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Abstract To decrease the time consumption and the
labor intensity in the absolute datum transfer of traditional
seafloor control network measurement, a new method,
namely sailing-circle positioning method, is put forward in
this paper. First, the traditional intersection positioning
model is improved by considering the equivalent sound
velocity profile error as an unknown parameter in the
adjustment model. Second, the effect of geometric dilution
of precision (GDOP) on positioning accuracy is analyzed.
By seeking for the minimum of GDOP, it is concluded that
the absolute datum transfer can achieve the highest accu-
racy in the condition of sailing along a circle relative to
other sailing paths. Moreover, the optimal radius of the
circle for the accurate datum transfer is also given out.
Besides, the correlation between the accuracy of datum
transfer and the sound velocity error in this method is
analyzed. Finally, the new method was tested and verified
by the experiments in Songhua lake with the water depth of
60 m and in South China sea with the water depth of
2000 m, respectively. These experiment results show that
the new method can improve the accuracy and efficiency of
traditional datum transfer method significantly.
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1 Introduction

Seafloor control network plays an important role in the
underwater acoustic positioning, such as the navigation
service for unmanned underwater vehicles (UUV) or
autonomous underwater vehicle (AUV), the monitoring of
submarine building, crustal movement in seism fault. To
keep the underwater measurement datum consistent with
that on land and water surface, it is necessary to transfer
horizontal and vertical datum from water surface to
underwater in the geographic coordinate framework.

The absolute datum transfer is carried out by two steps
in traditional measurement [1, 2]. First, the horizontal
datum transfer is done by double-three-pyramid method;
second, the vertical datum transfer is fulfilled by four-leaf
method combined with tide level of the measurement
region. According to the measurement mechanism, double-
three-pyramid method has the following defects which will
decrease the accuracy and efficiency of the horizontal
datum transfer [3, 4]: (1) to avoid the significant influence
of sea current on the accuracy of datum transfer, multiple
survey vessels or carriers are required to operate syn-
chronously; (2) the accurate measurement distance depends
strictly on SVPs, so it is necessary to measure SVPs in the
survey region at different measurement times. If limited
SVPs or only a surface sound velocity are adopted, sig-
nificant equivalent SVP errors will be brought to the cal-
culation of measurement distances between the vessel-
mounted transducer and the underwater transponder, and
thus influences the final positioning accuracies of seafloor
control points [5]; (3) the operation is time consuming and
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labor intensive. In four-leaf method, a repeat depth
sounding operation is demanded to seek an average depth
and the vertical coordinate of a seafloor control point is
obtained by combing the average depth with the tide level.
Moreover, vessel attitudes change with the model error of
tide level, wind wave and vessel manipulation, which also
bring errors to the absolute vertical datum transfer [6-8].

With the development of underwater acoustic position-
ing technology and equipment, the transponders installed
on the seafloor control points can measure mutually the
distances between each other. Because the transponders are
arranged approximately in an isothermal layer, both the
elevation differences and the differences of sound velocity
between them are small, which means the accuracies of
measurement distances between the control points are rel-
atively high. Moreover, if the absolute datum transfers are
carried out at several control points, the absolute coordi-
nates of other control points can be obtained by constraint
adjustment combined with these measurement distances
among all the control points.

The process of mutually measuring distances between
underwater transponders can improve the accuracy and
efficiency of seafloor control network measurement sig-
nificantly, but the traditional method is still required for the
absolute datum transfer of above individual control points.

To improve the accuracy and efficiency of absolute
datum transfer in seafloor control network, a new method,
based on sailing circle of survey vessel around the under-
water transponder and independent of sound velocity pro-
files (SVPs), is put forward. This method is defined as
sailing-circle positioning method and introduced below in
detail.

