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第 �章

盖亚天体测量
*DLD $VWURPHWU\
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章节安排

�� *DLD空间望远镜观测

�� *DLD参考架的建立与精度分析

�� 未来天体测量
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*DLD空间望远镜观测



*DLD项目 >�@

�� 历史回顾

�� 科学目标

�� 探测器和有效载荷的设计和特性

�� 卫星发射和调试

�� 观测运行

�� 科学运行

�� '3$&结构和处理数据流程

�� 科学产出
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*DLD项目历史回顾

r ����年代早期 +ÓJ提出了 5ÓPHU项目提案，/LQGHJUHQ和 3HUU\PDQ随后于 ����年
提出了 *DLD项目，之后 3HUU\PDQ等人在 ����年描述了相应的科学任务和航天器概
念。

r 在 ����年�*DLD项目被确定为只有欧洲航天局参与的任务，并于 ����年开始进入实施
阶段。

r *DLD卫星于 ����年 ��月发射，经过半年的调试后，����年夏季开始开始正式进入预
期为 �年的科学运行阶段。

r 项目周期延长 �年，一直到 ����年年中，最终数据预计在 ����年发布。

r 起初，*DLD拼写为 *$,$ �*OREDO $VWURPHWULF ,QWHUIHURPHWHU IRU $VWURSK\VLFV�，但最
终的工作原理是基于单片反射镜和直接成像（与 5ÓPHU项目类似）而非干涉测量，拼
写才改为现在的形式。
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*DLD项目的科学目标

*DLD的主要科学目标是银河系，依赖于天体测量巡天，并结合了光度测量和光谱测量巡天。

r 银河系的结构、动力学和演化

r 银河系的恒星形成历史

r 恒星物理和演化

r 恒星光变和距离尺度

r 双星和多星系统

r 系外行星

r 太阳系内天体

r 本星系群

r 无法分辨的星系、类星体和参考系

r 基本物理学
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*DLD航天器和有效载荷

*DLD卫星由三部分组成�

r 有效载荷模块（SD\ORDG PRGXOH� 3/0）

r 机械服务模块（PHFKDQLFDO VHUYLFH PRGXOH，0�690）

r 电子服务模块（HOHFWULFDO VHUYLFH PRGXOH，(�690）

右图为 *DLD卫星的分解示意图

�D� 有效载荷保温罩

�E� 有效载荷模块：光学平台、望远镜、仪器和焦平面组件

�F� 服务模块，还包含一些电子有效载荷设备，例如：授时单
元、视频处理单元和有效载荷数据处理单元

�G� 推进剂系统

�H� 相控阵 �SKDVHG�DUUD\�天线

�I� 可展开的遮阳板组件，包括太阳能电池板
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*DLD天体测量原理

*DLD测量是一种扫描空间天体测量（VFDQQLQJ VSDFH DVWURPHWU\）。*DLD卫星在空间中缓
慢自转，测量目标通过焦平面的的时刻，这些观测时刻代表天体相对于仪器轴的沿扫描方向
�$/RQJ�VFDQ�的一维位置。观测量与天体的位置、仪器指向关于时间的函数（姿态）以及焦
平面像素通过望远镜投影到天球上的光学映射（几何校准）相关，通过天体测量全局迭代解
�$*,6�得到最终的 *DLD天体测量星表。

基本角 Γ = 106.5◦，望远镜自转轴与太阳夹角 ! = 45◦。

3和 )处恒星之间沿扫描方向的夹角取决于它们的视差 "P和 "F和太阳的位置。当一颗恒
星的视差对观测量没有影响时，*DLD可以测量绝对视差，而非仅仅 "P −"F。
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*DLD光学系统

*DLD望远镜口径为 1.45 m × 0.50 m，焦距为 �� P。整个光路由六面反射镜组成：前三个
（0�s0�和0�os0�o）形成三镜反像散望远镜 �WKUHH�PLUURU DQDVWLJPDWLF WHOHVFRSHV�
70$�，第四个是平面光束组合器（0�和0�o），最后两个是平面折叠镜，用于公共光路
（0�s0�）。
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*DLD光学系统 >�@
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焦平面
�� 仪器监测系统：波前传感器（ZDYH�IURQW VHQVLQJ，:)6）和基本角度监测（EDVLF DQJOH PRQLWRULQJ，%$0）

