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(57) ABSTRACT 

A portable mapping tool for use in a horizontal drilling 
system and associated methods use a boring tool con?gured 
for transmitting a locating signal. The mapping tool also 
includes at least one electromagnetic ?eld detector Which is 
con?gured for measuring the locating signal from a ?xed 
position proximate to the surface of the ground in a drilling 
area. The mapping tool includes a housing and a transmitter 
arrangement supported by the housing for transmitting a 
setup locating signal for reception by the detector in the 
region for use in determining certain initial conditions at 
least prior to drilling. The associated methods include the 
step of con?guring the mapping tool for transmitting a setup 
locating signal for reception by the detector in the region and 
using the received setup locating signal in determining 
certain initial conditions at least prior to drilling. 
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MAPPING TOOL FOR TRACKING AND/OR 
GUIDING AN UNDERGROUND BORING TOOL 

[0001] This is a continuation application of copending 
prior application Ser. No. 09/596,316 ?led on Jun. 15, 2000 
Which is a continuation application of copending prior 
application Ser. No. 09/422,814 ?led on Oct. 21, 1999 and 
noW issued as US. Pat. No. 6,095,260, Which is a divisional 
of application Ser. No. 08/835,834, ?led on Apr. 16, 1997 
and noW issued as US. Pat. No. 6,035,951, the disclosures 
of Which are incorporated by reference. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates generally to systems, 
arrangements and methods for tracking the position of 
and/or guiding an underground boring tool during its opera 
tion and more particularly to tracking the position of the 
boring tool Within a coordinate system using magnetic ?eld 
intensity measurements either alone or in combination With 
certain physically measurable parameters. Positional infor 
mation may then be used in remotely guiding the boring 
tool. 

SUMMARY OF THE INVENTION 

[0003] As Will be described in more detail hereinafter, 
there are disclosed herein portable mapping tool arrange 
ments and associated methods for use in a horiZontal drilling 
system. The portable mapping tool includes a boring tool 
con?gured for transmitting a locating signal and at least one 
electromagnetic ?eld detector Which is con?gured for mea 
suring the locating signal from a ?xed position proximate to 
the surface of the ground in a drilling area. In one embodi 
ment, the mapping tool includes a housing and a transmitter 
arrangement supported by the housing for transmitting a 
setup locating signal for reception by the detector in the 
region for use in determining certain initial conditions at 
least prior to drilling. 

[0004] The certain initial conditions may include the posi 
tion of the detector in the region. The detector may be 
positioned at a knoWn location on the surface of the ground 
at the ?xed position and the certain initial conditions may 
include an unknoWn position of the portable mapping tool at 
another location in the region relative to the detector at the 
knoWn location. 

[0005] The portable mapping tool may include at least a 
?rst detector and a second detector at respective ?rst and 
second spaced apart positions on the surface of the ground 
and Wherein the certain initial conditions include the second 
position of the second detector relative to the ?rst position 
of the ?rst detector. Alternatively, the portable mapping tool 
may include a drill rig for actuating the boring tool from a 
drilling position in the region and the certain initial condi 
tions include the drilling position relative to an at least 
temporarily ?xed position of the portable mapping tool in 
the region. 

[0006] In another embodiment, the locating signal trans 
mitted by the boring tool is a ?rst dipole ?eld and the setup 
locating signal transmitted by the portable mapping tool is a 
second dipole ?eld. 

[0007] In another embodiment, the portable mapping tool 
includes a positioning arrangement cooperating With the 
housing for positioning the mapping tool, at least tempo 
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rarily, on the detector in a predetermined Way such that the 
orientation of the mapping tool is ?xed relative to the 
detector on Which it is positioned. The positioning arrange 
ment includes an indexing con?guration for engaging the 
detector in the predetermined Way to temporarily ?xedly 
maintain the orientation of the portable mapping tool rela 
tive to the detector. The indexing con?guration includes a 
plurality of indexing pins in a con?guration for engaging the 
detector in the predetermined Way to temporarily ?xedly 
maintain the orientation of the portable mapping tool rela 
tive to the detector. 