2 Improved intersection positioning model

In the process of acoustic positioning, if one way propa-
gation time of acoustic wave from vessel-mounted trans-
ducer to seafloor transponder (control point) is #,
measurement distance is p;, the coordinates of transducer
are X;, the coordinates of transponder are X, then the
observation equation can be depicted as Eq. 1:

pi:f(xiax)“‘épv["'(spti—"_gi (1)

where f(x;,x) = IIX,-—XII2 which is the secondary module of

x;—x and stands for the geometrical distance between

transducer and transponder; dp,; is the ranging error caused

by sound velocity error, namely the equivalent SVP error;

0py; 1s the ranging error caused by time delay error, namely

the equivalent time delay error; ¢; is the random error.
Eq. 1 can be linearized as Eq. 2:

op; — Opg = bidx + & (2)

where dp; = p;—f(x;, x);0p,; is the system error and
depicted as dp,; = dp,; + 0p,; dx are the coordinate cor-
rections of the transponder; b; = (cos a;sin 8, sin o;sin 6;,
cos ;) and b; is a unit vector of f{x;, x) in the transducer
coordinate system (TCS); 0, is the included angle between
flx;, x) and the vertical direction, and o; is the included
angle between y axis and the projection of f(x;, x) in the
horizontal plane.

If multiple distances are measured between the trans-
ducer and the transponder, multiple equations can be
constructed as Eq. 2, and the matrix form of these equa-
tions is depicted as Eq. 3:

V = Bdx + dop — op (3)

where dx = x—Xg, ddp = dps—JIp,0, X¢ are the initial
coordinates of underwater transponder and dp,q is the ini-
tial value of system error.

Based on the least squares criterion VTPV = min, x can
be solved by the following two models:

2.1 The traditional intersection positioning model

If the equivalent time delay error dp,; is corrected and the
sound ray tracing is implemented in the calculation of
measurement distances, then the system error dp is elim-
inated and the coordinate corrections dx can be depicted as
Eq. 4:

dx = (B"PB) 'B"Psp = N 'BTPsp (4)
Multiple iterations are required until lldxll* is less than a

given tolerance. The absolute coordinates of seafloor con-
trol point are obtained finally by Eq. 5:

X =X¢ + dx (5)

The positioning accuracy of the control point can be
evaluated by Eq. 7:

VTPV
. 6
70 n—3 (6)

6, = &0\/ r(B"PB) ! = 60\/ tr(N)™! (7)

2.2 The improved intersection positioning model

If the equivalent time delay error dp,; is corrected but the
sound ray tracing is not implemented in the calculation of
measurement distances, based on the impact of sound
velocity on the measurement distances, the equivalent SVP
error can be considered as a constant and estimated when
incident angles of these measurement distances are
changeless [9]. The coefficient matrix changes from B to
F as Eq. 8:

@ Springer



218

J Mar Sci Technol (2016) 21:216-226

F=[B j,), du=[1 1 ... 1] (8)
The unknown parameters can be solved by Eq. 9:
[ax™ dop]'= (F"PF) 'F"Psp (9)

Similarly, multiple iterations are required to correct
measurement distances and coordinates until lldx|I* is less
than the tolerance, then the absolute coordinates of seafloor
control point are determined.

In contrast to the traditional intersection positioning
model, the improved model does not need SVP in the data
processing and thus simplifies the measurement of absolute
datum transfer.

3 Measuring method for absolute datum transfer
3.1 Sailing-circle positioning

If the measurement distances between the seafloor control
points and the vessel-mounted transducer are processed by
sound ray tracing method, and the time delay error is
corrected, then the effects of system error dp, are elimi-
nated, and the accuracies of measurement distances can be
considered as equal, which means the weight matrix P can
be considered as a unit matrix. The GDOP of spatial geo-
metric figure can be obtained by Eq. 10 [10-12]. The
geometric figure is used to determine the coordinates of
control points by intersection positioning.

GDOP = \/tr[(BTPB)I} = \/tr[(BTB)I} =/u(NT")
(10)

In Eq. 10, the matrix N is depicted as Eq. 11:

n
S~ cos? o sin’ 0;
i=1 i=1

_pTp_ | v . .2 N I
N =B"B=| > coso;sing;sin“0; > sin”o;sin” 0;

i=1 i=1

n n

> coso;sin0;cosl; > sine;sin 0; cos 0;
i=1 i=1

3 3
. 1 5 1
frng —> > i =
(N ;21 }4_3,/112213_9 ;) 9/n  (13)

Only if A, = 1, = A3 = n/3, Eq. 13 takes equal and the
GDOP achieves the minimum. Then, N must satisfy
Eq. 14:

N:BTB:gI (14)

where I is a unit matrix.

