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摘 要院 详细介绍了自动导星的工作原理袁对自动导星的星点检测及跟踪算法进行研究袁结合星点能
量在星图上分布近似高斯分布的特性袁提出一种稳定可靠的目标星点提取算法遥算法首先分析了星点
目标的阈值判断原则袁根据阈值条件确定一定数量的候选星点袁然后在候选星点中筛选出最优的目标
星点袁最后通过高斯曲线拟合的办法求取最优目标星点的质心坐标遥该方法提高了目标星点提取的准
确性和计算速度袁实验结果表明院改进后的算法能够达到良好的效果遥
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0 Introduction

In the deep sky astrophotography, in order to
offset the phenomenon of the movement of stars caused
by the Earth忆 s rotation and eliminate stars cable
resulting from enough exposure time, equatorial is used
to drive the telescope to move in the opposite direction
of the Earth忆 s rotation so that the real鄄time tracking
of stars can come true. The method can achieve a
good result at the same time. However, the equatorial
rotation rate is not exactly the same as the Earth,
because of its production and installation errors[1].

The equatorial cannot correct errors mentioned by
itself. In order to improve the tracking precision, two
cameras are often used in tracking photography, a
main camera and a tracking camera. The tracking
camera can view the brightest star on account of its
characteristics, including short exposure time, short
telescope忆 s focal length, small relative aperture and a
large field of view. Tracking the brightest star in the
relatively large field of view can compensate the gap
quickly, which makes a good result in deep sky
photography.

Specific approach is as follow: Firstly, the star
images are captured by CCD fixed behind the guider.
Then the computer will deal with the real鄄time
images. When the shift of tracked target star is
detected, the offset will be calculated and transmitted
to the equatorial as feedback. Then the equatorial will
correct the tracking error, to achieve the goal of real鄄
time tracking. In autoguiding algorithm, target star
point extraction and centroid location are the key
steps. The recognition accuracy of target star and the
precision of centroid coordinate calculation directly
affect the final equatorial tracking accuracy.

In the traditional star detection process, all the
stars in the image are detected. This method is a
waste of time. To improve the calculating speed,
combined with the practical application of autoguider,
a new target star point detection algorithm is

proposed, which considers the brightness袁size and
position of the stars in the image.

1 Introduction of autoguiding procedure

Autoguider works through real鄄time detection of
the position of the target star to achieve the star
tracking. As shown in Fig.1, under the conditions of
long exposure, CCD transfers the captured star image
to a computer, the computer automatically selects the
optimal picture as the tracking target star, and then
calculates the target star centroid coordinate, compared
with that of the same star in the initial picture. If
offset occurs, the computer sends the offset to
equatorial to drive the lens to rotate corresponding to
the offset. So real鄄time tracking is achieved.

Fig.1 Flow chart of automatic guide

Assuming that the tracking target star is in a
coordinate axis composed of RA and DEC, and the
centroid coordinate of the tracking target star in initial
image is (RA0,DEC0), so in the equatorial track target
star process, the real鄄time coordinate of the target star
can be expressed as(RA0依驻RA,DEC0依驻DEC), 依 represent
the directions of the offset respectively, 驻RA and
驻DEC represent offset. If 驻RA and 驻DEC are not
equal to zero, the offset and direction will be
transmitted to a computer, then the computer sends
the offset to the equatorial to make it move to the
opposite direction. Therefore, the equatorial can
correct the tracking errors.

2 Extraction and positioning of target star

The detection of star is the key step of auto

Cai Wenjuan et al: Star detection and tracking algorithm of autoguiding 2685

PDF 檔案使用 "pdfFactory Pro" 試用版本建立 www.pdffactory.com

http://www.pdffactory.com


红外与激光工程 第 43卷

guider system. Generally, star detection is mainly
divided into two parts: star detection and centroid
localization. The common star detection techniques are
mainly connected component labeling method, gray
cross projection [2-3] and so on. Star centroid extracted is
mainly based on two factors, grayscale and edge. The
edge鄄based method mainly includes edge circle fitting,
Hough transform, etc., this method is suitable for
large target. Grayscale鄄based method includes centroid,
surface fitting etc., this method is more suitable for
small and gray uniform target. Star targets are
generally small, more suitable for the method based
on grayscale.

The traditional star detection algorithm always
executes threshold segmentation before detection.
Allowing for that deep sky pictures taken with less
noise, a high contrast ratio between background and
target star area, in order to reduce the algorithm step
and improve the detection rate, this paper adopts the
dynamic box search method[4] to directly detect the star
on the star image after filtering processing without
binarization.
2.1 Star detection

In the traditional star detection process, all the
stars in the image are detected. Combined with the
practical application of auto guider, it only needs to
find one star as the tracking target, which is called
optimal star.