�� 天体检测系统（VN\ PDSSHU，60）

�� 天体测量系统（DVWURPHWULF ƬHOG，$)）

�� 低分辨率测光系统，分为蓝光（EOXH SKRWRPHWHU，%3）和红光（UHG SKRWRPHWHU，53）

�� 径向速度光谱仪（UDGLDO�YHORFLW\ VSHFWURPHWHU，596）
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*DLD窗口等级（:LQGRZV &ODVV� :&）>�@
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卫星发射和调试

*DLD卫星于 ����年 ��月 ��日 ����������（87&）发射，用了 ��天转移到 /�点。

早期的观测用于仪器调试和性能验证，发现各个系统都正常工作，但也有一些小问题：

r 化学推进器 �%的锁阀门卡在关了闭位置

r 微推进推进器（PLFUR�SURSXOVLRQ WKUXVWHUV）的质量传感器有偏差

r 0LFUR�FODQNV现象：卫星的自转速度有周期性跃变（约每分钟一次），通常高达每秒几
毫角秒，然后迅速恢复到偏移前的速度

此外，还发现影响有效载荷性能的三个问题：

r 水汽污染，导致光学器件的透射率随时间变化

r 来自于太阳和银河系的杂散光

r 基本角存在周期性变化
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*DLD观测运行模式

扫描定律（VFDQQLQJ ODZ）可以由下列方程描述：

$# sin ! = $$%
√
%2 − cos2 # + $$% cos ! sin #

$Ω = &! − $$% sin ! sin # − $# cos !
% = |& × ' | $$−1% = 4.220745
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*DLD数据处理和发布 >�@
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*DLD计划预期的天体测量数据质量

对于五年的观测计划，以视差测量精度 ("来作为衡量数据质量的指标。

对于 3 ≤ ) ≤ 20.7mag的天体�

(" [*as] = + (, − - )
√
−1.631 + 680.766'12.09 + 32.732'212.09,

'# ()) = max
[
100.4(#−15) , 100.4($−15)

]
, + (, − - ) = 0.986 + (1 − 0.986) (, − - ).

���

其他天体测量参数（中间历元）的精度为

(0 = 0.743("
(%∗ = 0.787("
(& = 0.699("
(' = 0.526("
('!∗ = 0.556("
('" = 0.496("

���
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*DLD天体测量精度与黄纬的关系
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*DLD参考架的建立与精度分析



*DLD的观测模型

r 太阳系质心天球参考系（%&56）

r *DLD质心参考系（&HQWUH�RI�0DVV
5HIHUHQFH 6\VWHP，&R056）�记为 &

r *DLD扫描参考系（6FDQQLQJ 5HIHUHQFH
6\VWHP，656）�记为 6

! = 〈.F + .P〉, ' = 〈.F × .P〉, " = ' × !
���
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天体测量模型

在 %&56中，假设天体运动遵循标准模型，则其视方向为

#( (/) =
〈
$( + (/ B − /ep)

(
%(*%∗( + &(*&( + $(*)(

)
−"('G (/)/0u

〉
���

其中

C′ [%( &( $(
]
=


− sin1( − sin2( cos1( cos2( cos1(
cos1( − sin2( sin1( cos2( sin1(
0 cos2( sin2(


���

假设天体测量参数记为 ((（包括 1(，2(，"(，*%∗(，*&(，并假设视向速度由 596给出），全局
参数为 )（如 331参数 3），外部数据记为 *（如历表），则在 &R056中天体的视方向为

#( (/) = # ((( ,) | /,*) ���
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卫星姿态模型

656（% =
[
! " +

]
）相对于 &R056（C =

[
, - .

]
）的旋转可以用一个姿态矩阵

来表示

/ ≡

0## 0#* 0#!

0*# 0** 0*!

0!# 0!* 0!!


= S′C =


!′, ! ′- ! ′.
" ′, " ′- " ′.
'′, '′- '′.


���

也可以用单位四元数来表征
& =

{
4# ,4* ,4!,4+

}
���

则任一矢量 0在两个坐标系统之间的转换为

{1′0, 0} = &−1 {2 ′0, 0} & ����

卫星姿态与时间的关系可以用 %样条函数来表示

&(/) =
〈

ℓ∑
-=ℓ−.+1

3-5- (/)
〉

����

姿态参数记为 3。
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仪器几何模型

仪器几何模型表征的是 &&'像素坐标 *的关
系为与视场坐标（6, 7）之间的关系，与下列
因素有关

r 每块 &&'的物理几何特征

r &&'在焦平面的位置

r 光学系统，如扭曲和像差

r 基本角 Γc

6/ -0 (*, /) = 60-0 +
∑2

)=0 Δ6) / -018
∗
)

