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Fig. 1 Overall measurement chart. (a) Overall scheme diagram ; (b) schematic diagram of refractive endoscope device imaging
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Fig. 2 Schematic diagram of measurement principle. (a) Axial expansion diagram of real barrel; At depth (b) /;; (¢) h, of barrel, with

the 6th rifling as tracking target, take image in circular domain with a radius of
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Fig. 3 Flow chart of twist rate measurement of barrel based on panoramic imaging

e =
5) EELE3)~4) , L il 45 A B AR FHY
(B Ry e 48 ffy 11 4

3 T AL AR AR Y 15 o

R DA T 01 A0S 22 S B9 R e 7 A
FLAT W 5 B T I X L 8 6T H AT BT 2 I R

—ZE

Vi

{19 Jhit 24 DX SRR AL 31208 1 Bl R R 67 B 3 194 A 1 1k
e 58 PR — Bl ] B AR A AR 2R 30, R iR Y 3578 3l
LA K - fi) 45k 60 2 L 16 gk DAy g o, A Sk A 4
S PR DX T 4% G PR R TR AR A 2R 3R 4 5t
PG RR AL, BE 0% 5 0 vty 3t S e B¢ 47 I 119 25 1) 45 4
FEAEAH OGP AR Al 4 55 PSR A 4 5 A0 A s 4 St TR 4R

oA
lmage @
enhancement

Pl 4 i A o g 4 5 PR i Bk it A

Fig. 4 Process of panoramic image enhancement algorithm based on polar coordinates
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Table 1 Experimental results of simulation data 1
Random angle /(°) Reference value /(%) Template matching Function localization Localization error
3-4 1 0°41'10" 0°59'10" 0°00'50"
4-6 2 1°00'00" 2°00'00" 0°00'00"
6-13 7 6°10'12" 7°04'12" 0°04'12"
13-14 1 2°51'10" 1°03'00" 0°03'00"

F2 A5 EEE 2 IR Es

Table 2 Experimental results of simulation data 2

Random angle /(°)

Reference value /(°)

Template matching

Function localization

Localization error

5-6 1 0°42'47" 1°00'47" 0°00'47"
6-9 3 2°41'13" 2°59'13" 0°00'47"
9-12 3 1°19'19” 2°57'50" 0°02'10"
12-14 2 3°48'04" 1°57'32" 0°02'28"
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Fig. 8 Localization result images of tracking and positioning algorithm. (a) Localization results of tracking and positioning algorithm for

simulation data 1; (b) localization results of tracking and positioning algorithm for simulation data 2
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Fig. 9 Actual measurement scenario of barrel twist angle
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Table 3 Key parameters of panoramic imaging endoscope

device
Endoscope parameter Value
Endoscope diameter /mm 24
Focal length /mm 3.6
Field of view /(°) 70

Resolution (HXW) /pixel 19201080
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Table 4 Experimental results of barrel twist rate measurement

Number of experiment Axial distance /mm Average
200 400 600 800 1000 value
1 7°31'58" 7°29'45" 7°30'58" 7°30'34" 7°30'29"
2 7°28'22" 7°27'58" 7°29'59" 7°29'33" 7°29'37"
3 7°29'05" 7°28'45" 7°29'17" 7°29'52" 7°3034" N
4 7°31'05" 7°30'44" 7°29'21" 7°29'26" 7°29'18" a0z
5 7°32/54" 7°31'44" 7°31'26" 7°31'10" 7°31'29"
6 7°31'44" 7°31'01" 7°30'48" 7°30'51" 7°30'49"
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Fig. 11 Experimental diagram of barrel twist rate measurement. (a) Actual measurement experimental results of barrel twist rate; (b)

absolute error interval chart of actual measurement experimental results of barrel twist rate
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Abstract

Objective

In the overall performance evaluation system of artillery, the twist rate of the barrel is a crucial indicator.