In order to extract the optimal star quickly and
accurately, a certain number of brighter stars are
selected as candidates. In deep sky astrophotography,
the darkest magnitude that human eyes can
differentiate is generally the sixth magnitude, which is
an area of greater than or equal to 3伊3 pixels in the
star image. Firstly the stars that meet the above
conditions are selected as candidates, and then the
optimal star can be found among the candidates.
2.1.1 Star energy distribution characteristics

Star point can be seen as a point light source at
infinity, so the image on the photosensitive surface of
the image sensor can be regarded as a point鄄like spot

in dark background .This energy distribution of the
point鄄like spot approximate Gaussian distribution [5], so
the star center is the energy peak[6]. For the brighter star
point, its average value is much higher than noise
average value, while for dark star point, its energy
value is close to or smaller than the noise point
energy value, so it is difficult to calculate the centroid
coordinates accurately. These stars are not generally
treated as the target stars.
2.1.2 Threshold determination

The threshold of star detection means effectively
distinguishing star from the background and filtering
out noise, and it is useful to identify the target star.
The principal contributors to the background signal
noise are typically: read noise, inhomogeneity of the
dark current, and the dark current noise itself. It is
possible to estimate the background noise as the
standard deviation of all pixel values in a dark frame [7].
In consideration of the background noise, location of
the target star in the real star image are constantly
changing, gray average value and standard deviation
of the image are considered as a threshold reference
factors, an adaptive threshold selection method is
chosen as the star point detection standards, the
expression is院

Vth=E+k (1)
Where E is the mean value of the pixels; is the
standard deviation of the pixel values; k is a weighting
coefficient, usually associated with the image noise,
desirable 3-5 [8].
2.1.3 Star detection algorithm

The dynamic search box can achieve the star
extraction. However, this algorithm is more suitable
for single鄄star detection, while for multi鄄star detection
it is complex. In this paper, drawing on the basis of
the above algorithm, an algorithm more suitable for
detecting target star under multi鄄star condition is
proposed.

The energy distribution of star is similar to
Gaussian distribution, so finding the grayscale peak of
star area is equiva lent to detecting the energy
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distribution of the center point. Firstly finding the
energy center,, and then taking that point as the
center and connecting the outside by square window,
Dynamic search box is shown in Fig.2.

Fig.2 Schematic diagram of Dynamic search box

Taking 3伊3 window for example, calculating the
average gray value of A,B,C,D in the window, if the
value is greater than the threshold, this area is
considered belong to the target area, and then
expanding the scope of the window until you find the
area that doesn忆 t meet the condition, and finally
recording the center coordinates and window size of
the region. The window whose effective area is
smaller than 3伊3 is considered as noise area. At the
same time,the overexposure condition may result in
bright spot which will affect the selection of the
optimal star, so the area larger than the size of 15伊15
is considered as a noise point, which will be removed.
Finally the center coordinates and window size of the
star that meet the condition are saved as candidates
tothe final target star extracted.
2.2 Detection and centroid localization of target star

After the above steps, some interference noise
points are exclued, so it is possible to quickly extract
the target star.
2.2.1 Detection of target star

Generally, the star with bigger area, higher
brightness and closer to the central field of view is
detected as optimal. The part of 2.1 has already
detected the candidate star group and saved the center
coordinates and window sizes. In the process of
extracting the optimal star, considering the regional
average energy and size of the region, whether it is

closer to the center of the field of view and some
other factors, an optimal star point criteria is
presented院

T=k1R1+k2E+k3/R2 (2)
Where R1 represents the radius of the star area, E is
the average grayscale value of the star point area, k1,
k2, k3 respectively stand for the weighting coefficient.
k1=0.3, k2=0.3, k3=0.4. R2 is the distance between the
target star center and the center of the field of view.
2.2.2 Centroid coordinate calculation

Because the star energy distribution is similar to
Gaussian distribution, the traditional centroid algorithm
could not obtain high accuracy. Gaussian fitting
method can achieve a better result in calculating
centroid coordinate.

Based on n a point light source law which is
generally symmetrical two鄄dimensional Gaussian
distribution, Gaussian fitting extracts the coordinates of
the center point of the target star. Imaging feature of
point light source is highest pixel gray value in the
center, the nearer to the edge the smaller. So
Gaussian surface fitting can fit the digitized target
star, and then determine the target star gray center
position.

Gaussian fitting equation can be expressed as院
f(x,y)=A伊exp{- 1

2(1- 2) [ x-x0

x
蓸 蔀 2-

2 x
x

蓸 蔀 y
y

蓸 蔀 + y-y0

y
蓸 蔀 2]} (3)

A represents the maximum of Gaussian surface
that is related to the level of star, the higher level, the
brighter it is. (x0,y0) is the center of Gaussian function,

x and y are the standard deviation of x-axis and y-
axis; is a correlation coefficient. To simplify
calculation, often let =0, x = y =B, So the equation
can be expressed as院

f(x,y)=A伊exp -r2

B蓸 蔀 (4)

B stands for the size of the light spot, r2=(x-x0)2+
(y-y0)2, x0 and y0 are the coordinates of star centroid.

Gaussian surface fitting makes use of the
Gaussian distribution of the star grayscale value, so
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the accuracy of the target star centroid is rela tively
high, but computational complexity increases a lot, To
simplify the algorithm and improve calculating rate,
only x and y directions are respectively Gaussian
curve fit.

The star extracting process has already get the
maximum points of star area (xp,yp), which has completed
the star point centroid coarse positioning in fact [9].
Additionally this step had already saved the size of
star region. So it can make Gaussian curve fitting.