[0008] The portable mapping tool may further include an 
arrangement Within the housing for determining certain 
orientation parameters When the mapping tool is engaged 
With the detector. In one version, this orientation determin 
ing arrangement of the mapping tool includes a con?gura 
tion for determining the magnetic orientation of the mapping 
tool and, thereby, the magnetic orientation of the detector 
When engaged thereWith. This con?guration may include a 
magnetometer and/or a tilt sensing arrangement for deter 
mining the tilt of the mapping tool and, thereby, the tilt of the 
detector When engaged thereWith. 

[0009] In other embodiments, the portable mapping tool 
may include a processing section remote from the portable 
mapping tool. In this case, the portable mapping tool may 
include a telemetry arrangement for transferring the certain 
orientation parameters to the processing section. Various 
embodiments of the portable mapping tool may also include 
a display arrangement for displaying the certain orientation 
parameters. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] The present invention may be understood by ref 
erence to the folloWing detailed description taken in con 
junction With the draWings, in Which: 

[0011] FIG. 1 is a diagrammatic elevational vieW of a 
horiZontal boring operation being performed in a region 
using one horiZontal boring tool system manufactured in 
accordance With the present invention. 

[0012] FIG. 2 is a diagrammatic plan vieW of the region 
of FIG. 1 further illustrating aspects of the horiZontal boring 
operation being performed. 

[0013] FIG. 3 is a How diagram illustrating an exemplary, 
planar procedure for determining the position of the boring 
tool of FIGS. 1 and 2 in tWo dimensions using tWo 
measured components of a magnetic locating signal ema 
nated from a dipole antenna Within the boring tool. 

[0014] FIG. 4 is a How diagram illustrating a procedure 
Which considers locating the boring tool of FIGS. 1 and 2 
in three dimensions While performing a horiZontal boring 
operation by using three measured components of the mag 
netic locating signal emanated from the boring tool. 

[0015] FIG. 5 is a How diagram illustrating steps 
employed in an ef?cient triple transform technique for 
determining the position of the boring tool of FIGS. 1 and 
2 in three dimensions in relation to an antenna cluster 
receiver by projecting components of the magnetic locating 
signal onto only tWo axes in a transformed coordinate 
system. These steps may be incorporated, for example, into 
the procedure of FIG. 4. 
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[0016] FIGS. 6a-c graphically illustrate yaW, pitch and 
roll transforms of the triple transform technique of FIG. 5, 
Which are performed based on the orientation of the antenna 
cluster receiver in vieW of an assumed orientation of the 
dipole antenna from Which the magnetic locating signal is 
transmitted, such that the desired tWo axis projection is 
accomplished. 
[0017] FIG. 7 is a How diagram illustrating the steps of an 
exemplary, planar procedure for determining the position of 
the boring tool of FIGS. 1 and 2 in tWo dimensions by using 
a measured incremental movement in conjunction With tWo 
measured components of the magnetic locating signal 
Wherein a least square error approach is used to compare an 
antenna solution With an integration solution. 

[0018] FIG. 8 is a How diagram illustrating the steps of a 
procedure for locating the boring tool of FIGS. 1 and 2 in 
three dimensions using a measured incremental movement 
and a measured pitch in conjunction With a single, measured 
component of the magnetic locating signal. 

[0019] FIGS. 9a-d are diagrammatic plan vieWs of the 
drill rig and drill string initially shoWn in FIGS. 1 and 2 
Which are shoWn here to illustrate the operation of a mea 
suring arrangement, Which is manufactured in accordance 
With the present invention, for determining incremental 
movements of the drill string. 

[0020] FIG. 10 is a diagrammatic elevational vieW illus 
trating one arrangement for determining the status of a 
clamping arrangement initially shoWn in FIGS. 1 and 2. 

[0021] FIG. 11 is a perspective vieW of a cubic antenna 
manufactured in accordance With the present invention. 

[0022] FIG. 12 is a diagrammatic elevational vieW of a 
horiZontal boring operation being performed in a region 
using another horiZontal boring tool system manufactured in 
accordance With the present invention. 