When the GDOP is the lowest, the positioning accuracy
of seafloor control point is the highest. According to
Eq. 14, to guaranty the highest positioning accuracy, the
figure formed by track points needs to satisfy the following
conditions in Eq. 15:

n n
Condition 1 : E coso; sino; sin® 0; = g cos o; sin 0; cos 0
i=1 i=1

n
= E sino; sin0; cos 0 = 0
i=1
n n
Condition 2 : E cos? o; sin® 0; = E sin® o; sin”
i=1 i=1

:z:coszﬁzE (15)
s 3

It is easy to demonstrate that the Condition 1 can be
satisfied when n track points on water surface around the
underwater control point form an n-regular polygon with
the circumradius of r.

The conclusion can be proved as below.

The horizontal azimuths of the track points can be
expressed by Eq. 16.

%= (i—1)f, B=12r/n (16)

n n
> cosa;sino; sin? 0; >~ i cos o sin 0; cos 6;
n
> sina; sin 0; cos 0; (11)

n
> cos?0);
i=1

As b; in Eq. 2 is a unit vector, it can be known that the
trace of N is equal to the number of unit vectors by matrix
properties, which can be depicted as Eq. 12:

tr(N) = 23:,1,- =tr[(B"B)] = u[(BB")] =n (12)
i=1

l

where 4, is the eigenvalue of the matrix N. The trace of N’s
inverse matrix is obtained by Eq. 13.
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The sum of sine, cosine, and product of sine and cosine
can be depicted as Eq. 17 [13, 14]:

n n n
E cos o = E sino; = E sin o; cosa; = 0 (17)
=1 i=1 i=1

If the depth difference between the vessel-mounted
transducer and the underwater transponder is /4, the cosine
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of angle 0; between the geometrical distance f(x;, x) and the
vertical direction can be obtained by Eq. 18:

h
A /h2 + r2
Then, the matrix N can be simplified by Eq. 19:

nr? nr? nh?

2(h2 + 127 2(h* +12)" h2 + r2>

cos 0; =

(18)

N(n) = diag< (19)

Equation 19 shows that an n-regular polygon with
arbitrary radius formed by n track points meets the Con-
dition 1 in Eq. 15.

According to Eq. 10, when the depth of /# and the cir-
cumradius of r are known, the GDOP of the figure con-
structed by the n-regular polygon and the underwater
transponder can be described as the function of the plane
position (x, y). With the help of the simulation experiments,
it is generalized that when (x, y) = (0, 0), which means the
underwater transponder is under the center of n-regular
polygon, the GDOP is the lowest.

Figure 1 shows the changes of GDOPs with the under-
water transponder positions in the n-regular polygon when
h = 80 m and r = 100 m. Figure la—c shows the changes,
respectively, when track points on water surface form a
square, a regular pentagon, and a regular hexagon. It is
observed that when the underwater transponder is under the
center of n-regular polygon, the GDOP is the lowest, that is
to say when the n track points form an n-regular polygon
around the projection of underwater control point, the
positioning accuracy of underwater control point is the
highest.

Furthermore, we can superpose an nj-regular polygon
and an n,-regular polygon with the same circumradius of r.
As the matrix N of both regular polygons meets Eq. 19, N
of the superposed figure also meets that, which can be
proved as Eq. 20:
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Fig. 2 The circle formed by superposing multiple regular polygons:
the red point stands for the control point; the regular polygons are
constructed by dash lines between track points

B'B = BB, + BB, = N(1;) + N(ny) = N(n; + ny)
(20)

It means that when the number of track points is n; + n,
and the figure of these points is formed by superposing an
ni-regular polygon and an n,-regular polygon with the
same circumradius, the GDOP of this figure will also be the
lowest. Similarly, the figure formed by superposing all of
regular polygons with the same circumradius can also
obtain the lowest GDOP. And if the number of regular
polygons is enough, the formed figure can be approximated
to a circle as shown in Fig. 2. It means that the positioning
accuracy of the seafloor control point will be the highest if
the survey vessel sails along a circle around the control
point, which indicates the superiority of sailing-circle
positioning method.