The pixel grayscale distribution equation can be
expressed as院

gij=A1伊exp - (xi-xp-驻x)2

B1
蓸 蔀 (5)

gij=A2伊exp - (yi-yp-驻y)2

B2
蓸 蔀 (6)

驻x and 驻y are the coordinate deviations of
centroid, (xp+驻x,yp+驻y) is the centroid coordinate after
Gaussian fitting.

3 Realization of autoguiding

Firstly, the target star is selected from the image
that CCD captured, and then its centroid coordinate is
calculated, this will be regarded as the original
reference. The new centroid coordinate of the target
star in the image captured later is also calculated.
These two centroid coordinates are used to get the
offset position of the target star. The offset values are
the tracking error of equatorial and are transmitted to
the computer equatorial for tracking error correction
and real鄄time tracking.

4 Experimental results

As shown in Fig.3 and Fig.4, the candidate star
group is obtained through detection of the star
image, then the optimal star can be find through the
candidate star group, finally by Gaussian fitting
respectively in the x -direction and y -direction, so
Gaussian curve fitting can be got, thus the desired
coordinates of the centroid of the star can be
obtained.

Fig.3 Original star image

Fig.4 Detected star point

The T value of the marked star found is shown
in Tab.1.

Tab.1 T values of candidate stars

It follows that the largest value of T of candidate
stars is the second one. So the second star is chosen
as the target star.

As shown in Fig.5 and Fig.6, the result shows that

Fig.5 x-direction Gaussian fitting

Fig.6 y-direction Gaussian fitting
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the crude target star coordinates is (496,256), while
calculated through Gaussian fitting centroid, the final
coordinates is(496, 258).

This method will remove noise ponits, including
brighter but small ponits. In addition, it will make the
equatorial always track the optimal star, which has a
relatively larger average gray value, bigger area and
more closer to the center of the field of view.

5 Concluions

The algorithm proposed in this paper firstly finds
the candidate star group, then extracts the target star
search process, it simplifies the calculation process
compared with the traditional star point tracking
algorithms. In the target star discovery process the
goal is clearer. However, based on Gaussian fitting,
the centroid algorithm is still complicated and
computationally intensive; the rate of the algorithm
has yet to be further improved.
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摘 要院光斑中心定位是光学测量中的关键技术之一，针对小尺寸光斑中心定位算法精度低等问题，
提出了一种具有高精度的小尺寸光斑中心两步定位算法。通过寻找一阶导数零交叉点的方法确定光

斑中心所在的像素级坐标，然后利用该中心邻域内不饱和点的灰度信息进行高斯拟合计算光斑中心

亚像素级坐标。实验结果表明：在无噪声污染光斑图像中，与其他经典算法相比，两步定位算法误差

远小于 0.05像素，保证了光斑中心的高精度定位，且光斑成像越接近理想高斯分布，精度越高。
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Abstract: Spot center location is a key technique in the field of optical measurement. A Two -step
method for center location of small -scale focal spot with high precision was proposed to solve the
problem as the low precision when using classic center location algorithms. First, the pixel -level center
could be located through zero crossing of the first derivative in the focal spot image. And then, the
unsaturated part of the focal spot beside the pixel -level center was used to fit the Gaussian surface to
calculate the sub-pixel center. Experimental results show that, when comparing with other classic center
location algorithms, the error of the two -step method is much less than 0.05 pixels in the spot image
without background noise. The two -step method can keep high -precision center location of the focal
spot. If the imaging model of the focal spot is much more similar with the ideal Gaussian spread
function, the precision is higher.
Key words: small-scale focal spot; center location; zero-crossing; Gaussian fitting method
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0 引 言

光斑图像[1]是现有图像处理中较为常见的图像袁
光斑质心是光斑图像的重要特征之一遥 快速精确定
位成像光斑的中心袁是卫星导航尧视觉测量等领域诸
多应用的基础袁对系统整体性能有着重要的影响遥

点状光斑的中心定位方法可分为基于灰度和基

于边缘的两大类 [2]遥 基于灰度的方法一般利用目标
的灰度分布信息袁 适用于半径较小且灰度分布均匀
的光斑曰 基于边缘的方法一般利用目标的边缘形状
信息袁适用于半径较大的光斑遥 因此袁小尺寸光斑通
常采用基于灰度的方法进行中心定位遥 目前常用的
基于灰度的中心定位方法包括三种院 即质心法尧
Hessian 矩阵法和高斯拟合法遥 质心法 [3]是用的最多

的一种细分定位方法袁 它实现比较简单袁 运算速度
快袁而且有一定的定 位精度袁但抗噪声能力弱袁在实
际应用中袁 通常对其进行改进袁 采用带阈值的质心
法袁 可以获得更高的精度袁 抗噪声能力稍强于质心
法遥 Hessian矩阵可以用于判断曲线或曲面的局部极
小值或极大值遥 Steger [4]利用 Hessian 矩阵得到图像
中光条纹的法线方向袁 然后求法线方向上的极值点
得到光条纹中心线的亚像素位置曰魏振忠 [5]在此基

础上推导出光斑图像像素中心的 Hessian 矩阵判定
条件袁 再利用二阶泰勒展开式推出亚像素中心的计
算公式袁该方法精度高袁鲁棒性好袁但要对整幅图像
做大规模高斯卷积袁 运算量较大袁 且抗噪声能力不
强遥高斯拟合法精度较高袁传统做法是利用质心法或
二值化方法确定光斑区域袁 再根据高斯分布函数结
合最小二乘法或插值法计算出光斑的中心坐标 ,方
法复杂袁速度慢袁不适用于实时性较高的系统[6-8]遥