[0023] FIG. 13 is a diagrammatic plan vieW of the region 
of FIG. 12 further illustrating aspects of the horiZontal 
boring operation being performed. 
[0024] FIG. 14 is a diagrammatic perspective vieW of a 
mapping tool Which is manufactured in accordance With the 
present invention. 

[0025] FIG. 15 is an illustration of one Way in Which a 
display screen of the mapping tool of FIG. 14 might appear 
in a setup mode. 

[0026] FIG. 16 is a How diagram illustrating a procedure 
Which considers locating the boring tool of FIGS. 12 and 13 
in three dimensions While performing the horiZontal boring 
operation by using three measured components of the mag 
netic locating signal emanated from the boring tool. 

[0027] FIG. 17 illustrates the appearance of a display 
screen on an operator console including plots representing 
the exemplary drilling run depicted in FIGS. 12 and 13 
along With a steering coordinator display Which is useful in 
guiding the boring tool relative to the illustrated plots. 

[0028] FIG. 18 illustrates the appearance of the steering 
coordinator of FIG. 17 for one particular point along the 
exemplary drilling run. 

[0029] FIG. 19 illustrates the appearance of the steering 
coordinator for another point along the exemplary drilling 
run. 
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[0030] FIG. 20 is a diagrammatic plan vieW illustrating a 
drilling array layout de?ning a circular drilling area in 
association With the horiZontal boring system initially 
shoWn in FIGS. 12 and 13. 

[0031] FIG. 21 is a diagrammatic plan vieW illustrating 
one modi?ed version of the horiZontal boring system, Which 
Was originally shoWn in FIGS. 12 and 13, that is con?gured 
for service line installation. 

[0032] FIG. 22 is a diagrammatic elevational vieW illus 
trating another modi?ed version of the horiZontal boring 
system, Which Was originally shoWn in FIGS. 12 and 13, 
that is con?gured for drilling into a hill or mountain. 

[0033] FIG. 23 is a diagrammatic plan vieW shoWing the 
horiZontal boring system Which Was originally shoWn in 
FIGS. 12 and 13, shoWn here to illustrate a technique for 
performing long drilling runs. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0034] Attention is immediately directed to FIGS. 1 and 
2 Which illustrate a horiZontal boring operation being per 
formed using a boring/drilling system Which is manufac 
tured in accordance With the present invention and generally 
indicated by the reference numeral 10. The drilling operation 
is performed in a region of ground 12 including a boulder 14. 
The surface of the ground is indicated by reference numeral 
16 and is substantially planar for present purposes of sim 
plicity. 
[0035] System 10 includes a drill rig 18 having a carriage 
20 received for movement along the length of an opposing 
pair of rails 22 Which are, in turn, mounted on a frame 24. 
A conventional arrangement (not shoWn) is provided for 
moving carriage 20 along rails 22. Aboring tool 26 includes 
an asymmetric face 27 and is attached to a drill string 28 
Which is composed of a plurality of drill pipe sections 30. 
The underground progression of boring tool 26 is indicated 
in a series of points Athrough D. It should be noted that, for 
purposes of clarity, the present example is limited to planar 
movement of the boring tool Within a master xy coordinate 
system Wherein the vertical axis is assumed to be non 
existent, although vertical displacement Will be taken into 
account hereinafter, as Will be seen. The origin of the master 
coordinate system is speci?ed by reference numeral 32 at the 
point Where the boring tool enters the ground. While a 
Cartesian coordinate system is used as the basis for the 
master coordinate systems employed by the various embodi 
ments Of the present invention Which are disclosed herein, 
it is to be understood that this terminology is used in the 
speci?cation and claims for descriptive purposes and that 
any suitable coordinate system may be used. An x axis 34 
extends forWard along the intended path of the boring tool, 
as seen in FIG. 1, While a y axis 36 extends to the right When 
facing in the forWard direction along the x axis, as seen in 
FIG. 2. Further descriptions Which encompass a Z axis 37 
(FIG. 1) Will be provided at appropriate points in the 
discussion beloW. 

