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To satisfy the detection requirement of multi-axes boresight for weapon system,
anovel detection method of large distance multi-axes boresight based on inertial reference
is promoted and a detection system is designed. A two-dimensional galvanometer
is used in the detection system to aim the direction of measured axis. Gyroscope and
photoelectric encoder are adopted to measure the vector coordinates of each measured
axis in inertial space. The spatial angle between measured axes can be calculated by their
vector coordinates and then the boresight of measured axes can be detected by their
spatial angle. The mathematical model of multi-axes boresight detection is built and
error factors of detection system are analyzed and calculated. Experimental analytical
results show that the actual measurement error is 13.8” which meets the requirements
of multi-axes boresight detection in wild completely.
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NCCJIENOBAHUNE CUCTEMbBI OIIPEAEJEHUA
MAPAJUIEJIBHOCTU CUJIbHO PA3BHECEHHBIX
B IIPOCTPAHCTBE OCEi1 MHOTOOCEBBIX ITPUIIEJIbHBIX CUCTEM
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YT0o0Bl yIOBIETBOPUTL TPEOOBAHUAM, IPENbABIIEMBIM K H3MEPEHUIO COCHOCTHU Ka-
HAJIOB B MHOTOJIYUEBBIX CHCTEMAaX BOCHHOTO HAa3HAUEHWUs, ObLI paspaboTaH U IIPOBEpPEH
JKCIIEPUMEHTAJIbHO HOBBINA METOJ U3MEPEeHU, IIPUTOSHBINA IJIA KOHTPOJISA MHOTOJYUEBBIX
CHCTEM C CHUJILHO PAa3HECEHHBIMM OCAMU, OCHOBAHHBINA HA TOUHBIX M3MEPEHUAX WX II0JIO-
JKeHNUsI B MHEPIIUAJbHOM IIPOCTPAHCTBE. B M3MepUTEJIbHON CHCTEMEe WCIIOJb3YeTCS ABY-
MEpHBIN raJbBAaHOMETD [JIA OIPejesIeHUs HANPABICHUS KaKAOU NaHHOU ocu. ['mpocKom
1 (DOTOIIEKTPUUECKUN AATUNK HCIOJB3YIOTCSA IJIsi M3MEPEHUs BEKTOPHBIX KOOPAWHAT
KayKJ0i 13 ocell B MHEPIMATIBLHOM IpocTpancTBe. IIpOCTPaHCTBEHHBINA YO MEYKIY OCAMU
MOKeT OBITH BLIUKCJICH IO UX BEKTOPHLIM KOOPAUHATAM, U TOI[A HAIIPABJIEHNI 0Cel MOT'yT
OBITH OIIPEIeJICHBI 110 UX IPOCTPAHCTBEHHLIM yriiaM. Brliia paspaboTana MaTeMaTuuecKas
MOJIeJIb U3MEPUTEJIS COOCHOCTH, IIPOAHAJN3NPOBAHBI I BLIUKMCJIEHBI IIOTPEITHOCTY U3Mepe-
HU. DKCIePUMEHTAIbHBIE NCCJIeLOBAHMS IOKA3aan, 4T0 (DaKTUUYECKAasi IOTPEIITHOCTD 13-
MepeHnda cocrasiaseT 13.8” u ynosimeTBopsaeT TpeGOBAHIAM, IPEAbABIAEMBIM K CHICTEMAaM
M3MEPEHUs MapajIeIbHOCTHA OCeH B MHOTOJIYYEeBbIX CUCTEMAaX BOEHHOTO HA3HAUCHUS.