针对上述方法的优势和不足袁 提出了一种高精
度的小尺寸光斑中心两步定位算法遥首先袁通过寻找
一阶导数零交叉点的方式准确定位小尺寸光斑像素

级中心袁 再利用像素中心邻域内不饱和点的灰度信
息进行高斯拟合计算小尺寸光斑的亚像素级中心坐

标遥 实验结果表明袁两步定位算法具有较高的精度遥
1 像素级光斑中心定位

理论上袁小尺寸光斑成像应聚集在一个像元内袁
但是单个像素的定位精度无法满足测量的要求袁因

此常采用散焦的方法袁使光斑成像扩散到多个像素袁
再利用中心定位算法得到亚像素级的定位精度遥 小
尺寸光斑目标图像的灰度分布为光学系统的点扩展

函数袁可以用二维高斯分布函数来近似表示院
g(x,y)= A

2仔 2 exp - (x-X)
2
+(y-Y)

2

2 2蓸 蔀=B伊g(x)伊g(y) (1)

式中院A 为小尺寸光斑像点的总能量曰 (X,Y)为函数
中心点位置坐标曰 是高斯函数的方差袁 对应光斑
弥散半径的大小曰g (x)和 g (x)分别为 x 和 y 方向的
一维高斯分布函数遥提取光斑中心实质上是求解公
式(1)所示的二元函数的极大值点坐标遥由公式(1)可看
出高斯函数具有可分离性袁因此对二元函数极大值
点(X ,Y)的求解可转化为袁求解二维高斯函数每一行
x方向一元函数像素极值点集合 U(xi,yj)和光斑图像每
一列 y 方向一元函数像素极值点集合 U(xm,yn)袁二者
的交集即为二维高斯函数极值点(X,Y)袁即(X,Y)= U(xi,
yj)疑U(X,yn)遥 图 1(a)所示为理想光斑的能量分布图袁
以 x方向为例袁图 1(b)所示为理想光斑 x 方向的能量
分布函数曲线袁其一阶导数分布曲线如图1(c)所示袁
可以看出袁若点 X为极大值点袁则点 X处的一阶导数为
0袁且一阶导数在该点 X邻域内递减遥

图 1 光斑成像模型

Fig.1 Imaging model of the spot
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图 1(d)所示为实际获得的光斑图像袁其灰度值
分布是离散的袁 由此求出的图像一阶导数也是离散
的袁如图 1(e)所示袁而图 1(f)所示的点 x0处一阶导数

不为零袁 故无法简单地通过寻找一阶导数为零点来
准确定位光斑的极大值点坐标遥 因此算法将光斑中
心定位分为两个过程院(1) 首先定位小尺寸光斑的像
素级中心点坐标(X0,Y0)遥 (2) 在点(X0,Y0)邻域内确定
光斑的亚像素级中心坐标(X,Y)遥

如图 1(e)和(f)所示袁对三个连续的像素点 x-1尧x0

和 x1进行分析袁可看出若光斑中心 X 落在点 x0坐标

内袁则点 x0 为光斑像素级中心点坐标袁其一阶导数
值 gx(x0)的绝对值在三点中最小袁即 |gx(x0)|<|gx(x-1)|袁
且 |gx(x0) |<|gx (x1) |袁又由于点 x0 为一阶导数过零点袁
即 gx(x-1)>0袁且 gx(x1)<0遥 同理若 y 方向上的像素点
y0为像素级中心点袁则点 y0处的一阶导数值 gy(y0)的
绝对值在其邻域内最小袁且 gy(y-1)>0袁gy(y1)<0袁则可
推导出像素级光斑中心判定公式袁 即若在点(x0,y0)
处袁在 x 方向上袁 |gx (x0) |<|gx(x -1) |袁 |gx (x0) |<|gx (x1) |袁
且 gx(x-1)>0袁gx(x1)<0袁在 y 方向上袁 |gy(y0)|<|gy(y-1) |袁
|gy (y0) |<|gy(y1) |袁且 gy (y -1)>0袁gy (y1)<0袁则点 (x0,y0)即
为光斑的像素级中心点坐标袁记为(X0,Y0)遥
2 亚像素级光斑中心计算

由第一节一阶导数零交叉法准确定位光斑图像

像素级中心位置(X0,Y0)后袁即可在该像素临域内确
定光斑亚像素中心坐标(X,Y)遥

由于光斑能量分布满足高斯分布函数袁 对公式
(1)等式两边求对数袁可得到院

ln(g(x,y))=ln(B)- (x-X)
2

2 2 - (y-Y)
2

2 2 (2)

由于高斯函数具有可分离性袁可在点(X0,Y0)处分
别在 x和 y 方向对光斑图像进行高斯拟合处理遥以 x
方向为例袁令 ln(C)=ln(B)-(y-Y)2/2 2袁将公式 (2)转
化为公式(3)袁则等式中包含 C尧X和 三个未知数遥

ln(g(x,y))=ln(C)- (x-X)
2

2 2 (3)

