least some embodiments, the machine controller 150
could assume there is no time lag, i.e, the machine controller
150 could ignore the effects of time lag altogether. The actual
position of the prism 102 is constantly being triangulated to
find the center point of rotation. Thus, assuming for example
that prism measurements are being made during each revo-
Iution at angular rotations of 0, 120 and 240 degrees, any time
lag error at a 0 degree reading will be equally offset by the
time lag error at the 120 and 240 degree readings and each
additional reading. Therefore the center point of rotation will
only experience an error due to variations in average time lag.
Because this is an averaged error, the error should be rela-
tively small; for example, it should be much smaller than the
error already inherent to 3D control systems. Furthermore,
time-based position calculations, already being used in con-
ventional machine controls, can be used to correct and predict
time lag errors in direction. For example, if readings are
believed to be occurring at angular rotations of 0, 120 and 240
degrees, but due to time lag are actually occurring at 5, 125
and 245 degrees, then a false machine direction will be indi-
cated, but can be corrected by the actual time based-position
of the construction machine 110. As to long slope and cross
slope orientation, misreading an angular rotation by 10
degrees would be inconsequential to the relative height accu-
racy in those directions. In this regard, it will be appreciated
that such an error applies to the direction of the slope and not
to the actual magnitude of slope, where the inaccuracy is
essentially negligible.

This is illustrated in FIGS. 10A and 10B, which are a top
plan view and a side plan view, respectively, of a paving
apparatus 110 whose direction of travel 14 is being accurately
determined, and FIGS. 11A and 11B, which are a top plan
view and a side plan view, respectively, of a paving apparatus
110 whose actual direction of travel 14 is being inaccurately
determined. In FIG. 10A, the paving apparatus 110 is shown
traveling straight ahead as shown by arrow 14. However, as
shown in FIG. 10B, the paving apparatus 110 is encountering
a cross slope denoted as 0. If; as shown, the center-to-center
distance between the ground engaging members 22 is 75
inches, and the cross slope is 2°, then one of the ground
engaging members 22 is adjusted vertically in an amount
calculated as:

x=T5"xsin 2°=2.617"
In FIG. 11A, however, a 10° lag has been introduced, thus
causing the perceived direction of travel, shown by arrow 15,
to be 10° different than the actual direction of travel 14. In this
case, the distance between the ground engaging members 22,
measured in a direction normal to that of the actual direction
of travel 14, may be calculated as:

z=75"xcos 2°=73.861"

and thus the vertical adjustment ofthe ground engaging mem-
ber 22 is calculated as:

w=73.861"xsin 2°=2.577"
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The inaccuracy thus introduced (2.617"-2.577"=0.040",
equivalent to a slope error of 0.03° or 0.006" per foot) is thus
very small.

If'the time lag is consistent, the machine controller 150 can
predict or post-predict what the revolve angle will be when a
reading will be taken based on a calculated revolve velocity.
The revolve velocity can be calculated based on a read
encoder signal rate versus time.

On the other hand, if lag time is highly variable, then an
additional machine control algorithm may be implemented.
The machine controller 150 can measure the start time and
end time of any successful transmission and then post-predict
the correct revolve angle. The assumption here is that the data
received from the robotic station 120 represents the position
of'the prism 102 at either the start or end of transmission or at
a consistent time between the start and end. Time between
start and ending transmission may be averaged and weighted
for improved accuracy. Any non-successful data transmission
can be ignored. Interrupted data can be prevented from dis-
rupting the averaging as the machine controller 150 can sense
and compensate if it does not receive a data packet within a
predetermined increment, e.g., within any %3 revolution
increment if three readings are being made each revolution.

Coordination of readings by the robotic station 120 with
the corresponding revolve angles could be achieved if the
machine controller 150 could broadcast the current revolve
angle for receipt by the robotic station 120. The robotic sta-
tion 120 could use that data to return machine position data to
the machine controller 150 along with long and cross slope
position data. However, this may not help time lag problems
and probably requires a non-standard robotic station.