(
'−13.5
1966

)
+ 26-023

7/ -0 (*, /) = 7 0/ -0 (*) +
∑2

)=0 Δ7) / -028
∗
)

(
'−13.5
1966

)



����

其中，9为 &&'编号，:为快门编号，. 为视场编号，8∗) (;)为 /HJHQGUH多项式。仪器几何
参数记为 4。

最原始的观测量为光电子信号，与 &&'像素坐标 <的关系为

$2 ≡ E (=2 ) = > + 18(? − <) ����
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天体测量全局迭代解 $*,6  $VWURPHWULF *OREDO ,WHUDWLYH 6ROXWLRQ

全局优化问题

min4,5,6,0@ =
∑

7∈AL
(8AL

# )2+AL
#

(9AL
# )2+(:AL

# )2 +∑
7∈AC

(8AC
# )2+AC

#

(9AC
# )2+(:AC

# )2
AAL
7 ((, 3, 4,)) = 6/ -0 (*7 , /7 | 4) − 6 (/7 | (, 3,))

AAC
7 ((, 3, 4,)) = 7/ -0 (*7 , /7 | 4) − 7 (/7 | (, 3,))

����

正规方程（1RUPDO HTXDWLRQ）为[∑
7

BA7
B;

BA7
B; ′

C7

]
; = −

∑
7

BA7
B;

A7
(
Dref ,Eref , +ref ,:ref

)
C7 ����

解算过程分为四块，依次迭代（6$&6$&���*）

r 6�星表更新，天体测量参数 (得到改进
r $�卫星姿态更新，姿态参数 3得到改进
r &�仪器校准更新，校准参数 4 得到改进
r *�全局更新，全局参数 )得到改进
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*DLD宇宙 >�@

图 �� 约 ��亿颗类星体在银道坐标系中的全天分布
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*DLD天球参考架

*DLD�&5)建立在类星体的位置上，并且连接到 ,&56上。

目前 *DLD的类星体是通过与外部星表 �,&5)�、$OO:,6(等�交叉认证得出，此外还施加筛选
条件以移除可能的银河系内恒星，如在 '5�>�@中

�L� DVWURPHWULFBPDWFKHGBREVHUYDWLRQV ≥ �

�LL� F+ < 1mas

�LLL� |"/F" | < 5

�LY�
(
*%∗/%'%∗

)2 + (
*&/%'&

)2
< 25

�Y� | sinG | > 0.1
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*DLD�&5)�

图 �� ��万多颗类星体在银道坐标系中的全天分布

�����



*DLD�&5)�的自行系统
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*DLD�&5)�性质与颜色和星等的关系

亮段参考架存在明显的自转。
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*DLD�&5)�的视差系统

图 �� 视差零点问题：−29 *as
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*DLD�&5)�的位置系统� *DLD�&5)� YV� ,&5)�
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类星体的光学与射电位置偏差

Δ1∗ = (1Gaia − 1ICRF) cos2, Δ2 = 2Gaia − 2ICRF, H =
(
Δ12

∗ + Δ22
)1/2

����

I% =
Δ1∗√

(2
%∗, *DLD + (2

%∗, ,&5)

, I& =
Δ2√

(2
&, *DLD + (2

&, ,&5)

����

I 2 =
[
I% I&

] [ 1 J

J 1

]−1 [
I%

I&

]
,J =

(%∗, *DLD (&, *DLDJ*DLD + (%∗, ,&5) (&, ,&5)J,&5)√(
(2
%∗, *DLD + (2

%∗, ,&5)

) (
(2
&, *DLD + (2

&, ,&5)

) ����
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未来天体测量



关于未来光学天体测量的讨论
r =DFKDULDV 1� $VWURPHWULF VXUYH\V LQ WKH *DLD HUD>-@� 3URFHHGLQJV RI WKH ,QWHUQDWLRQDO $VWURQRPLFDO 8QLRQ�
����� ���6����� ������>�@

r +ÓJ (� $EVROXWH DVWURPHWU\ LQ WKH QH[W �� \HDUV>-@� DU;LY SUHSULQW DU;LY����������� �����>�@

r +ÓJ (� $EVROXWH $VWURPHWU\ LQ WKH QH[W �� <HDUV�,,>&@��5HYLVWD 0H[LFDQD GH $VWURQRPLD \ $VWURƬVLFD
&RQIHUHQFH 6HULHV� ����� ��� ����>�@