由公式(3)可知袁光斑图像 x方向上纵坐标相同的
点所对应的 C值是相同的遥 利用 CCD采集光斑图像
时袁由于图像采集卡的有效位数通常为 8位袁当光强比
较大或者 CCD曝光时间过长时袁 容易导致数据饱和
(灰度值超过 255)袁 不能够反映出光斑的真实光强袁如
果把这些点也用于高斯拟合袁则容易产生较大的误差袁
因此在进行高斯拟合的时候需要剔除这些饱和点[9]遥而
光斑半径较小袁有效点也较少袁因此可利用 x方向上从
属于同一光斑的三个像素点的灰度值构成方程组求解

X遥 假设三个点的横坐标为 x1尧x2和 x3袁对应的灰度值为
g(x1)尧g(x2)和 g(x3)袁则可得到院

ln(g(x1 ))=ln(C)- (x1 -X)2

2
2

ln(g(x2 ))=ln(C)- (x2 -X)2

2 2

ln(g(x3 ))=ln(C)- (x3 -X)
2

2 2

扇

墒

设设设设设设设设设设设设缮设设设设设设设设设设设设

(4)

同理袁在点(X0,Y0)的 y 方向上取从属于同一光斑
的三个像素点 3 个点 y1尧y2和 y3也可构成与公式(4)
相似的方程组袁则 X和 Y的求解公式为院

X= 1
2 窑(x2

3 -x2
2 )ln(g(x1 ))+(x2

1 -x2
3 )ln(g(x2 ))+(x2

2 -x2
1 )ln(g(x3 ))

(x3 -x2 )ln(g(x1 ))+(x1 -x3 )ln(g(x2 ))+(x2 -x1 )ln(g(x3 ))

Y= 1
2 窑(y2

3 -y2
2 )ln(g(y1 ))+(y2

1 -y2
3 )ln(g(y2 ))+(y2

2 -y2
1 )ln(g(y3 ))

(y3 -y2 )ln(g(y1 ))+(y1 -y3 )ln(g(y2 ))+(y2 -y1 )ln(g(y3 ))

扇

墒

设设设设设设设设缮设设设设设设设设

(5)

3 实验结果分析

为了验证提出的光斑图像中心两步定位算法

精度袁笔者进行了一系列的仿真测试实验袁实验硬
件环境为 Core2 处理器袁2 GB内存遥
利用 Matlab 分别随机产生 30 幅正常和过度曝

光光斑袁光斑半径不大于 5袁图像大小为 1 024伊1 024

且无背景噪声的光斑图像袁分别用带阈值的质心法尧
Hessian 矩阵法和两步定位算法对图像进行处理袁计
算每幅图像的 RMS误差袁实验结果如图 2和 3所示遥

由图 2 和图 3 可知袁两步定位算法的精度要高
于带阈值的质心法和 Hessian 矩阵法遥 由于正常光
斑图像中心不饱和袁满足理想高斯分布函数袁利用
两步定位算法的误差远小于 0.01 像素袁 而过度曝
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光由于中心饱和袁 其成像模型与理想高斯分布函
数有一定的不同袁 故使用两步定位算法提取和光
斑图像中心时的误差有所增加袁 但仍远小于 0.05
像素遥 上述实验结果表明袁小尺寸光斑中心的两步
定位算法满足了高精度的要求袁 当光斑图像能量
分布越接近理想高斯分布时袁 两步定位算法的精
度越高遥

图 2 三种方法对正常光斑图像中心定位的均方根误差

Fig.2 RMS error in center location of normal spot images

using three methods

图 3 三种方法对过度曝光光斑图像中心定位的均方根误差

Fig.3 RMS error in center location of over-exposed spot images

using three methods

4 结 论

文中提出了一种高精度的小尺寸光斑中心两步

定位算法遥通过对光斑图像成像模型的分析袁通过寻
找一阶导数零交叉点的方法准确定位光斑图像像素

级中心袁 再利用高斯拟合方法计算光斑的亚像素级
中心点坐标遥 结果表明袁在无噪声情况下袁两步定位
算法的定位误差在 0.05 像素内袁保证了光斑中心的
高精度定位袁且光斑能量分布越接近理想高斯分布袁
精度越高遥
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基于曲面拟合的离轴非球面镜顶点半径计算方法

郭玲玲 1,2，任建岳 1，张星祥 1，张立国 1，赵其昌 2，吴泽鹏 2
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摘 要院 为了解决大口径、离轴非球面顶点半径等参数测量不准的问题，提出了一种基于曲面拟合的
非球面参数计算方法。建立了测量坐标系下的非球面准确方程，给出了非线性最小二乘拟合的迭代算

法。同时提出了采用补偿器端面数据拟合得到光轴指向，通过测量坐标系下的光轴指向给出合适的拟

合初值。对实测数据的实验表明，拟合优度的确定系数接近 1，均方根误差约为 0.002 6 mm，计算结果
的顶点半径偏离设计值 0.018 8%。该方法可用于非球面检测阶段的参数计算分析，尤其是计算高精度
的顶点半径值，为系统光机装调提供有效的数据支持。

关键词院 光学检测； 非球面检测； 顶点半径； 曲面拟合

中图分类号院 O439；TH171.65 文献标志码院 A 文章编号院 1007-2276(2014)08-2694-05

Method to determine vertex radius of off鄄axis aspheric mirror
based on surface fitting