Inconsistent lag time could be due to the robotic station 120
using a large portion of its cycle time concurrently reading,
calculating, and sending data instead of providing a snapshot
of relative XYZ position data. For example, inconsistent or
unnecessary lag time may result if 80% of the cycle time of
the robotic station 120 is used to acquire the relative XYZ
position data instead of using 20% of the cycle time to capture
a snapshot of relative XYZ position data and using the
remaining 80% of the cycle for post processing and transmis-
sion time. When so much of the cycle time of the robotic
station 120 is used to acquire the data, position-vs-time could
be difficult to correlate. If this is the case, a different approach
is to displace as much data processing as possible from the
robotic station 120 to the machine controller 150. Although
the machine controller 150 would have to perform additional
calculations, it would have all of the raw data available with a
time stamp, making it possible to more accurately correlate
the positional data with the revolve angle data. Further, the
robotic station 120 could send incremental data (e.g., first
sending X, thenY, then Z); the revolve angle could be sampled
at or before each transmission of incremental data. The data
could also be sent at a slower rate such that more exact timing
may be applied. Any of these methods along with a combi-
nation of the previously described methods can be imple-
mented to achieve the highest possible update rate.

Furthermore, if lag time remains inconsistent to a degree
that the an angular revolve position can not be accurately
correlated for steering purposes, then the machine controller
150 can resort to using a time-vs-position steering correction,
wherein the machine’s current location is compared to its
previous location and appropriate steering correction is made.
Furthermore, the revolving prism 102 could repeatedly
revolve 14 revolution, stop, wait for the receipt of accurate
data, and then repeat. Although this may be a less desirable
method, as the steering will only be as accurate as conven-
tional methods, long slope and cross slope data will still be
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available, albeit at a limited update rate. Slow moving, stop-
and-go, low tolerance, or handheld devices will still benefit
from this method of finding orientation.

Installation Setup and Calibration

One significant advantage of the system 100 of the present
invention is the ease with which the rotating mobile unit
assembly 101 may be located and installed on a paving appa-
ratus 110 or other construction machine. On paving, curbing,
and other steerable construction machines, selecting the loca-
tion of a conventional prism or other mobile unit is more of an
art than a science. Conventional 3D control systems require
the prism to be mounted in a position most favorable to the
dynamics of the paving apparatus 110 or other construction
machine. The selected position is critical because the
machine is controlled on the basis of that single point. Expe-
rience has shown that the single prism usually cannot be
positioned directly above the mold reference point (or other
control point) because the machine will be unstable when
steering. Instead, the machine manufacturer or 3D controls
installer must find the most effective “sweet spot” for the
prism to be mounted. Differences between each 3D supplier,
each machine manufacturer, and even each application for a
given machine may require adjustment of the prism location.
On the other hand, because of the exact location and orienta-
tion provided by the revolving prism, the actual mounting
location of the rotating mobile unit assembly 101 will be
relatively inconsequential, with one of the few limitations
being that the sensor should preferably be mounted close to
the mold reference point 60 to avoid environmental effects
such as vibration.

Another significant advantage of the use of the rotating
mobile unit assembly 101 is the reduced need for an accuracy
in the setup and calibration process. Non-rotating prisms on
construction equipment are conventionally calibrated as fol-
lows: the robotic station 120 is located and calibrated, the
prism is rigidly mounted to the construction machine 110, the
robotic station 120 locates the coordinates of the prism, at
least three reference points are located on the construction
machine 110 or device in order to locate the “to be guided”
control point as well as the cross slope and long slope, the
machine controller 150 (or robotic station 120) calculates the
XYZ offset from the desired “to be guided” control point to
the prism. The three reference points can be readily located
using a small handheld prism that is manually oriented
towards the robotic station 120 or by sighting through the
telescope of the robotic station 120. Offset values may be
entered when necessary. More than three points may be taken
and averaged in order to reduce the human error of using the
handheld prism or manual sighting. This entire calibration
procedure reduces the need to exactly place the prism/sensor
each and every time it is remounted. Once again, it will be
appreciated that the location of the non-revolving prism will
vary by individual application, machine manufacturer, and
the supplier of the 3D equipment.

By contrast, because rotary encoders are inherently preci-
sion built devices, the rotating mobile unit assembly 101 as a
whole can be a low precision device, with no need for close
tolerance fabrication, assembly, or application. In particular,
application to a steerable construction machine 110 will not
require any precision in mounting or alignment of the prism
102; the radius of rotation is not as critical since it may be
readily calculated using angular and XYZ data. Although
ideally, the axis of rotation 107 would be aligned vertically
(perpendicularly) with the x-y-z coordinate system of the
machine, a calibration sequence along with the ongoing tri-
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angulation calculations described above will correct for any
mounting deviations. Therefore, the axis of rotation 107 does
notnecessarily need to be oriented exactly parallel, square, or
plumb to any reference.