[0036] As the drilling operation proceeds, respective drill 
pipe sections are added to the drill string at the drill rig. For 
example, the most recently added drill pipe section 30a is 
shoWn on the drill rig. An upper end 38 of drill pipe section 
30a is held by a locking arrangement (not shoWn) Which 
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forms part of carriage 20 such that movement of the carriage 
in the direction indicated by an arrow 40 causes section 30a 
to move thereWith, Which pushes the drill string into the 
ground thereby advancing the boring operation. A clamping 
arrangement 42 is used to facilitate the addition of drill pipe 
sections to the drill string. The drilling operation is con 
trolled by an operator (not shoWn) at a control console 44 
Which itself includes a telemetry receiver 45 connected With 
a telemetry receiving antenna 46, a display screen 47, an 
input device such as a keyboard 48, a processor 50, and a 
plurality of control levers 52 Which, for example, control 
movement of carriage 20. In particular, lever 52a controls 
clamping arrangement 42, as Will be described at an appro 
priate point beloW. 

[0037] Boring tool 26 includes a mono-axial antenna such 
as a dipole antenna 54 Which is driven by a transmitter 56 so 
that a magnetic locating signal 60 is emanated from antenna 
54. PoWer may be supplied to transmitter 56 from a set of 
batteries 62 via a poWer supply 64. For descriptive purposes, 
the boring tool apparatus may be referred to as a sonde. In 
accordance With the present invention, an antenna cluster 
receiver 65 is positioned at a point 66 Within the master xy 
coordinate system for receiving locating signal 60. Antenna 
cluster 65 is con?gured for measuring components of mag 
netic locating signal 60 along one receiving axis or, alter 
natively, along tWo or more orthogonal receiving axes, 
Which are referred to herein as x1, yI and Z4 de?ned Within 
the antenna cluster and depending on the speci?c system 
con?guration being used. For the moment, it is suf?cient to 
note that the receiving axes Within the antenna cluster may 
be de?ned by individual antennas such as, for example, 
dipole antennas (not shoWn) or by an antenna structure 67. 
It should also be noted that the antenna cluster receiving 
axes are not necessarily aligned With the X, y and Z axes of 
the master coordinate system, as is evident in FIG. 2. One 
antenna structure, Which is highly advantageous Within the 
context of the present invention, Will be described in detail 
at an appropriate point beloW. Measured magnetic ?eld 
components of the locating signal, in terms of the master 
coordinate system, are denoted as BX, By and B2, in terms of 
the receiving axes of the antenna cluster, measured compo 
nents of magnetic locating signal 60 are referred to as BXI, 
ByI and BZI. Magnetic information measured along the 
receiving axes of antenna cluster 65 may be transmitted to 
processor 50 in operator console 44 in the form of a 
telemetry signal 68 Which is transmitted from a telemetry 
antenna 69 and associated telemetry transmitter 70. Telem 
etry signal 68 is picked up at the drill rig using telemetry 
receiving antenna 46 and telemetry receiver 45. Thereafter, 
the telemetry information is provided to processor 50 such 
that the magnetic ?eld information gained along the antenna 
cluster receiving axes may be interpreted so as to determine 
the position of the boring tool in the master coordinate 
system, as Will be described. Magnetic ?eld information 
may be preprocessed using a processor (not shoWn) located 
Within antenna cluster 65 in order to reduce the amount of 
information Which is transmitted from the antenna cluster to 
the operator console 44. The BZ and By components are 
illustrated for each of points A-D in FIG. 2 (BZ=0 in the 
present example). A number of different con?gurations of 
system 10 Will be described beloW With reference to FIGS. 
1 and 2. These con?gurations may differ in one aspect by the 
number of orthogonal magnetic ?eld components Which are 
measured by antenna cluster 65. In another aspect, these 
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con?gurations may utiliZe inputs other than the magnetic 
?eld components and, consequently, may compute the loca 
tion of the boring tool in alternative Ways, as Will be 
discussed at appropriate points beloW. 