Guo Lingling1,2, Ren Jianyue1, Zhang Xingxiang1, Zhang Liguo1, Zhao Qichang2, Wu Zepeng2

(1. Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun 130033, China;

2. Shanghai Institute of Satellite Engineering, Shanghai 200240, China)

Abstract: In order to obtain an accurate vertex radius of large鄄diameter, off鄄axis aspheric mirrors, a
method to determine the geometric parameters of aspheric optical surface based on surface fitting was
presented. The accurate aspheric equation under the measuring coordinate system was constructed and an
iterative nonlinear least鄄squares fitting algorithm was given here. Besides, the end surface of the
compensator was used to derive the direction of optical axis and then to give appropriate initial values of
the surface fitting. The experiments on measured data show that R -square is close to 1 while the root
mean square error (RMSE) is about 0.002 6 mm. At the same time, the deviation of the calculated result
from the designed value is just 0.018 8% for vertex radius. The method can be utilized to measure and
analyze the geometric parameters of aspheric surface鄄vertex radius for example. It can provide valid data
support for the following optical鄄mechanical assembly.
Key words: optical testing; aspheric measurement; vertex radius; surface fitting
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0 引 言

由于大口径尧 高精度的离轴非球面光学系统在
校正系统像差尧提高调制传递函数和分辨率尧增大视
场尧缩小体积重量等方面具有显著优势袁故而越来越
多地被应用于空间光学遥感器中袁 典型的如离轴三
反系统(TMA)[1-2]遥 基于大口径离轴非球面的光学系
统研究已成为新型高性能空间遥感器发展的重要方

向[3]遥 但是非球面镜自身几何形状的复杂性给加工和
检测带来了巨大挑战袁 尤其是大口径离轴非球面镜
的加工和检测难度要远高于球面系统[4-5]遥 大口径离
轴非球面镜参数的测量是非球面检测技术中的关

键袁也是国内外研究的热点和难点 [6-7]遥
在 TMA系统非球面检测中袁顶点半径测量的准

确性直接决定了系统装调时反射镜之间的相对位置

精度袁故而需要精确测量[8]遥 但是袁不同于球面系统袁
大口径离轴非球面镜的顶点半径参数很难直接测

量遥 目前常用的非球面镜面形测量方法为零位补偿
干涉法[9-11]遥 在零位补偿干涉法测量面形达到最好时袁
可以使用多台经纬仪或一台激光跟踪仪测量非球面

上的位置坐标袁 然后通过曲面拟合的方法得到非球
面参数遥由于调整误差的存在袁直接用准确公式进行
拟合时参数较多袁 难以给出合适的表征旋转误差的
参数初值袁导致拟合时收敛速度慢甚至不收敛遥

文中在零位补偿干涉检测以及激光跟踪仪辅助

测量的基础上袁 提出了使用补偿器端面数据得到光
轴指向袁 从而得到测量坐标系与理论坐标系间的变
换关系袁 解决了使用准确非球面公式进行曲面拟合
时收敛性差的问题遥 并对实测的离轴非球面数据进
行了拟合实验袁 得到了拟合吻合度较高的顶点半径
等参数遥 该方法适用于检测阶段的非球面参数计算
分析袁从而用于指导系统装调遥
1 基于曲面拟合的顶点半径计算模型

1.1 数据拟合模型建立
图 1所示为使用干涉仪和激光跟踪仪同时测量

离轴非球面的示意图袁在检测中需要根据非球面的设
计参数制造补偿器袁通过调整相对位置找到使待测非
球面镜达到零条纹干涉袁再由激光跟踪仪测量非球面
上一组点的坐标遥 在测量中袁补偿器的中轴被调整到
与非球面光轴重合袁故还可以同时测得补偿器柱面或
端面的一组点坐标袁从而确定非球面光轴方向遥

图 1 离轴非球面的检测实验装置

Fig.1 Measuring devices for testing the off鄄axis asphere

在以虚顶点为原点 O袁 离轴非球面的光轴为 Z
轴的理想坐标系下袁二次非球面方程为院

z= cr2

1+ 1-(k+1)c2r2姨 (1)

式中院r2=x2+y2曰 曲率半径 c=1/R袁R 为顶点半径曰k 为
圆锥系数遥 然而实际测量以及所建立的测量坐标系
通常与公式(1)所在的理想坐标系存在倾斜及平移袁
如图 2所示遥

图 2 存在平移尧旋转的测量坐标系
Fig.2 Testing coordinates with shift and rotation deviation

在测量坐标系下袁 如果使用准确非球面公式进
行拟合袁需要将公式(1)转化到测量坐标系下袁即对
其进行刚性变换遥 测量坐标系中坐标[x忆袁y忆袁z忆]T与

理想坐标系中坐标[x袁y袁z]T关系可以表示为院
x
y
z
1

杉

删

山山山山山山山山山山山山山山

煽

闪

衫衫衫衫衫衫衫衫衫衫衫衫衫衫

=A伊

x忆
y忆
z忆
1

杉

删

山山山山山山山山山山山山山山

煽

闪

衫衫衫衫衫衫衫衫衫衫衫衫衫衫

(2)