After installation, the initial position and orientation of the
revolving device will be read. A number of methods may be
used to accomplish this, but in at least some embodiments, the
following method could be used to record three (or more)
points to define initial position and orientation. First, the
prism 102 is rotated until it points towards the direction of
forward travel 14 of the paving apparatus 110, and this first
point location is recorded with the robotic station 120. This
rotational angle may be defined as 0 degrees. Next, the prism
102 is rotated approximately 180 degrees (so that it points
towards the reverse direction of the machine 110) and this
second point location is recorded with the robotic station 120.
Finally the prism 102 is rotated to any other rotational angle,
but preferably halfway, between 0 and 180 degrees or
between 180 and 360 degrees and this third point location is
recorded with the robotic station 120. On a paving apparatus
or other machine 110, the decision to record the third point
between 0 and 180 degrees or between 180 and 360 degrees
could determine either the left hand or right hand orientation
of the machine 110. Only the first point and left/right hand
machine orientation need to be known or set by the operator.
Once this is accomplished and the mobile unit assembly 101
begins to revolve, the relative angular location of the encoder
index mark of the sensor 134 will be found automatically as
necessary.

If rigid and repeatable mounting is provided, and the
machine controller 150 has stored the initial calibration, then
the gear motor could simply be turned on and any three points
can be recorded/calibrated without any user intervention. In
this regard, storing the initial calibration may mean, for
example, that the controller 150 knows the relative position of
the encoder index mark versus the forward travel direction 14.
Calibration of the revolving prism 102 is required only as
often, or less, as would be required for a stationary prism, for
example, when the prism 102 has been remounted or the
prism mounts have shifted. Calibration of the revolving prism
102 will require no more work from the robotic station 120
nor from the machine/device operator than is required for a
stationary prism. As described before, the machine operator
will mount the revolving prism 102 at any convenient location
and locate the three (or more) reference points that define the
“to be guided” control point, cross slope, and long slope.

Additional Variations

In accordance with another preferred embodiment of the
present invention, the rotating mobile assembly 101 could be
replaced with an alternative mobile unit assembly that
includes a mobile unit 102 whose movement occurs in some
predictable pattern other than the circular movement
described herein. Such movement could be elliptical, trian-
gular, square, or the like, all as controlled by an X-Y transla-
tional device. Although the calculations performed to deter-
mine the position of the mobile unit 102 at each measurement
point would be different, the basic principles of operation of
the system 100 would otherwise remain the same.

In accordance with another preferred embodiment of the
present invention, the fundamental components of the robotic
station 120 and the prism 102 could be reversed. In other
words, a robotic tracking station could be disposed on a
rotating support arm on a paving apparatus 110 while a prism
102 is disposed in a fixed position.
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In accordance with another preferred embodiment of the
presentinvention, two or three static mobile units (not shown)
could be used in place of the single rotating mobile unit 102,
and repeated location determinations based on each of the
mobile units could be used in place of the determinations
based on the single rotating mobile unit 102. However, it will
be appreciated that this may require the use of a separate
robotic stations 120 for each static mobile unit 102, particu-
larly if an optical (prism and total station) system is utilized.

In a further refinement of this approach, two or more
mobile units (not shown) could be mounted on a rotating or
rotatable arm or arms whereby the arm or arms are rotated
once according to the calibration process described above and
then fixed in place. In use, such a mobile unit assembly would
function the same as the two or three static mobile unitassem-
bly described above, but would have many of the setup and
calibration advantages described previously. Notably, the
rotation could be performed manually, and would not even
necessarily require actual rotational movement so long as the
mobile units may be placed in rotational positions relative to
each other and to the assembly.

In accordance with another preferred embodiment of the
present invention, the mobile unit assembly 101, or alterna-
tively the two or three static mobile units, could be used to
determine the location of any point on the paving apparatus
110 by developing geometric offset data relating each point to
the mobile unit assembly. Significantly, the points selected
could be the locations where the string line sensors, such as
the steer and grade sensors 42,46,48, would otherwise have
been placed. Thus, a mobile unit assembly of the present
invention could be used to generate data equivalent to that
which would have been developed by those sensors. In other
words, the same positioning errors that would have been
identified by the string line sensors can instead be identified
using a mobile unit assembly of the present invention, and
equivalent output data may be generated. Because that data
could be provided as an input to a conventional control sys-
tem, existing machine controls could be used, thereby avoid-
ing considerable experimentation.