r +REEV '� +ÓJ (� *DLD1,5–$ IXWXUH DOO�VN\ DVWURPHWU\ PLVVLRQ>-@� 3URFHHGLQJV RI WKH ,QWHUQDWLRQDO
$VWURQRPLFDO 8QLRQ� ����� ���6����� ������>��@

r +REEV '� %URZQ $� +ÓJ (� HW DO� $OO�VN\ YLVLEOH DQG QHDU LQIUDUHG VSDFH DVWURPHWU\>-@� ([SHULPHQWDO
$VWURQRP\� ����� �����>��@

r %RHKP &� .URQH�0DUWLQV $� $PRULP $� HW DO� 7KHLD� )DLQW REMHFWV LQ PRWLRQ RU WKH QHZ DVWURPHWU\
IURQWLHU>-@� DU;LY SUHSULQW DU;LY������������ �����>��@

r 0DOEHW )� %RHKP &� .URQH�0DUWLQV $� HW DO� )DLQW REMHFWV LQ PRWLRQ� WKH QHZ IURQWLHU RI KLJK SUHFLVLRQ
DVWURPHWU\>-@� ([SHULPHQWDO $VWURQRP\� ����� ������ ��������>��@

r .RSHLNLQ 6 0� 0DNDURY 9 9� 7KH 6FLHQFH RI )XQGDPHQWDO &DWDORJV>-@� )URQWLHUV LQ $VWURQRP\ DQG 6SDFH
6FLHQFHV� ����� �� ��>��@
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1RUEHUW =DFKDULDV� $VWURPHWULF VXUYH\V LQ WKH *DLD HUD>�@

p7KH HUD RI WUDGLWLRQDO� JURXQG�EDVHG� ZLGH�ƬHOG DVWURPHWU\ ZLWK WKH JRDO WR SURYLGH
DFFXUDWH UHIHUHQFH VWDUV KDV FRPH WR DQ HQG� )XWXUH JURXQG�EDVHG DVWURPHWU\ ZLOO ƬOO
LQ VRPH JDSV �YHU\ EULJKW VWDUV� REVHUYDWLRQV QHHGHG DW PDQ\ RU VSHFLƬF HSRFKV� DQG
PDLQO\ ZLOO JR IDLQWHU WKDQ WKH *DLD OLPLW� OLNH WKH 3DQ67$556 DQG WKH XSFRPLQJ /667
VXUYH\V�q
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(ULN +ÓJ的设想

r *DLD星表的未来精确度
在) = 20mag处，自行精确度为 0.175mas/yr，在 ����年位置精确度约为 0.247mas

则未来的位置精确度为：在 ����年为 1.76mas，在 ����年为 3.5mas，在 ����年为
8.8mas。

r 未来天文学对于位置的需求
场景：仅使用位置信息来叠加不同波段的图像从而进行比较分析
位置精确度：假设一架口径为 K = 50m的光学望远镜，工作波长为 $ = 560 nm，则角
分辨率为

L = 1.22 × $

K
≈ 2.8mas, ����

星象定位精确度 0.1L = 0.28mas。

r 需要一架和*DLD类似性能的空间天体测量卫星，在 *DLD项目结束的 ��年后发射。
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具体方案（左）和预期性能（右）>�@

与 *DLD焦平面的不同之处在于�

r 用滤波片测光替代低分辨率 %3�53测光，提高角分辨率（在) = 15mag处，���PDV
YV ����PDV）

r 移除了径向速度光谱仪
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*DLD1,5  *DLD 1HDU�,QIUD5HG>��@

假设 *DLD和 *DLD1,5计划各自观测 �年，间隔 ��年，
位置精度为 25 *as

('! ∗ =

√
(2
%∗
N
+ (2

%∗
G

/N − /G
=

√
252 + 252

20
∼ 1.77*asyr−1,

('" =

√
(2
&N

+ (2
&G

/N − /G
=

√
252 + 252

20
∼ 1.77*asyr−1

����
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7KHLD� )DLQW REMHFWV LQ PRWLRQ RU WKH QHZ DVWURPHWU\ IURQWLHU

Consortium Co-PI
Alberto Krone-Martins

Universidade de Lisboa – PT

Instrument team leaders

Fabien Malbet
(Université de Grenoble – FR)

Alcione Mora
(Aurora Tech. BV – ES)

António Amorim
(Universidade de Lisboa – PT)

Lucas Labadie
(Universität zu Köln – DE)

Mike Shao
(Jet Propulsion Laboratory – USA)

Astrometry and Data team leaders

Berry Holl
(Université de Genève – CH)

Guillem Anglada-Escudé
(Queen Mary University – UK)