1. Introduction

Multi-axes boresight is one of the most impor-
tant indexes for modern multi-axes weapon sys-
tem and it is the guarantee for the weapon system
to hit targets. Multi-axes boresight needs to be
detected not only in the process of system design
and assembling but also in use process periodi-
cally, because the optical-mechanical system may
be disordered due to environmental factors [1, 2].
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However, with the rapid development of weapon
system the detection of its multi-axes boresight is
more and more difficult. The difficulty reflects in
the following two aspects specifically: firstly, the
number and species of measured axes are increas-
ing; secondly, the distance between measured
axes is getting larger. For example, some weapon
systems have both optical axes and non-optical
axes and the distance between these measured
axes is more than several meters.
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There are several traditional methods to de-
tect multi-axes boresight, such as by employing
projection target board, pentaprism, laser optical
axis instrument, large aperture collimator and
so on [3—7]. The projection target board method
has the advantage of convenience and low cost,
but its accuracy is susceptible to the environ-
ment. For the pentaprism method the rotation of
characteristic direction will lead to a large opti-
cal axis error, thus the detecting accuracy will be
influenced. Laser optical axis instrument method
has self-calibration capability, which can elimi-
nate the interference from human factor, but the
method causes great difficulty in system assem-
bling and it has highly special application. Large
aperture collimator has a high accuracy, but its
volume is very big and inconvenient to carry. Is-
rael CI Company presents a new video detection
system for multi-axes boresight of weapon system
named AWBS (Advanced Weapon Boresight Sys-
tem) [8]. It extracts cooperation target image by
a CCD installed on the weapon barrel and super-
poses the image on optical sensors, thereby the
error between the sighting axis and shooting axis
can be calculated. This method makes non-optical
axes visualization and has a great advantage in
large distance detection, but it is susceptible to
the environment when extracting cooperation tar-
get image. Gyroscope is adopted in the multi-axes
boresight detection by Ralph R. Jones [9]. This
method is flexible, but it is difficult to mount the
gyroscope on various types of measured axis ac-
curately.

The key for large distance multi-axes bore-
sight is establishing a high precision measure-
ment reference and measuring the relationship
between measurement reference and other mea-
sured object accurately [10]. In this case, a nov-
el detection method of large distance multi-axes
boresight based on inertial reference is proposed
in this paper. The inertial coordinate system is
used as the measurement reference and the mea-
sured axes are regarded as free vectors in iner-
tial coordinate system. The spatial angle between
the measured axes can be calculated by the vec-
tor coordinates of each measured axis. Then the
multi-axes boresight can be detected by the spa-
tial angle. This paper is structured as follows.
Section 1 introduces the researching background.
Detection principle is described in section 2. Sec-
tion 3 demonstrates the mathematical model of
the proposed method. In section 4 a prototype is
built based on the proposed method and is applied
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to a practical measurement. The performance of
the proposed method is validated. Section 5 draws
a natural conclusion.

2. Detection principle
and detection system

The multi-axes boresight detection for weap-
on system usually detects the boresight between
sighting axes and shooting axes. The principle of
large distance multi-axis boresight detection pro-
posed in this paper can be expressed as follows.
Assume that there is no angular motion for the
measured object in the detection process. Coor-
dinate system is established in inertial space to
serve as a measuring reference. The sighting axes
and shooting axes are seen as several unit vectors
in inertial coordinate system. The coordinate val-
ues of these vectors can be measured by detection
system. Then the spatial angle between sighting
axes and shooting axes can be calculated by their
coordinate values and the boresight of sighting
axes and shooting axes can be detected by their
spatial angle.

Generally, there are three different types of
axes need to be detected for weapon system, the
non-optical axes like the aiming line of fire con-
trol radar or gun barrel, the optical axes of ac-
tive optical sensors like laser rangefinder or laser
pointer and the optical axis of passive optical sen-
sors like IR/visible imaging device. Non-optical
axis can be measured by fitting a mirror adapter
and measuring the optical axis of the mirror by
autocollimation. Detection of the optical axis of
passive optical sensors can be measured by pro-
jecting a reference reticle beam directly into pas-
sive optical sensors and using the passive optical
sensors to report the direction of optical axis.
The optical axis of active optical sensors can be
measured by directly imaging the reference ret-
icle projected from the active optical sensors to
the CCD of detection system and the position of
laser spot can report the direction of optical axis.

The working principle and composition of de-
tection system is shown in fig. 1. The detection
system is comprised of an integrated multi-spec-
tral target, collimator, imaging assembly, two-di-
mensional galvanometer and triaxial gyroscope.
The integrated multi spectral target includes
mulitspectral integrated source and IR/visible
general reticle board. The integrated multi spec-
tral target can eliminate the error of optical
axis between infrared sensor and visible sensor.
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Fig. 1. Detection system working principle diagram.