NN

5 100 150 200

m S
A0 150 00 50
X(m)

50
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Fig. 1 The changes of GDOPs of underwater transponder in different position when track points form regular polygons: a the changes when
points form a square; b the changes when points form a regular pentagon; ¢ the changes when points form a regular hexagon
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3.2 Determination of the sailing radius

When the survey vessel sails around the seafloor control
point along a circle, the GDOP can be influenced by the
radius r of the sailing circle. According to Eq. 19, the
GDORP is depicted as the function of r in Eq. 21:

GDOP = g(r) = \/(r2 + h2)/nh? +4(r> + h2) /nr2  (21)

Take the derivative of GDOP with respect to r and we
can get the lowest GDOP and the optimum radius
r = 1.414 h. Substitute r = 1.414 h into Eq. 19 and we
can find it satisfies the Condition 2 in Eq. 15 which further
supports the conclusion of the optimum radius
r = 1.414 h. If the number of track points is n = 10, and
the scale factor is w = r/h, then the changes of GDOPs
with w are shown in Fig. 3a.

If the equivalent SVP errors of the measurement dis-
tances are not corrected, the ranging accuracies would be
proportional to the distances. Under this situation, the
lowest GDOP cannot guarantee the highest positioning
accuracy of the transponder or seafloor control point.

6, = 6o,GDOP (22)

00 = /POkm = V/1* + W20y (23)

In Eq. 23, g is the prior measurement accuracy, and
Oxm 18 the mean square error of 1 km measurement dis-
tance. According to Eq. 22, the prior positioning accuracy
of underwater transponder can be depicted as the function
of r in Eq. 24.

o, = aoGDOP
S\ (2 + 122 i+ 402 + )2 (2)

(3)12

10} .

o]
g
L

GDOP
[«

Teeoe o o ©

Take the derivative of o, with respect to r, we can get
the highest accuracy and the optimum radius
r = 1.045 h. If the water depth is 7 = 100 m, oy, = 1 m,
and the number of track points is n = 10, then the changes
of positioning accuracies with w are shown in Fig. 3b.

In conclusion, if the time delay errors are corrected, and
measurement distances are processed by sound ray tracing
method with the aid of SVP, that is to say the system errors
are corrected effectively, then the ranging accuracies of
each distances can be considered as equal and the posi-
tioning accuracy will be the highest when the sailing radius
r = 1.414 h. Otherwise, if system errors of each distances
are not corrected effectively, the positioning accuracy will
be the highest when the sailing radius is r = 1.045 h.

4 Correlation between the accuracy of the datum
transfer and SVP

If the survey vessel sails along a circle with radius r around
the underwater control point on the sea surface, n track
points are selected at equal spacing, one way propagation
time of acoustic wave from vessel-mounted transducer to
seafloor transponder (control point) is ¢, the equivalent
time delay error of transponder is corrected (dp,; = 0), then
the measurement distance can be depicted as p; = ct;
where ¢ is the surface sound velocity. Because only the
surface velocity is taken into consideration, the equivalent
SVP error dp,; = Ac;t; will be brought into p;. Because the
incident angles of p; are equal when the vessel sails along a
circle, according to the sound ray tracing method, the
equivalent SVP error dp,; of measurement distance p; can

(b) 3.5

3

2.5

accuracy(m)

r=1.045h
0 L L ! !

0 2 4 6 8 10
r’h

Fig. 3 The changes of GDOPs and prior positioning accuracies with the scale factor: a the changes of GDOPs when the sound velocity error is
eliminated; b the changes of prior positioning accuracies when the sound velocity error is not eliminated
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be considered as equal and depicted as Jp,; = Ip,0.
According to Eq. 9, the impact dx, of dp,; on the coordi-
nates of seafloor control point is depicted as Eq. 25:

dx, = (B"PB) 'BTP3p,, 5p, = j.0p.0 (25)

Because the ranging accuracies of the measurement
distances are approximately equal, the weight matrix P can
be considered as a unit matrix. Because the track points are
selected at equal spacing, matrix N can be calculated by
Eq. 19. Then, Eq. 25 can be simplified as Eq. 26.