式中院伊表示矩阵乘操作曰变换矩阵 A如公式(3)所示遥
由公式(1)~(3)得到测量坐标系下包含旋转和平移

参数 尧 尧 尧d1尧d2尧d3的准确非球面方程为公式(4)所示
(为表达清楚袁变量符号 x忆尧y忆尧z忆用 x尧y尧z代替)遥 其中袁
P1~P6都是无实际意义的中间变量袁用于较长公式的表
达需要遥 公式(4)是测量坐标系下的非球面方程显示表
达形式袁故而可直接用于曲面拟合遥公式(4)所示的包含
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z=g(x袁y曰c袁k袁 袁 袁 袁d1袁d2袁d3)=
P1- 1

2 P2
2 -4c((k+1)cos2 cos2 +sin2 cos2 +sin2 )P3姨

c((k+1)cos2 cos2 +sin2 cos2 +sin2 ) 曰
P1=cxcos cos sin cos2 +ckxcos cos sin cos2 +cycos sin sin cos2 +ckycos sin sin cos2 +cos cos +

ckycos cos sin cos -ckxcos sin sin cos -ccos d3cos -ckcos d3cos +cxcos cos sin2 sin -
cxcos cos sin +cycos sin2 sin sin -cycos sin sin -csin d1-ccos sin d2曰

P2=ckcos sin (xcos +ysin )cos2 -2cos (ckxsin sin +c(k+1)d3-1)cos +c(cos P4-2sin d1)曰
P3=cP5cos2 +2P6cos +cy2cos2 sin2 +cky2cos2 sin2 +cx2cos2 sin2 sin2 +cx2sin2 sin2 +ckx2sin2 sin2 +

cy2sin2 sin2 sin2 +ccos2 (xcos +ysin )2+cd2
1 +cd2

2 +cd2
3 +ckd2

3 +2ycos sin +ckxycos2 sin(2 )sin -
2cxycos sin2 sin -2ckxycos sin2 sin -2xsin sin +cxysin2 sin2 sin(2 )+2ccos (xcos +ysin )d1-
2cxcos sin cos d2-2cysin sin sin d2-2cycos sin d3-2ckycos sin d3+2cxsin sin d3+2ckxsin sin d3-2d3曰

P4=-ksin (xcos +ysin )sin2 -2d2sin +k(ycos sin(2 )+xcos sin( )+ysin sin )曰
P5=(y2+(k+1)x2sin2 )cos2 -2xysin cos +(x2+(k+1)y2sin2 )sin2 +(k+1)xysin2 sin(2 )

P6=cos (cyd2+sin (x(1-c(k+1)d3)-ck(x2-y2)sin sin ))-sin (cxd2+ysin (ckxsin sin +c(k+1)d3-1)) (4)

A=

1 0 0 d1

0 1 0 d2

0 0 1 d3

0 0 0 1
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1 0 0 0
0 cos sin 0
0 -sin cos 0
0 0 0 1
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cos 0 sin 0
0 1 0 0

-sin 0 cos 0
0 0 0 1
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cos sin 0 0
-sin cos 0 0

0 0 1 0
0 0 0 1
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=

cos cos cos sin sin d1

-cos sin sin -cos sin cos cos -sin sin sin cos sin d2

-cos cos sin +sin sin -sin cos -cos sin sin cos cos d3

0 0 0 1
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(3)

旋转和平移参数的准确非球面方程可表达三维空间中

任何位置的二次非球面袁 这就使得在非球面检测时位
置更随意自由袁其缺点在于袁由于曲面拟合中代价函数

自身的特性袁导致了拟合时 尧 尧 的初值不合适袁可能
导致拟合不收敛或收敛到的位置为局部最优而非全局

最优袁故而需要给出合适初值遥

1.2 曲面拟合算法
拟合公式(4)所示的非球面方程袁最小二乘测度

下的代价函数为未知参数的非线性函数院
C( t軆)=||g(x忆袁y忆曰 t軆)-G軖||2 (5)

其中袁参数向量 t軆=[c袁k袁 袁 袁 袁d1袁d2袁d3]袁 t軆沂R8曰g(x忆袁
y忆曰 t軆)为测量点处拟合值构成的向量院

g(x忆袁y忆曰 t軆)=[g(x1忆袁y1忆曰 t軆)袁g(x2忆袁y2忆曰 t軆)袁噎袁
g(xm忆袁ym忆曰 t軆)]T (6)

G軖为测量中获得的 m 组非球面坐标数据构成的
向量院

G軖=[z1忆袁z2忆袁噎袁zm忆]T (7)
对于此类非线性最小二乘问题袁 常用的曲面拟

合算法有 Levenberg鄄Mar quardt 法 尧 信赖域 (Trust鄄
Region)法遥 文中采用可以对参数区间进行约束的信
赖域法进行拟合袁其拟合算法如图 3所示遥

图 3 信赖域拟合曲面方程算法流程

Fig.3 Trust鄄region algorithm flow of surface fitting
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通过公式(10)可以求出 尧 尧 值袁并得到对应
的矩阵 B袁接下来可以有两种做法袁一是直接将求得
的 尧 尧 值作为拟合曲面方程(4)的初值袁或者将所
测的坐标数据通过矩阵 B 进行旋转袁 然后以 0值作
为拟合曲面方程(4)的旋转参数初值遥
3 实验与讨论