<—>:'"'"_""”_" v,

O ~
\ . ~
‘\\ ~ Radar aiming axis
\
\

AN Mirror axes

,—>—() White light imaging
L —)—9 Infrared imaging

Laser emission

Optical
s axes

Mirror

Non-optical

\“A—P—@ U Weapon barrel )
_J
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Reflecting collimator system is adopted in the
detection system, so its volume can be reduced
greatly by folding light path. Imaging assembly
includes CCD videocamera and up-conversion
board. The up-conversion board can covert the
1.06/1.54 pm infrared laser to visible laser, so
that the CCD videocamera can capture their im-
ages. The galvanometer is rotating until the ret-
icle center coincides with the collimated image
center so that the measured axis is parallel to the
optical axis of detection system. The triaxial gy-
roscope is connected with detection system case
and thus the measurement is practiced by math-
ematical model in an indirect way.

All detections begin with a reference axis ac-
quisition and the weapon barrel is set as refer-
ence axis generally. A technician positions the
detection system in the vicinity of the weapon
barrel and commands the galvanometer to con-
duct a spiral search pattern. It causes a collimated
light beam from the detection system to spiral un-
til the beam reflected from the mirror before the
weapon barrel is captured. Once a reticle from the
CCD videocamera of detection system is identi-
fied during the spiral scan, the orientation offset
is calculated from the offset of the reflected reticle
to a center pixel of the CCD videocamera and the
orientation offset can be eliminated by the galva-
nometer. At this point the gun barrel parallels to
the optical axis of detection system and the refer-
ence axis acquisition is complete. Then the techni-
cian positions the detection system in the vicinity
of the other measured axis respectively and makes
the optical axis of detection system parallel to the
measured axis by the same way as above (For pas-
sive optical sensor the IR/visible reticle image that
projected from the detection system is centered
in the measured sensor; for the active optical sen-
sor the laser spot that from the measured sensor

“Onruueckuii :KypHaa’, 83, 10, 2016

is centered in the CCD videocamera of detection
system; for non-optical weapon/sensor the reticle
image reflected from the mirror is centered in the
CCD videocamera of detection system). When the
optical axis of detection system is aligned with
these measured axes respectively, the spatial angle
between the measured axes can be calculated by
their vector coordinates and then the multi-axes
boresight can be detected by the spatial angle.

3. Mathematical modeling

3.1. Relevant coordinate systems

Since the mathematical model of spatial angle
measurement involves only coordinate rotation
transformation and the rotation angle of coordi-
nate system is not relevant to its origin position,
the origin position may be ignored when defining
the coordinate system. In order to simplify the
calculation all coordinate systems are set with the
same origin.

3.1.1. Inertial coordinate system

Inertial coordinate system is a reference frame
of the total measurement. In order to simplify the
calculation the x-axis is defined as the reference
axis. The z-axis is defined as pointing to the bot-
tom of the reference axis. The y-axis completes
the right-handed orthogonal coordinate system.

3.1.2. Detection system coordinate system

The detection system coordinate system is
a coordinate system which stands for detection
system. The x-axis is defined as in the forward
direction of the detection system. The z-axis is
defined as pointing to the bottom of detection
system. And the y-axis completes the right-hand-
ed orthogonal coordinate system.
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3.1.3. Optical axis coordinate system cosA, sini, O
x|—sind, cosA, O|= 1)

The optical axis coordinate system is a coordi- 0 0 1
nate system which stands for the optical axis of
detection system. The x-axis is defined as the op-
tical axis. The z-axis is defined as pointing to the
bottom of optical axis. The y-axis completes the
right-handed orthogonal coordinate system. The
initial optical axis coordinate system coincides
with the measuring unit coordinate system if the where A, and Kp are the azimuth and pitch of
direction of optical axis is not adjusted. optical axis measured by photoelectric encoders.
Because of the coordinate rotation transformation
matrix is an orthogonal matrix, the matrix
representation rotation from the optical axis

cosA,cosA,  cosA,sin}, sind,
=| —sinA, cosh, 0o |
—sinl,cosA, —sin},sin}, cosi,

3.2. Measurement model derivation

As shown in fig. 2 the transformation from the coordinate system to the detection system
detection system coordinate system to the optical coordinate system is
ax1.s coordlnate.: system he}s to go through two ro- cm—(co, )71 —(, )T' @)
tations by z-axis and y-axis.

The matrix representation of the coordinate As shown in fig. 3 the transformation from the
system rotation transformation is inertial coordinate system to the detection sys-

tem coordinate system has to go through three
rotations by z-axis, y-axis and x-axis.