According to Eq. 26, if the sailing-circle positioning
method is applied, the horizontal coordinates (x, y) of the
seafloor transponder will not be influenced by the equiva-
lent SVP error, but z coordinate will be influenced and the
influence will be proportional to the equivalent SVP error
0p,o- Equation 26 indicates that if z coordinate is provided
by an accurate interior pressure sensor or only horizontal
coordinates (x, y) are required, a surface sound velocity
instead of SVPs is enough to determine the accurate
coordinates of control point.

dx, = N"'B"5p,

5.1 Experiment in Songhua lake

The depth of the experiment region is about 60 m in Son-
ghua lake. The underwater terrain of experiment region is
relatively flat as shown in Fig. 4a. Five transponders (un-
derwater control points) marked as C2, C4, C5, C6, and C8,
were set on the lakebed and distributed in the water region
within the scope of 134 m x 102 m as shown in Fig. 4b.
To get an accurate measurement distance, the sound
velocity profiles (SVPs) were measured at the beginning,
the middle and the end of the datum transfer. Figure 4c
shows the SVP measured at the middle of the experiment,
which denotes that an obvious inflection point appears at the
water depth of 40 m and the significant sound velocity
difference of 40 m/s exists in the experimental region with
only 60 m water depth. Besides, the coordinates of vessel-
mounted transducer and the antenna center of GPS RTK
were strictly measured in the vessel frame system (VFES),
which would be used for the subsequent calculation of
absolute geographic coordinates of the vessel-mounted

F2(R + 1) rcos o rCoSs o r Ccos ay,
o 0 0 VIZE 2 VR P2 VR £ 72 | [0
B 2(h2 + r2) rsin o 7 COS 0y ¥ COS o, 0P,
=0 T Y || Ve VREiR T Veir
0 0 B2 42 h h h 8pvo
! nh2 1 LVE 42 Vi 42 Vir 42
[2Vh2 + 2cosay 2V + 12 cos o 2Vh2 + 12 cos a, |
nr nr nr 5PV0
_ 2VHE + 2sinoy 2vVR2 + P2 sinoy 2VR2 + Zsinay, 9Py
nr nr nr e
VTR VTR Vit i7 | Lopg
L nh nh nh i
- . R T
2Vh? + 12 cos 2Vh? + 12 sing;
- ; 0Py . ; 0Py m@" 0
L nr 4 nr 4 h Y
=10 0 —W 300 (26)

h

5 Experiments and analysis

To test the validity and accuracy of the sailing-circle
positioning method for absolute datum transfer, the
experiments were carried out, respectively, in Songhua
lake and South China sea. The two experiments will be
depicted in detail as below.

transducer. Moreover, the time delay errors of the 5
underwater transponders were also measured by external
instruments and will be used for the accurate calculation of
propagation times of the sound wave from the vessel-
mounted transducer to the underwater transponders. The
traditional method and the sailing-circle positioning method
were adopted in the absolute datum transfer, respectively.
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Fig. 4 Experiment in Songhua lake: a the experiment region; b the distribution of lakebed transponders; ¢ SVP
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Fig. 5 Experiments finished by the traditional method and the sailing-circle positioning method: a the distribution of the vessels and transponder
in three sets of traditional measurements; b the sailing circles around C2, C4, C5, C6, and C8

Table 1 The coordinates and

accuracies of C2 determined by Transponder Set  x (m) y (m) z (m) dx (m) dy(m) dz(m) dz60 (%) GDOP
three sets of traditional 2 SI 89660 73658 6038 —0.07 0.07 0.01 0.02 1.97
measurements
S2 89281 72807 5374 386 —844 —6.63 —11.06 152.01
S3 89771 73541 6040 104 —1.10 0.03 0.05 2.68

By the traditional method, three sets of measurements
(namely S1, S2, and S3) were carried out with the help of 4
survey vessels around seafloor control point C2. The dis-
tribution of survey vessels and C2 is shown in Fig. 5a. By
the sailing-circle positioning method, one vessel sailed
around the different seafloor control points along 5 circles
with radius of 30 m as shown in Fig. 5b.