实验室所测的离轴非球面坐标与补偿器端面坐

标在测量坐标系下如图 4 所示袁所测非球面含有高

图 4 测量数据及拟合得到的光轴指向

Fig.4 Tested data and fitted direction of optical axis

次系数袁但相较于顶点半径 R 及二次系数 k袁高次系
数的绝对值很小(<10-17)袁故实验中将其认为是二次
非球面进行拟合遥 由补偿器端面上的测量点所拟合
的得到的光轴指向已在图 4中标识遥

由测量坐标系下的光轴指向袁 通过求解公式(10)
得到旋转矩阵 B袁对非球面测量坐标进行旋转袁旋转
前后的非球面点对比如图 5所示遥

图 5 旋转前后的非球面测量点

Fig.5 Coordinates of tested points before and after rotation

由于旋转并不改变非球面点的相对位置袁 其作
用在于使用公式(4)进行曲面拟合时袁 尧 尧 的初值

可以给定为 0袁 保证曲面拟合的收敛速度和收敛结
果遥 对旋转后的测量点使用公式(4)曲面拟合袁采用
信赖域算法袁设置参数向量初始值如下院[R袁k袁 袁 袁
袁d1袁d2袁d3]=[3 200袁-0.1袁0袁0袁0袁-1 000袁-50袁3 000]袁
拟合得到的面形如图 6 所示袁 参数拟合结果以及拟
合优度如表 1所列遥由表 1结果可知袁文中方法得到

B=
cos cos cos sin sin

-cos sin sin -cos sin cos cos -sin sin sin cos sin
-cos cos sin +sin sin -sin cos -cos sin sin cos cos
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(11)

2 基于补偿器端面的初值估算

在第 1 节所介绍的曲面拟合中袁 尧 尧 的初值

难以确定的一个因素是光轴难以确定袁如果已知测量
坐标系中的光轴指向袁 那么就可以通过测量坐标系
的光轴指向向量与理论坐标系的光轴指向[0袁0袁1]T

之间的相对位置关系计算得到 尧 尧 遥理论上袁补偿
器端面是与光轴垂直的袁 故而可以通过补偿器端面
上的一组测量点袁拟合得到端面方程袁其法向即为光
轴指向遥
2.1 通过补偿器端面测量点拟合光轴指向

补偿器的端面为一平面袁其一般方程形式为院
z=a1x+a2y+a3 (8)

该平面的法向为院

f軆忆=
-a1/ a2

1 +a2
2 +1姨

-a2/ a2
1 +a2

2 +1姨
1/ a2

1 +a2
2 +1姨
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(9)

通过对测量中得到的端面坐标数据用公式 (8)
进行曲面拟合即可得到 a1袁a2袁进而得到测量坐标系
下的光轴指向 f軆忆遥
2.2 通过光轴指向建立变换关系

在理论坐标系中袁光轴指向[0袁0袁1]T袁故而根据
刚性变换理论有公式(10)成立遥

0
0
1

杉

删

山山山山山山山山

煽

闪

衫衫衫衫衫衫衫衫
=B伊 f軆忆=B伊

-a1/ a2
1 +a2

2 +1姨
-a2/ a2

1 +a2
2 +1姨

1/ a2
1 +a2

2 +1姨
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(10)

式中院B为变换矩阵 A的左上角 3伊3块矩阵袁即
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的误差平方和 SSE尧均方根误差 RMSE 都较小袁确定
系数 R-square 接近 1袁故而拟合吻合度较优遥同时顶
点半径的测算结果与其设计值的偏差也很小袁 也在
一定程度上说明了该算法计算得到的顶点半径精度

较高遥除顶点半径外袁该方法还得到了圆锥系数 k 的
拟合结果袁其偏离设计值的百分比稍大袁这是由于所
测量的非球面实际包含高次系数袁 忽略高次系数会
对 k 的计算结果精度产生一定的影响遥

图 6 非球面的曲面拟合

Fig.6 Surface fitting of asphere

表 1 参数拟合结果及拟合优度
Tab.1 Fitting result and goodness

4 结 论

通过分析测量坐标系下的非球面准确方程袁提
出了使用曲面拟合计算顶点半径的方法遥 在方法实
施过程中袁采用补偿器端面数据拟合得到光轴指向袁
从而确定曲面拟合时的初值袁 解决了曲面拟合过程
中不收敛或收敛到的结果非全局最优的问题遥 通过
对实测的离轴非球面坐标数据进行了曲面拟合计

算袁 结果的确定系数十分接近 1袁 均方根误差约
0.002 6 mm袁拟合吻合度较优遥 该方法可用于非球面
检测阶段的参数计算分析袁 得到较高精度的顶点半

径测量结果袁从而指导下一步系统装调遥
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Fitting results Deviation from
designed values

R/mm 3 220.079 09 0.018 808 80%
k -0.101 102 188 8.445 723 63%

/rad 0.001 522 030 -
/rad 0.013 543 931 -
/rad 0.074 906 758 -

d1/mm -1 177.838 05 -
d2/mm -56.9164072 -
d3/mm 3 257.432 98 -

SSE/mm2 0.000 067 72 -
R-square 0.999 999 95 -

RMSE/mm 0.002 602 26 -
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