Existing methods for measuring twist rate feature complexity and limited measurement accuracy. With the continuous

development of optoelectronic technology, panoramic imaging devices with large field of view and high resolution have

emerged to enable seamless 360" panoramic imaging in a single shot without blind spots, thus capturing comprehensive

information of the measured object. However, research on measuring the twist rate of barrels based on panoramic imaging
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technology is limited, and existing methods mostly rely on conical refractive panoramic imaging systems. Due to the shape

and material properties of the conical refractive mirror, such systems may introduce image distortion, affecting image
quality and posing challenges to image stitching and unwrapping. Thus, we propose a panoramic imaging-based automatic
tracking and measurement method for the twist rate of barrels using refractive panoramic imaging technology, which

achieves twist rate calculation without the image unwrapping algorithms.

Methods We put forward a panoramic imaging-based automatic tracking and measurement method for the twist rate of
barrels. Refractive panoramic imaging technology is utilized to obtain a panoramic image inside the barrel. After obtaining
the image, a detailed analysis of the characteristics of the wide-angle panoramic image is conducted, and the image is
transformed from Cartesian coordinates to polar coordinates. In the polar coordinate system, the image enhancement
mapping function for the panoramic ring-shaped bore image is derived to enhance the features of the twist rate. To achieve
automatic tracking and measurement of the twist rate, we build an annular template matching model to track the edges of
the pre-set positive and negative rifling twists along the direction of the barrel, thereby accomplishing coarse positioning of
the twist rate. Next, an objective function is designed based on the contrast differences between the positive and negative
rifling twists within a single cycle. Precise positioning of the twist rate is achieved by optimizing this objective function to
acquire the twist angle. After obtaining the twist angle, the axial distance of the barrel is combined to calculate the twist

rate of the barrel and complete the twist rate measurement.

Results and Discussions To validate the effectiveness of the proposed measurement method, we generate simulation
data to verify the accuracy of the rifling tracking and positioning algorithms for target rifling tracking. Additionally,
practical twist rate measurement experiments are conducted with real test barrels. The simulation experiments
demonstrate that, in most cases, the algorithm’s positioning error is less than 3 arc minutes (3" ) (Table 1 and Table 2).
Even under strong noise interference [Fig. 8(a) at 13"], the maximum positioning error of the algorithm is only 4’12" .
Before conducting the actual measurement experiments, the measurement system is calibrated, and the acquired panoramic
images are enhanced by an enhancement algorithm based on the polar coordinate system. The practical experiments of
twist rate measurement show that the measurement results tend to stabilize with the increasing axial distance of the barrel
[Fig. 11(a)]. During the measurement, the maximum twist rate measurement error is less than 3 arc minutes (3") [Fig. 11
(b)]. The twist rate measurement precision is better than 1’ as indicated in Table 4, confirming the effectiveness and

feasibility of the measurement method.

Conclusions Given the significance of twist rate in the quality and performance evaluation of barrel manufacturing, a
panoramic imaging-based automatic tracking and measurement method for the twist rate of the barrel is proposed.
Refractive panoramic imaging technology is utilized to capture internal bore images within the barrel. By deriving an image
enhancement mapping function in the polar coordinate system for the panoramic ring-shaped bore images, the features of
the rifling twist are enhanced. The inherent characteristics of the rifling twist are analyzed, and a two-stage positioning
algorithm is designed to address the challenge of accurately tracking the rotation angle of the rifling twist. Meanwhile, an
annular template matching model is built to obtain the initial value of the rifling twist rate for coarse positioning. Based on
the contrast relationship of the rifling twist, an objective function is formulated, and an optimization process is employed to
achieve precise positioning of the rifling twist rate. The twist rate of the measured barrel is determined by combining the
axial distance of the barrel. Experimental results demonstrate that the proposed method for measuring the barrel's twist
rate achieves a measurement accuracy better than 1’ , thus verifying the effectiveness and feasibility of the measurement

method. The method exhibits vast application potential in military fields, such as artillery performance evaluation.

Key words twist rate measurement; panoramic imaging; barrel; rifling tracking
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