In the processing of measurement data by traditional
method, first, the measurement distances between moun-
ted-vessel transducers and C2 are processed by sound ray
tracing method with the aid of SVP, then the initial hori-
zontal coordinates of C2 are set as the average of the

@ Springer

horizontal coordinates of four survey vessels and the initial
z coordinate is set as 60 m, finally, the absolute coordinates
of C2 can be obtained by multiple iterations of coordinate
corrections in Eq. 4. The coordinates of C2 calculated by
three sets of measurement data are shown in Table 1, and
compared with the real horizontal coordinates provided by
RTK when delivering C2 and the real z coordinate pro-
vided by an accurate pressure sensor. Then, the positioning
errors (dx, dy, dz) and the relative depth errors dz/60 by
three sets of measurement data can be calculated.

As shown in Table 1, the positioning accuracy in Sl is
the highest, followed by that in S3, and the accuracy in S2
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is the lowest. It can be seen in Fig. 5a that four survey
vessels in S1 are distributed symmetrically around C2,
while in S3 distributed around the C2 asymmetrically and
in S2 distributed on one side of C2. The results mean that
for absolute datum transfer, the spatial distribution of
measuring distances or GDOP (geometric dilution of pre-
cision) is very important for positioning accuracy.

The following three methods are applied to the pro-
cessing of sailing-circle measurement data and the calcu-
lation of the coordinates of each underwater control points.

Method 1: With the help of SVP and one way propagation
time of acoustic wave, all the measurement distances are
processed by sound ray tracing method. Then, the coordi-
nates (0, y, z) of underwater transponder are obtained in the
transducer coordinate system, and the geometric distance p
between the transducer and the transponder is determined
as the square root of y* + z”. Finally, the coordinates of
underwater transponder are calculated by Eq. 4.

Method 2: The measurement distance p is directly set as
the product of the surface velocity and the propagation
time, and then the coordinates of underwater transponder
are calculated by Eq. 4.

Method 3: The initial distance p is calculated by the
product of the surface velocity and the propagation time
and is considered as an observation. The equivalent SVP
error dp, and the coordinates of underwater transponder

are considered as unknown parameters and calculated by
Eq. 9. And then p is compensated by the equivalent SVP
error dp,. Finally, the coordinates of control point are
obtained after multiple iterations until the tolerance is
satisfied.

To compare the traditional method with the sailing-circle
positioning method, four observations are extracted at equal
spacing from the sailing-circle measurement data of C2, and
then the coordinates of C2 are solved by the above three
methods. The positioning results and accuracies of the three
methods are shown in Table 2. Compared with Table 1, the
positioning accuracies of the three methods are similar to that
in S1 and higher than those in S2 and S3. It shows that only
when the survey vessels are distributed symmetrically in the
traditional measurement, the sailing-circle positioning
method has the similar accuracy with the traditional method.
Otherwise, the former has higher accuracy than the latter.

Apply the three sailing-circle positioning method to the
calculation of the coordinates of five control points with all
track points and the results are shown in Table 3. Because
the measurement distances are distributed symmetrically
around control points and processed by sound ray tracing
method with the help of SVP strictly in Method 1, the
positioning accuracy is relatively higher, and the coordi-
nates of control points determined by Method 1 can be
taken as reference. The positioning errors are obtained by

Table 2 The coordinates and

accuracies of C2 calculated by Transponder GDOP  Method x (m) y (m) z(m) dx(m) dy(@m) dz(m) dz/60 (%)
different methods with four 2 183 1 896.64 73655 6039 —003 004 002 003
track points
2 896.64 73656 6041 —003 005 004 007
3 896.64 73655 6040 —0.03 004 003  0.05
:CTL’]'; iesﬂ;? ;ZEZ‘;E‘E;‘;:““ Transponder GDOP Method x(m) y(m) z(m) dr(m) dy(m) dz(m) d/60 (%)
calculated by different methods o) 0.42 1 896.67 73651 6037 _ _ _ _
2 896.67 73652 6046 001 001 009  0.15
3 896.67 73652 6041 001 001 004 007
C4 031 1 864.98 79259 59.75 - - - -
2 864.98 79259 59.82 001 001 007  0.12
3 864.97 79258 59.74 —001 —001 —0.01 —0.01
cs 030 1 955.09 690.37 6070  — - - -
2 955.10 69037 6079 001 000 009 015
3 955.10  690.38 60.73 001 000 003 004
c6 029 1 83507 69776 59.88  — - - -
2 83507 69776 59.96 000 000 008  0.13
3 83507 69776 5992 000 000 004  0.06
cs 031 1 969.77 787.18 60.63 - - - -
2 969.78 787.19 60.72 001 001 009  0.15
3 969.78 787.18 60.64 001 000 000 00l