The matrix representation of the coordinate
system rotation transformation is

coslp 0 sin?Lp
Cy = 0 1 0 |x
—sinkp 0 coskp

1 0 0 |lcosO 0 —sinBfcosy siny O
C"=|0 cos¢6 sing|l 0 1 O |siny cosy O|=
0 —sind cos¢|sin®@ O cosO | O 0 1

3
cosycosH sinycos0 —sin@
=|—sinycosd+cosysinBsing cosycosd+sinysinBsing cosOBsino|,
sinysin¢+cosysinBcosd —cosysind+sinysinOcos¢ cosOcosd
where ¥, 0 and ¢ are attitude of the detection When the detection system captures the di-
system measured by gyroscope. According to eq. rection of measured axis successfully, the mea-
(3), the matrix representation rotation from the sured axis is parallel to the optical axis of the
detection system coordinate system to the inertial detection system. Therefore the unit vector of
coordinate system is
Cp = (€. @
According to eq. (3) and eq. (4), the matrix rep-
resentation rotation from the optical axis coordi-
nate system to the inertial coordinate system is
cl=clLcr, (5)
7\,a }Wl x';l )“P Xo
Ym g X , X0
Ym Ym(Yo)
2 (2) 1A
Fig. 2. Detection system coordinate system ro- Fig. 3. Inertial coordinate system rotating
tating diagram. diagram.
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the measured axis in the optical axis coordinate
system is

ro=[1 0o o, 6)

So, the unit vector of measured axis in the in-
ertial coordinate system is

rl, =Clrl. (7)

According to the definition of inertial coordi-
nate system, the unit vector of reference axis in
the inertial coordinate system is

ri=[1 o of. ®)

The spatial angle between reference axis and
measured axis can be calculated by Eq. (9)

0 =arccos(r}, 1), 6€[0°180°]. )

4. Experiment and Analysis

4.1. Prototype assembly a
nd accuracy analysis

In order to test the practical effect of the de-
tection method proposed in the paper, a prototype
of detection system is designed and assembled on
a small optical platform whose size is 600x300 mm,
as is shown in fig. 4.

Factors affecting the accuracy of detection
prototype include aiming error, gyroscopes mea-
surement errors and encoder measurement errors.

4.1.1. Aiming error

Aiming at the measured object accurately is a
precondition for boresight detection and the aim-
ing accuracy is related to the resolution of optical
system in prototype. The actual measurement re-

Two-sided mirror

Fig. 4. Experimental prototype.
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sult of the prototype’s focal length is f = 516.81 mm,
the center distance of two pixels is approximately
d = 10.6 pm. Therefore the aiming error of the
optical system is

G, :£:4.2”. (10)
f

The aiming accuracy of the prototype is pix-
el level, so the aiming error of prototype is also
u, = 4.2” for non-optical weapon/sensor or ac-
tive optical sensor. For passive optical sensor
the aiming error is related to the measured sen-
sor, since the image in the passive optical sen-
sor is used to report the direction of its optical

axis.

4.1.2. Gyroscope measurement error

The prototype adopts three single-axis fiber
optic gyroscopes which are R&D in Russia Fizop-
tika Company and their model is VG910H. The
nominal bias instability of the fiber optic gyro-
scope is 5 deg/h. These three single-axis fiber
optic gyroscopes are installed orthogonally and
their quadrature error can be neglected after cali-
brated. The time of the multi-axes boresight de-
tection by the promoted method is within 20 min,
in this case, the cumulative error of fiber optic
gyroscopes in measuring the attitude of detection
system is o, < 8.9”. Using mathematical model
of the multi-axes boresight detection established
above, the error of multi-axes boresight detection
which is caused by gyroscope measurement error
is uy = 10.3".

4.1.3. Encoder measurement error

The nominal accuracy of the photoelectric en-
coder in galvanometer is o, = 8prad ~ 1.7”. Simi-
larly, calculated by mathematical model of the
multi-axes boresight detection established above,
the error of multi-axes boresight detection which
is caused by photoelectric encoder measurement
error is ug = 3.9”.