[0038] In order to derive useful information from mag 
netic locating signal 60, a number of initial conditions must 
be knoWn and may be speci?ed in relation to the master 
coordinate system prior to drilling. The number of initial 
conditions depends on details of the set up and data pro 
cessing. There must be suf?cient knoWn initial conditions 
such that the procedure is Well posed mathematically, as is 
knoWn to those of skill in the art. These initial conditions 
include (1) the transmitted strength of magnetic locating 
signal 60, (2) an initial yaW (DO) of dipole antenna 54 in the 
master coordinate system (Which is measured from the 
master X axis and is 0° in the present example, since dipole 
54 is oriented along the X axis), (3) an initial pitch (1)0 of 
dipole antenna 54 Which is also Zero in this example, (4) the 
location of antenna cluster 65 Within the master coordinate 
system, (5) the initial orientation angles of the receiving axes 
of the antenna cluster relative to the master xy coordinate 
plane and (6) the initial location of the boring tool, for 
example, at origin 32 Within the master coordinate system. 
The main purpose for obtaining initial yaW and initial pitch 
is to improve tracking and/or guiding accuracy and may 
therefore not be needed for some applications. One rela 
tively straightforWard setup technique to initially establish 
these six conditions, that is, for initially orienting the com 
ponents of the system is to aim one receiving axis, for 
example, xI of antenna cluster 65 due north and level, as seen 
in FIG. 2. In one embodiment of system 10, antenna cluster 
65 is supported by a gimbal 72 and tripod 73 having a 
counterWeight 74 extending therebeloW Whereby to ensure 
that the antenna cluster is also maintained in a level orien 
tation. Aiming the antenna axis in the northerly direction 
may be accomplished using a magnetometer 76 Which is 
built into the receiver and includes a display 78 (FIG. 2) on 
an upper surface thereof. Initial conditions may be entered 
into system 10, for example, using keyboard 48. 

[0039] It is to be understood that any number of other 
techniques and/or instruments may be used to establish the 
initial conditions. For example, a tilt sensor (not shoWn) may 
be used at antenna cluster 65 in place of the gimbal and 
counterWeight arrangement depicted. As another example, 
the need for a magnetometer in the antenna cluster may be 
eliminated by orienting the cluster in a speci?c direction 
such as, for example, directing (not shoWn) xI parallel With 
the master x direction. Moreover, it should be appreciated 
that by knoWing a number of the initial conditions, the 
remaining initial conditions may then be calculated. As an 
example, if the location of the antenna cluster in the master 
coordinate system is physically measured such that the 
initial distance betWeen dipole 54 and the antenna cluster are 
knoWn and the orientation of the antenna(s) Within the 
antenna cluster are knoWn, system 10 may calculate the 
signal strength of dipole 54 and its initial yaW angle ([30) 
Wherein [30 is used as an initial condition and signal strength 
is applied as a constant for the remainder of the drilling 
operation. 

[0040] Referring to FIG. 3 in conjunction With FIGS. 1 
and 2, the initial conditions recited above are established in 
step 101 folloWing start step 100. At step 102, a desired 
course for the drill run may be laid out and entered into the 
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system using operator console 44 so as to be displayed on 
display panel 47. An exemplary course Will be illustrated at 
an appropriate point beloW in conjunction With a description 
of speci?c provisions for guiding the boring tool along this 
course. At step 103, initial values are assumed for AL and [3 
(yaW) Which may be based on the initial conditions deter 
mined in step 101. The drilling operation may proceed at 
step 104 during Which incremental movements of the boring 
tool may be precisely described for tWo dimensions by the 
equations: 

Ax=[ cos [3(1)d1, and (1) 

Ay=[ sin [3(1)d1 (2) 

[0041] In moving from origin 32 to point A, the boring 
tool moves a ?rst incremental distance AL, at the initially 
established value of [3O=0°. For the present con?guration, it 
is assumed that the boring tool travels straight in the 
direction in Which it is pointed such that the value of [3 is 
unchanged. Under the assumption of a tWo-dimensional 
boring process the above equations of a particular increment, 
AL, become: 

AX=AL cos [3, and (3) 