@ Springer



224

J Mar Sci Technol (2016) 21:216-226

comparing the coordinates determined by Method 2 and
Method 3 with those determined by Method 1, and shown
in Table 3.

It can be seen in Table 3 as below:

1. The maximum errors of positioning results achieved by
Method 2 are 0.01 min x direction, 0.01 miny direction
and 0.09 min zdirection. It means that even if SVP is not
or not strictly considered, the equivalent sound velocity
error will not influence the horizontal positioning
accuracy obviously, but will significantly influence the
vertical positioning accuracy.

2. Compared with the positioning accuracy achieved by
Method 2, the vertical positioning accuracy achieved by
Method 3 is much higher. It means that in the sailing-
circle positioning method, it is reasonable to consider the
equivalent SVP error as equal and estimate it in
adjustment model. Method 3 can not only improve the
vertical positioning accuracy, but also improve the
transfer efficiency without measuring SVP.

(a) 5000
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5.2 Experiment in South China sea

A similar experiment was carried out in South China sea. A
seafloor transponder was set on the seabed with the depth
of approximately 2000 m. The survey vessel sailed around
the transponder along 4 circles, respectively, with the
radius of 1192, 1957, 2000, and 3357 m. Different sailing
circles and SVP are shown in Fig. 6a, b, respectively.

With the help of SVP and propagation time, the mea-
surement data are processed by the above three methods,
respectively. The positioning results of different measure-
ment data with different radius are shown in Table 4.
Similarly, the coordinates determined by Method 2 and
Method 3 are compared with those determined by Method
1, and then the positioning errors (dx, dy, dz) and the rel-
ative depth errors dz/1960 are shown in Table 4.

As shown in Table 4, the maximum errors of positioning
results achieved by Method 2 are 1.14 m in x direction,
0.69 m in y direction and 36.00 m in z direction, while
those by Method 3 are 0.90, 0.43 and 4.22 m, respectively.

(b) Sound velocity (m/s)
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€r=1192m
Wr=1957m

r=2000m 400
Xr=3357m 600

800
1000
1200
1400
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Fig. 6 Experiment in South China sea: a sailing circles of the survey vessel around the underwater transponder; b SVP in the experiment region

Table 4 The results of different

ol r(m) GDOP  Method x(m)  y(m) z(m)  de(m) dy(m) dz(m)  dz/1960 (%)
radius calculated by different 1192 025 1 8927.26  999.53 196126 - - - -
methods 2 8927.13 998.87 1974.14 —0.14 —065 1289  0.66
3 892723 99939 1964.14 —0.03 —0.14 288 0.5
1957 012 1 892729 99928 196031  — - - -
2 8927.16 998.59 197926 —0.13 —0.69 1896 0.7
3 892727 999.17 1963.65 —0.02 —0.11 334  0.17
2000 012 1 892720 99872 196048  — - - -
2 892771 998.56 1977.81 051 —0.16 17.33  0.88
3 8927.61 99873 196432 042 001 384 020
3357 019 1 8927.08 998.88 196248  — - - -
2 892594 99828 199848 —1.14 —0.60 3600 1.84
3 8926.18 99845 196658 —090 —043 410 021
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Table 5 The results of 20 track

points extracted from different 7MW GDOP_ Method x(m)  y(m)  z(m)  de(m) dy(m) dz(m)  d71960 (%)
measurement data with different 1795 g9 | 892829 999.90 1961.34  — - - -
radius by different methods
2 892821 99924 197424 —0.09 —0.66 12.89  0.66
3 802825 999.60 196429 —0.04 —030 294  0.I5
1957 070 1 8027.53 99941 1960.34  — - - -
2 892741 99873 197927 —0.12 —0.68 1893 097
3 892747 999.06 196345 —0.06 —036 312 0.6
2000 070 1 8927.60 999.51 196099  — - - -
2 8927.65 999.68 1978.06  0.04 0.7 17.08 087
3 892759 99943 196284 —0.02 —0.08 185 0.9
3357 092 1 8027.18 998.57 1962.36  — - - -
2 8926.03 997.35 199836 —1.15 —122 3600 1.84
3 892646 998.18 1967.18 —0.72 —039 482 025