Xavier Luri
(Universitat de Barcelona – ES)

Barbara McArthur
(University of Texas – USA)

Nigel Hambly
(Edinburgh University – UK)

Science team leaders

Gary Mamon
(Inst. d’Astrophysique de Paris – FR)

Alessandro Sozzetti
(INAF Torino – IT)

John Tomsick
(U.C.Berkeley – USA)

Frédéric Courbin
(EPFL – CH)

Katherine Freese
(Univ. Stockholm – SE)

Consortium PI
Celine Boehm

Durham University – UK

Outreach and Synergies team leaders

Eva Villaver
(Uni. Autónoma de Madrid – ES)

Pratika Dayal
(Rijksuniversiteit Groningen – NE)

PLM Proj. Manager 
António Falcão 

Uninova – PT

PLM Industry

ESA Theia Project Team

Possible program schedule

Industrial Assessment phase

20
1

7 20
1

8 20
1

9 20
2

0 20
2

1 20
2

2 20
2

3 20
2

4 20
2

5 20
2

6 20
2

7 20
2

8 20
2

9

Proposal

Possible Mission selection

Phase B1

Phase B2
Phases C&D

Selection of prime contractor

Concept & Technology study (Theia-SWG and Payload Consortium)

Launch 2029

Studies
Software development

Mission Data Processing

Intermediate Final

{Assessment

{Implemen-
 tation

{Definition

{Operation

{Data
Processing

Mission
Products

Payload study and development

20
3

0 20
3

1 20
3

2 20
3

3
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M2 + 
Mechanism

Optical 
bench

Camera

M1-M2 
Hexapod
structure

M1

M3 
(folding)

Support
bipods

M4

7KHLD观测设计

~274 mm

~3
10

 m
m
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7KHLD项目的观测目标

For
Scl

UMi
Dra

UMa2

Ret2

HVS5

HVS6HVS7

HVS8HVS9

UMi dSph galaxies
HVS5 hyper-velocity stars

nearest stars for exo-planets

X-ray binaries: distances
X-ray binaries: orbital proper motions

subhalo & mini-halo search

r 近邻系外行星系统：
50 targets× 0.8h/obs× 50 obs

r 遥远的矮星系：
6 targets × 1000 h

r 银晕中的高速移动天
体�5 targets× 1000h/yr× 4yr

r 银盘上的恒星：�个视
线方向，
18 FoVs × 400 h/FoV
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7KHLD项目的预期精度

position (~semi-major axis) precision: 40h
position (~semi-major axis) precision: 1000h
4yr proper motion precision: 40h
4yr proper motion precision: 1000h
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7KHLD与其他项目的比较

LSST 10yr accuracy
Gaia    5yr accuracy (~0.8h, V-I=0.75, no prior)
Gaia    reference stars max grid accuracy
Theia  4yr precision: 40h
Theia  4yr precision: 1000h
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Astrometric end-of-mission proper motion
LSST 10yr accuracy
Gaia    5yr accuracy (~0.8h, V-I=0.75, no prior)
Gaia    reference stars max grid accuracy
Theia >2yr precision: 40h
Theia >2yr precision: 1000h
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结语

p��� VLJQLƬFDQWO\ LPSURYHG PRGHOV DQG HVWLPDWLRQ WHFKQLTXHV LQ FRQMXQFWLRQ ZLWK
VXƯFLHQW GDWD DFFXPXODWLRQ ZLOO OHDG TXLWH QDWXUDOO\ WR WKH FRQVWUXFWLRQ RI D QHZ DQG
VHOI�FRQWDLQHG FHOHVWLDO UHIHUHQFH IUDPH� $V EHIRUH� WKLV UHIHUHQFH IUDPH ZLOO EH D
KXPDQ DUWLIDFW UHƮHFWLQJ WKH ODWHVW OHYHO RI NQRZOHGJH DW WKH WLPH RI LWV FRPLQJ LQWR
EHLQJ�q