In summary, the total error of the prototype
can be calculated by

u=+Juf +ul+u?=11.8". (11)

4.2. Measurement experiment

In the experiment a two-sided plane mirror
is set as the measured object which is marked in
fig. 4 and the spatial angle of the two-sided plane
mirror’s optical axes is measured to be 16°32/41”
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Measurement data sheet

No. Measured axis unit vector Angle Value difference
x y z

1 0.95859 0.28262 0.03495 16°32/43" 13.1”
2 0.95862 0.28252 0.03496 16°32/23" 6.9”
3 0.95862 0.28256 0.03486 16°32/29” 0.9”
4 0.95863 0.28251 0.03483 16°32/17" 12.9”
5 0.95859 0.28264 0.03493 16°32/46" 16.1”
6 0.95861 0.28257 0.03484 16°32/28" 1.9”
7 0.95859 0.28265 0.03486 16°32/46" 16.1”
8 0.95861 0.28258 0.03500 16°32/35" 5.1"
9 0.95861 0.28257 0.03488 16°32/'30" 0.1”
10 0.95857 0.28271 0.03492 16°32/02” 27.9”

by an autocollimation theodolite whose accuracy
is 0.5”.

The optical axis of left plane mirror is set as a
reference axis and the optical axis of right plane
mirror is set as a measured axis in the experi-
ment. Firstly the prototype is aligned with the
reference axis to determine the inertial coordi-
nate system. Secondly the prototype is aligned
with the measured axis to measure the coordi-
nate value of measured axis unit vector and the
coordinate value of reference axis unit vector is
known. Lastly the spatial angle between the ref-
erence axis and the measured axis can be cal-
culated by their coordinate values. In order to
simulate a large distance measurement the tech-
nician holding the detection system moves a cer-
tain distance (approximately 10 m) freely before
aiming the measured axis. The measurement
is repeated ten times and the results are shown
in table.

After multiple sets of measurements the mea-
suring error of spatial angle measurement can
be calculated by eq. (12). The results reveal that
the error analysis is identical with the experi-
mental results and completely meeting the re-
quirements of multi-axes boresight detection

in wild with detection error is 0.1 mrad (approxi-
mately 20”).

n

3 (x; — )2
i=1
=

=13.8"<20"(n=10).  (12)

5. Conclusions

For the challenge of “variety and large distance”
in the multi-axes boresight detection for modern
weapon system a novel method for the detection of
large distance multi-axes boresight based on inertial
reference is proposed in this paper. The mathemati-
cal model for the detection of multi-axes boresight
is built and the error factors of the detection system
are analyzed and calculated. Experimental analyti-
cal results show that the actual measurement error
is 13.8”, which satisfies the requirement of detec-
tion. Setting inertial space as a common measure-
ment reference enables the measurement reference
to transfer in detection of multi-axes boresight ef-
fectively and makes the detection process more flex-
ible and efficient while ensuring detection accuracy.

This work is supported by National Natural
Science Foundation of China (Grant Ne 51305455).

* % % % %

58

“Ontuueckuii :kypuana”’, 83, 10, 2016



REFERENCES

1.

10.

Bates K., Kearns F. Tactical laser system testing: evolution and challenges // Proceedings of the IEEE
Autotestcon. 2005. P. 212-216.

Jin W.Q., Wang X., Zhang Q.Y. Technical progress and its analysis in detecting of multi-axes parallelism sys-
tem // Infrared and Laser Engineering. 2010. V. 39. Ne 3. P. 526-531.

Cabib D., Segal A., Dolev J. Electro-optical systems to accurately align (boresight) laser designator, FLIR, and
CCD on the ground before the mission // SPIE Europe Security and Defense International Society for Optics
and Photonics. 2008. P. 71130S,1-4.

Xiao Z., Guo X., Xia Y. Research on detection system of optical sights triaxial parallelism // Optik. 2014.
V. 125. Ne 16. P. 4427-4430.

Gorshkov V.A., Churilin V.A. Multispectral apparatus based on an off-axis mirror collimator for monitoring the
quality of optical systems // J. Opt. Technol. 2015. V. 82. Ne 9. P. 646—-648.

Layton M.R. Accurate gun boresighting system // US Patent Ne 20120236286 A1l. 2012.

Smith D.G., Novak T. Boresight error monitor for laser radar integrated optical assembly // US Patent
Ne 20140063149 Al. 2014.

Ci-systems. Advanced Weapon Boresight System (AWBS) // http://www.ci-systems.com /awbs.

Jones R.R., Carey D.M. System and method for determining angular differences on a potentially moving
object // US Patent Ne 20100332181 A1l. 2010.

Fumin Z., Xinghua Q. Large-scale shape measurement by a combined method based on three instruments //
Optical Engineering. 2012. V. 51. Ne 8. P. 083603, 1-5.

“Onruueckuii :KypHaa’, 83, 10, 2016 59