The above conclusion is verified again that the equivalent
SVP error will not influence the horizontal positioning
accuracy obviously, but will significantly influence the
vertical positioning accuracy. Meanwhile, it is shown that
the accuracy of the positioning results calculated by
Method 3 is higher than that by Method 2, and Method 3 is
more efficient than Method 1 but has the similar accuracy
with Method 1.

According to Eq. 26, dz will be proportional to the
equivalent SVP error ép,. In Method 3, the equivalent SVP
errors Jp,; are considered equal and corrected, so dz can be
weakened. But due to the following reasons, dp,; are not
entirely equal and cannot be corrected exhaustively in the
experiment, so there were still 3—4 m error in dz.

1. The experiment area in South China sea is so large that
SVPs are changeable and a single SVP cannot
represent the change of sound velocity in the exper-
iment area.

2. Because of the impact of the big waves and winds, the
track points cannot form a perfect circle and the
incident angles of p; are not entirely equal.

In Table 4, the positioning results of sailing-circle
measurements with different radius are approximately
equal. Through analysis, it is considered that since all the
sailing-circle measurement data are involved in the data
processing and the calculation of coordinates, the data
redundancy increased significantly in the adjustment
model, and then the accuracies of final results are improved
and the differences between positioning results with dif-
ferent radius are small. To highlight the impact of the
sailing radius on the accuracy of datum transfer, 20
observations are extracted at equal spacing from above four
sets of sailing-circle measurement data separately, and then
the coordinates of control point are solved by the above
three methods. The positioning results and accuracies of

different measurement data with different radius and cal-
culated by different methods are shown in Table 5.

As shown in Table 5, the differences between the hor-
izontal coordinates of the same measurement data calcu-
lated by different methods are relatively small, while the
differences between z coordinates are relatively large.
Meanwhile, the positioning accuracy of Method 3 is higher
than that of Method 2. The results are consistent with the
above conclusion. However, by comparing different posi-
tioning results with different sailing radius, we can find that
the positioning results with the radius of 1957 and 2000 m
are relatively consistent, but the positioning results with the
radius of 1192 and 3357 m have difference to some extent
and are also different from those with the radius of 1957
and 2000 m. It is analyzed that the value of GDOPs is
approximately equal when the sailing radius are 1957 and
2000 m, and the positioning accuracies are relatively
higher. It also supports that if the equivalent SVP error is
not considered, the positioning accuracy will be higher
when the sailing radius r is 1.045 times the depth.

6 Conclusions and recommendations

To overcome the shortcomings of traditional method, the
sailing-circle positioning method is put forward in this
paper for the absolute datum transfer in building seafloor
control network. The proposed method has been verified by
the experiments in Songhua lake and South China sea. The
following conclusions are also drawn out:

1. The sailing-circle positioning method gives consider-
ation to the symmetry of measurement distances space
distribution and the redundancy rate of measurement
data in the calculation of point coordinates, and thus
improves the positioning accuracy and enhances the
operation efficiency relative to the traditional method.
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2. If equivalent SVP error of measurement distance is
corrected, the positioning accuracy is highest when the
sailing radius is 1.414 times the depth of transponder;
otherwise, the positioning accuracy is highest when the
sailing radius is 1.045 times the depth.

3. Inthe sailing-circle positioning method, a surface sound
velocity instead of SVPs is used for the calculation of
measurement distance. The impact of equivalent SVP
error on horizontal coordinates is small while that on
z coordinate is relatively large. If the equivalent SVP
error is considered as an unknown parameter in the
adjustment model, the impact can be effectively weak-
ened, and the accuracy of absolute datum transfer can be
improved significantly. Furthermore, SVPs are not
demanded to measure in this method which can simplify
significantly the traditional method.
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