FIG. 12 is a perspective view of a handheld rotating mobile
unit assembly 201 in accordance with another preferred
embodiment of the present invention, and FIG. 13 is a block
diagram illustrating some of the basic components of the
mobile unit control system 230. Like the equipment-mounted
rotating mobile unit assembly 101 of FIG. 6, the handheld
rotating mobile unit assembly 201 includes a mobile unit 102,
such as a “31)” optical prism or other device, mounted at the
end of a support arm 103. Also like the equipment-mounted
rotating mobile unit assembly 101, a counterweight 104 may
be disposed at the other end of the support arm 103, and the
entire arrangement is supported on a spindle 205 such that the
prism 102 rotates about an axis 107 defined by the spindle
205. The length of the support arm 103 is not critical so long
as the prism 102 is offset from the axis 107 around which it
rotates by a sufficient distance to provide accurate readings,
as described below. In particular, the radius of revolution can
be small. As with the mounted mobile unit assembly 101, a
larger radius will provide more accurate results, but because
of the accuracy of robotic station measurements, even a
3-inch radius could provide accurate data. Unlike the spindle
105 of the equipment-mounted rotating mobile unit assembly
101 of FIG. 6, the spindle 205 of the handheld rotating mobile
unit assembly 201 is mounted to, or part of, a long shaft 211,
such as a surveying pole, whose distal end 212 is adapted to
rest solidly at a identifiable point on the ground 12, building
structure, surveying stake, or other relevant measurable point.
The length of the shaft 211 makes it possible for the distal end
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212 to rest on the ground while the mobile unit assembly 201
is disposed in a location that minimizes line-of-sight obstruc-
tions between the prism 102 and the robotic station 120, such
as construction equipment, site features, or the like.

The handheld rotating mobile unit assembly 201 is similar
to the equipment-mounted rotating mobile unit assembly 101
of FIG. 6 in several other respects. The mobile unit assembly
101 further includes a gear motor (not shown) for causing
rotation of the support arm 103 around the axis 107. The
support arm 103 may be directly or indirectly mounted to the
motor. The handheld mobile unit assembly 201 also prefer-
ably includes a sensor 134, shown schematically in FIG. 13,
for determining angular orientation of the support arm 103,
and hence the prism 102, about the axis 107 at any given
moment. The sensor 134 is preferably a rotary encoder
mounted to the rotating support arm 103, but other types of
sensors may be substituted. If a rotary encoder is utilized, a
relative position encoder with a single index output is suffi-
cient. The importance of the angular orientation information
was made clear hereinabove. The prism 102, which may be of
conventional design, is continuously rotated about the axis
107 defined by the spindle 105 in similar fashion to that
shown in FIG. 8A. As shown therein, the rotation of the prism
102 occurs in a plane 108 defined as perpendicular to the axis
107. The robotic station 120 continues to track the prism 102
during its rotation. During each revolution of the prism 102
about the axis 107, the robotic station 120 gathers data on the
position of the prism 102 at least twice and more preferably
about three times. This process of gathering this data occurs
generally conventionally, in that the robotic station controller
124 uses the robotic controls 122 to direct a laser 121 at the
prism 102 to determine the distance and angle from the
robotic station 120 to the prism 102, and uses the transmission
facilities 123 to transmit that positional data as well as GPS
data from the GPS system 125, to the paving apparatus con-
trol system 130. The orientation information determined by
the sensor 134 is coordinated with the data from the robotic
station 120 as described previously.

In use, rotation of the prism 102 is initiated and the hand-
held mobile unit assembly 201 is maneuvered to a desired
location. The location may be a particular construction fea-
ture (such as a stake 18 for a string line 16) whose exact
position is to be determined, or the location may be an exact
physical location corresponding to a set of coordinates stored
in the mobile unit control system 230. The exact location of
the handheld mobile unit assembly 201 may be determined by
positioning the distal end of the shaft 211 on the ground 12
and holding the shaft 211 steady while the prism 102 rotates
and the robotic station 120 operates as described previously to
determine position data and forward it to the control system
230. Notably, because the rotation of the prism 102 defines a
plane 108, as illustrated in FIG. 8 A, and because the distal end
212 of the shaft 211 is fixed relative to the center of the
prism’s rotation in that plane 108, the exact position of the
shaft’s distal end 212 may be derived. Furthermore, it is not
necessary to hold the shaft 211 in a vertical orientation as long
as the assembly 201 is held steady for at least one rotation of
the prism 102. In this regard, it will be particularly appreci-
ated that no particular operator skill is involved in using the
assembly 201.

If desired, the mobile unit assembly 201 may then be
repositioned as desired. In many respects, the use of the
mobile unit assembly 201 is otherwise similar to other hand-
held locator devices, including one or more embodiments
disclosed in co-pending and commonly-owned U.S. Patent
Applications Nos. 60/910,243 and 60/910,247, the entirety of
each of which is incorporated herein by reference.
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Based on the foregoing information, it is readily under-
stood by those persons skilled in the art that the present
invention is susceptible of broad utility and application. Many
embodiments and adaptations of the present invention other
than those specifically described herein, as well as many
variations, modifications, and equivalent arrangements, will
be apparent from or reasonably suggested by the present
invention and the foregoing descriptions thereof, without
departing from the substance or scope of the present inven-
tion.