Ay=AL sin [3 (4) 

[0042] Wherein AL=AL1 and [31=[3O for the ?rst incremen 
tal movement. Upon reaching point A, the system deter 
mines the position of the boring tool in tWo different Ways, 
that is, along parallel paths beginning With steps 106 and 
112. In step 106, Which provides for one Way to determine 
the position of the boring tool, the present con?guration 
(Which is Con?guration 1 in Table 1, beloW) uses only 
measured components BXI and ByI (referred to the antenna 
cluster 65) of the intensity of magnetic locating signal 60, 
measured in step 106, in determining the position of the 
boring tool. This con?guration is indicated as Con?guration 
1 in Table 1 beloW. 

TABLE 1 

System Con?gurations 
(\/ indicates a measured or known value) 

(n/a indicates a planar con?guration in Which 
(I) and the Z aXis are not considered) 

[0043] As Will be appreciated, by knoWing [3O (established 
as an initial condition) and knoWing the received value of 
components BXI and Byr, respectively, of magnetic locating 
signal 60 present at antenna cluster 65, but not knoWing or 
assuming a value for AL1, an X,y position of the boring tool 
may nevertheless be calculated in an antenna solution step 
107, under the assumption that the boring tool traveled in the 
direction of BOX using the folloWing Well knoWn dipole 
equations in tWo dimensions: 
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3x? — r2 (5) 
B : 
Xr R5 , 

3 6 
By, : xlgsys , and ( ) 

2 2 2 
R =xS +yS (7) 

[0044] Here R is the distance betWeen the sonde and 
receiving antenna cluster and X5, yS are coordinates moving 
With the sonde during the boring process. By applying 
appropriate coordinate transformations Which Will be 
described at an appropriate point beloW, the X, y position of 
the boring tool can be determined from antenna signals BX! 
and Byr along With yaW angle [3. 

[0045] Still referring to FIGS. 1-3, integration solution 
step 112, Which provides a second Way to determine the 
position of the boring tool at point A, continues to apply the 
assumption that the boring tool travels in the direction in 
Which it is pointed by using [30 and it also assumes a value 
for AL1 at point A (i.e., it makes an educated guess). Using 
these values along With the X and y values from the last 
knoWn/calculated position of the boring tool, step 112 com 
putes an Xint, yint position for boring tool 26 using: 

[0046] Wherein AX and Ay are provided using equations 3 
and 4 and Wherein X and y are used from the last knoWn or 
calculated position of the boring tool. For eXample, in 
performing these calculations for point A, X=y=0 since the 
last knoWn position of the boring tool Was at origin 32. Once 
the tool has moved beyond point A, values for the neXt point 
(B) Will be calculated using X and y values established for 
point Ain the procedure currently under description. Essen 
tially, step 112 provides an historical track record of the path 
over Which the tool has moved, monitoring both its imme 
diately prior position and yaW for each incremental move 
ment along the path and updating the position and yaW With 
successive increments. NeXt, a compare step 108 receives 
the calculated position Xant, yant from step 107 and the 
integration solution position Xint, yint from step 112. The 
compare step checks the tWo positions against one another 
and sends the difference to a position resolved step 114. If 
the Xint, yint position agrees With the Xant, yant position, if the 
square difference betWeen the positions is less than a pre 
determined amount, for eXample, by less than one square 
inch or if the result cannot be reduced further by continued 
iteration, the result is assumed to be correct and step 116 is 
neXt performed such that the system loops back to steps 106 
and 112 so as to take measurements folloWing the neXt AL 
movement. If, hoWever, the positions do not agree, a solu 
tion procedure step 118 is neXt performed. The latter esti 
mates a neW value for [3. Estimation of the neW [3 value may 
be performed using a number of techniques Which are 
knoWn in the art for converging values of variables such as, 
for eXample, SimpleX or steepest descent. These procedures 
determine the sensitivity of the error to changes in the 
variables and select increments of the variables Which Will 
drive the error toWard Zero. The neW values are assumed by 
the system for the point/position being considered. The 
neWly assumed D is then returned to steps 112 and 107. 
