Accordingly, while the present invention has been
described herein in detail in relation to its preferred embodi-
ment, it is to be understood that this disclosure is only illus-
trative and exemplary of the present invention and is made
merely for the purpose of providing a full and enabling dis-
closure of the invention. The foregoing disclosure is not
intended to be construed to limit the present invention or
otherwise exclude any such other embodiments, adaptations,
variations, modifications or equivalent arrangements; the
present invention being limited only by the claims appended
hereto and the equivalents thereof. Although specific terms
are employed herein, they are used in a generic and descrip-
tive sense only and not for the purpose of limitation.

What is claimed is:

1. A 3D controlled paving apparatus, including:

a slip form paving machine;

a location-determination device supported by the slip form

paving machine and arranged to rotate around an axis in
a generally horizontal plane, the location-determination
device adapted to operate in conjunction with a fixed
base station to determine geodetic information about the
slip form paving machine at least twice during each
revolution of the device around the axis; and

a machine controller adapted to control one or more 3D

operational functions of the slip form paving machine
based on the geodetic information.

2. The 3D controlled paving apparatus of claim 1, wherein
the location-determination device is a prism adapted to be
tracked by the fixed base station using laser technology.

3. The 3D controlled paving apparatus of claim 1, wherein
the location-determination device is a GPS device.

4. The 3D controlled paving apparatus of claim 1, wherein
the machine controller is adapted to steer the slip-form paving
machine based on the geodetic information.

5. The 3D controlled paving apparatus of claim 1, wherein
the machine controller is adapted to adjust the cross slope of
the slip-form paving machine based on the geodetic informa-
tion.

6. The 3D controlled paving apparatus of claim 1, wherein
the machine controller is adapted to adjust the long slope of
the slip-form paving machine based on the geodetic informa-
tion.

7. The 3D controlled paving apparatus of claim 1, wherein
the machine controller is adapted to determine a velocity of
the slip-form paving machine based on the geodetic informa-
tion.

8. The 3D controlled paving apparatus of claim 1, wherein
the machine controller is adapted to determine a traveled
distance of the slip-form paving machine based on the geo-
detic information.

9. The 3D controlled paving apparatus of claim 1, wherein
the instantaneous angular orientation of the location-determi-
nation device about the axis is determined each time the
geodetic information is determined.

10. The 3D controlled paving apparatus of claim 1, wherein
the location-determination device is adapted to operate in
conjunction with a fixed base station to determine geodetic

30



US 8,068,962 B2

29

information about the slip form paving machine at least three
times during each revolution of the device around the axis.

11. The 3D controlled paving apparatus of claim 10,
wherein the location-determination device is adapted to oper-
ate in conjunction with a fixed base station to determine
geodetic information about the slip form paving machine
exactly three times during each revolution of the device
around the axis.

12. The 3D controlled paving apparatus of claim 10,
wherein the geodetic information includes identification of a
particular point in three-dimensional space, and wherein the
machine controller is adapted to triangulate the at least three
points identified during each revolution of the device around
the axis in order to determine a plane in three-dimensional
space in which the location-determination device is rotating.

13. A 3D controlled paving apparatus, including:

a slip form paving machine;

alocation-determination device supported by the slip form

paving machine and arranged to rotate around an axis in
a generally horizontal plane, the location-determination
device adapted to operate in conjunction with a fixed
base station to determine geodetic information about the
slip form paving machine; and
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a machine controller adapted, based on the geodetic infor-
mation, to steer the slip-form paving machine, adjust the
cross slope of the slip-form paving machine based on the
geodetic information, and adjust the long slope of the
slip-form paving machine based on the geodetic infor-
mation.

14. The 3D controlled paving apparatus of claim 13,
wherein the location-determination device is a prism adapted
to be tracked by the fixed base station using laser technology.

15. The 3D controlled paving apparatus of claim 13,
wherein the location-determination device is a GPS device.

16. The 3D controlled paving apparatus of claim 13,
wherein the machine controller is further adapted to deter-
mine a velocity of the slip-form paving machine based on the
geodetic information.

17. The 3D controlled paving apparatus of claim 13,
wherein the machine controller is further adapted to deter-
mine a traveled distance of the slip-form paving machine
based on the geodetic information.
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