tt:DOWHU 	 6RYHUV ������ >��@
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*DLD &ROODERUDWLRQ� 7� 3UXVWL� -� +� -� GH %UXLMQH� $� *� $� %URZQ� $� 9DOOHQDUL�
&� %DEXVLDX[� &� $� /� %DLOHU�-RQHV� 8� %DVWLDQ� 0� %LHUPDQQ� '� :� (YDQV� /� (\HU�
)� -DQVHQ� &� -RUGL� 6� $� .OLRQHU� 8� /DPPHUV� /� /LQGHJUHQ� ;� /XUL� )� 0LJQDUG� '� -�
0LOOLJDQ� &� 3DQHP� 9� 3RLQVLJQRQ� '� 3RXUEDL[� 6� 5DQGLFK� *� 6DUUL� 3� 6DUWRUHWWL� +� ,�
6LGGLTXL� &� 6RXELUDQ� 9� 9DOHWWH� )� YDQ /HHXZHQ� 1� $� :DOWRQ� &� $HUWV� )� $UHQRX�
0� &URSSHU� 5� 'ULPPHO� (� +ÓJ� '� .DW]� 0� *� /DWWDQ]L� :� 2o0XOODQH� (� .� *UHEHO�
$� '� +ROODQG� &� +XF� ;� 3DVVRW� /� %UDPDQWH� &� &DFFLDUL� -� &DVWDÌHGD� /� &KDRXO�
1� &KHHN� )� 'H $QJHOL� &� )DEULFLXV� 5� *XHUUD� -� +HUQ¼QGH]� $� -HDQ�$QWRLQH�3LFFROR�
(� 0DVDQD� 5� 0HVVLQHR� 1� 0RZODYL� .� 1LHQDUWRZLF]� '� 2UGÎÌH]�%ODQFR� 3� 3DQX]]R�
-� 3RUWHOO� 3� -� 5LFKDUGV� 0� 5LHOOR� *� 0� 6HDEURNH� 3� 7DQJD� )� 7KÄYHQLQ� -� 7RUUD� 6� *�
(OV� *� *UDFLD�$EULO� *� &RPRUHWWR� 0� *DUFLD�5HLQDOGRV� 7� /RFN� (� 0HUFLHU�
0� $OWPDQQ� 5� $QGUDH� 7� /� $VWUDDWPDGMD� ,� %HOODV�9HOLGLV� .� %HQVRQ� -� %HUWKLHU�
5� %ORPPH� *� %XVVR� %� &DUU\� $� &HOOLQR� *� &OHPHQWLQL� 6� &RZHOO� 2� &UHHYH\�
-� &X\SHUV� 0� 'DYLGVRQ� -� 'H 5LGGHU� $� GH 7RUUHV� /� 'HOFKDPEUH� $� 'HOOo2UR�
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&� 'XFRXUDQW� <� )UÄPDW� 0� *DUFÈD�7RUUHV� (� *RVVHW� -� /� +DOEZDFKV� 1� &� +DPEO\�
'� /� +DUULVRQ� 0� +DXVHU� '� +HVWURƪHU� 6� 7� +RGJNLQ� +� (� +XFNOH� $� +XWWRQ�
*� -DVQLHZLF]� 6� -RUGDQ� 0� .RQWL]DV� $� -� .RUQ� $� &� /DQ]DIDPH� 0� 0DQWHLJD�
$� 0RLWLQKR� .� 0XLQRQHQ� -� 2VLQGH� (� 3DQFLQR� 7� 3DXZHOV� -� 0� 3HWLW�
$� 5HFLR�%ODQFR� $� &� 5RELQ� /� 0� 6DUUR� &� 6LRSLV� 0� 6PLWK� .� :� 6PLWK� $� 6R]]HWWL�
:� 7KXLOORW� :� YDQ 5HHYHQ� <� 9LDOD� 8� $EEDV� $� $EUHX $UDPEXUX� 6� $FFDUW� -� -�
$JXDGR� 3� 0� $OODQ� :� $OODVLD� *� $OWDYLOOD� 0� $� �OYDUH]� -� $OYHV� 5� ,� $QGHUVRQ�
$� +� $QGUHL� (� $QJODGD 9DUHOD� (� $QWLFKH� 7� $QWRMD� 6� $QWÎQ� %� $UFD\� $� $W]HL�
/� $\DFKH� 1� %DFK� 6� *� %DNHU� /� %DODJXHU�1ÕÌH]� &� %DUDFKH� &� %DUDWD� $� %DUELHU�
)� %DUEODQ� 0� %DURQL� '� %DUUDGR \ 1DYDVFXÄV� 0� %DUURV� 0� $� %DUVWRZ� 8� %HFFLDQL�
0� %HOOD]]LQL� *� %HOOHL� $� %HOOR *DUFÈD� 9� %HORNXURY� 3� %HQGMR\D� $� %HULKXHWH�
/� %LDQFKL� 2� %LHQD\PÄ� )� %LOOHEDXG� 1� %ODJRURGQRYD� 6� %ODQFR�&XDUHVPD� 7� %RFK�
$� %RPEUXQ� 5� %RUUDFKHUR� 6� %RXTXLOORQ� *� %RXUGD� +� %RX\� $� %UDJDJOLD� 0� $�
%UHGGHOV� 1� %URXLOOHW� 7� %U×VHPHLVWHU� %� %XFFLDUHOOL� )� %XGQLN� 3� %XUJHVV�



参考文献 LLL

5� %XUJRQ� $� %XUODFX� '� %XVRQHUR� 5� %X]]L� (� &DƪDX� -� &DPEUDV� +� &DPSEHOO�
5� &DQFHOOLHUH� 7� &DQWDW�*DXGLQ� 7� &DUOXFFL� -� 0� &DUUDVFR� 0� &DVWHOODQL� 3� &KDUORW�
-� &KDUQDV� 3� &KDUYHW� )� &KDVVDW� $� &KLDYDVVD� 0� &ORWHW� *� &RFR]]D� 5� 6� &ROOLQV�
3� &ROOLQV� *� &RVWLJDQ� )� &ULIR� 1� -� *� &URVV� 0� &URVWD� &� &URZOH\� &� 'DIRQWH�
<� 'DPHUGML� $� 'DSHUJRODV� 3� 'DYLG� 0� 'DYLG� 3� 'H &DW� )� GH )HOLFH� 3� GH /DYHUQ\�
)� 'H /XLVH� 5� 'H 0DUFK� '� GH 0DUWLQR� 5� GH 6RX]D� -� 'HERVVFKHU� (� GHO 3R]R�
0� 'HOER� $� 'HOJDGR� +� (� 'HOJDGR� )� GL 0DUFR� 3� 'L 0DWWHR� 6� 'LDNLWH�
(� 'LVWHIDQR� &� 'ROGLQJ� 6� 'RV $QMRV� 3� 'UD]LQRV� -� 'XU¼Q� <� ']LJDQ� (� (FDOH�
%� (GYDUGVVRQ� +� (QNH� 0� (UGPDQQ� '� (VFRODU� 0� (VSLQD� 1� :� (YDQV� *� (\QDUG
%RQWHPSV� &� )DEUH� 0� )DEUL]LR� 6� )DLJOHU� $� -� )DOF¾R� 0� )DUU»V &DVDV� )� )D\H�
/� )HGHULFL� *� )HGRUHWV� -� )HUQ¼QGH]�+HUQ¼QGH]� 3� )HUQLTXH� $� )LHQJD� )� )LJXHUDV�
)� )LOLSSL� .� )LQGHLVHQ� $� )RQWL� 0� )RXHVQHDX� (� )UDLOH� 0� )UDVHU� -� )XFKV� 5� )XUQHOO�
0� *DL� 6� *DOOHWL� /� *DOOXFFLR� '� *DUDEDWR� )� *DUFÈD�6HGDQR� 3� *DUÄ� $� *DURIDOR�
1� *DUUDOGD� 3� *DYUDV� -� *HUVVHQ� 5� *H\HU� *� *LOPRUH� 6� *LURQD� *� *LXƪULGD�
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0� *RPHV� $� *RQ]¼OH]�0DUFRV� -� *RQ]¼OH]�1ÕÌH]� -� -� *RQ]¼OH]�9LGDO� 0� *UDQYLN�
$� *XHUULHU� 3� *XLOORXW� -� *XLUDXG� $� *ÕUSLGH� 5� *XWLÄUUH]�6¼QFKH]� /� 3� *X\�
5� +DLJURQ� '� +DW]LGLPLWULRX� 0� +D\ZRRG� 8� +HLWHU� $� +HOPL� '� +REEV�
:� +RIPDQQ� %� +ROO� *� +ROODQG� -� $� 6� +XQW� $� +\SNL� 9� ,FDUGL� 0� ,UZLQ� *� -HYDUGDW
GH )RPEHOOH� 3� -RIUÄ� 3� *� -RQNHU� $� -RULVVHQ� )� -XOEH� $� .DUDPSHODV� $� .RFKRVND�
5� .RKOH\� .� .ROHQEHUJ� (� .RQWL]DV� 6� (� .RSRVRY� *� .RUGRSDWLV� 3� .RXEVN\�
$� .RZDOF]\N� $� .URQH�0DUWLQV� 0� .XGU\DVKRYD� ,� .XOO� 5� .� %DFKFKDQ�
)� /DFRVWH�6HULV� $� )� /DQ]D� -� %� /DYLJQH� &� /H 3RQFLQ�/DƬWWH� <� /HEUHWRQ�
7� /HE]HOWHU� 6� /HFFLD� 1� /HFOHUF� ,� /HFRHXU�7DLEL� 9� /HPDLWUH� +� /HQKDUGW� )� /HURX[�
6� /LDR� (� /LFDWD� +� (� 3� /LQGVWUÓP� 7� $� /LVWHU� (� /LYDQRX� $� /REHO� :� /ÑưHU�
0� /ÎSH]� $� /RSH]�/R]DQR� '� /RUHQ]� 7� /RXUHLUR� ,� 0DF'RQDOG� 7� 0DJDOK¾HV
)HUQDQGHV� 6� 0DQDJDX� 5� *� 0DQQ� *� 0DQWHOHW� 2� 0DUFKDO� -� 0� 0DUFKDQW�
0� 0DUFRQL� -� 0DULH� 6� 0DULQRQL� 3� 0� 0DUUHVH� *� 0DUVFKDONÎ� '� -� 0DUVKDOO� -� 0�
0DUWÈQ�)OHLWDV� 0� 0DUWLQR� 1� 0DU\� *� 0DWLMHYLè� 7� 0D]HK� 3� -� 0F0LOODQ� 6� 0HVVLQD�



参考文献 Y

$� 0HVWUH� '� 0LFKDOLN� 1� 5� 0LOODU� %� 0� +� 0LUDQGD� '� 0ROLQD� 5� 0ROLQDUR�
0� 0ROLQDUR� /� 0ROQ¼U� 0� 0RQLH]� 3� 0RQWHJULƪR� '� 0RQWHLUR� 5� 0RU� $� 0RUD�
5� 0RUELGHOOL� 7� 0RUHO� 6� 0RUJHQWKDOHU� 7� 0RUOH\� '� 0RUULV� $� )� 0XORQH�
7� 0XUDYHYD� ,� 0XVHOOD� -� 1DUERQQH� *� 1HOHPDQV� /� 1LFDVWUR� /� 1RYDO�
&� 2UGÄQRYLF� -� 2UGLHUHV�0HUÄ� 3� 2VERUQH� &� 3DJDQL� ,� 3DJDQR� )� 3DLOOHU� +� 3DODFLQ�
/� 3DODYHUVD� 3� 3DUVRQV� 7� 3DXOVHQ� 0� 3HFRUDUR� 5� 3HGURVD� +� 3HQWLN¿LQHQ�
-� 3HUHLUD� %� 3LFKRQ� $� 0� 3LHUVLPRQL� )� ;� 3LQHDX� (� 3ODFK\� *� 3OXP� (� 3RXMRXOHW�
$� 3UwD� /� 3XORQH� 6� 5DJDLQL� 6� 5DJR� 1� 5DPEDX[� 0� 5DPRV�/HUDWH� 3� 5DQDOOL�
*� 5DXZ� $� 5HDG� 6� 5HJLER� )� 5HQN� &� 5H\OÄ� 5� $� 5LEHLUR� /� 5LPROGLQL� 9� 5LSHSL�
$� 5LYD� *� 5L[RQ� 0� 5RHOHQV� 0� 5RPHUR�*ÎPH]� 1� 5RZHOO� )� 5R\HU� $� 5XGROSK�
/� 5XL]�'HUQ� *� 6DGRZVNL� 7� 6DJULVW» 6HOOÄV� -� 6DKOPDQQ� -� 6DOJDGR� (� 6DOJXHUR�
0� 6DUDVVR� +� 6DYLHWWR� $� 6FKQRUKN� 0� 6FKXOWKHLV� (� 6FLDFFD� 0� 6HJRO� -� &� 6HJRYLD�
'� 6HJUDQVDQ� (� 6HUSHOO� ,� &� 6KLK� 5� 6PDUHJOLD� 5� /� 6PDUW� &� 6PLWK� (� 6RODQR�
)� 6ROLWUR� 5� 6RUGR� 6� 6RULD 1LHWR� -� 6RXFKD\� $� 6SDJQD� )� 6SRWR� 8� 6WDPSD� ,� $�
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6WHHOH� +� 6WHLGHOP×OOHU� &� $� 6WHSKHQVRQ� +� 6WRHY� )� )� 6XHVV� 0� 6×YHJHV� -� 6XUGHM�
/� 6]DEDGRV� (� 6]HJHGL�(OHN� '� 7DSLDGRU� )� 7DULV� *� 7DXUDQ� 0� %� 7D\ORU� 5� 7HL[HLUD�
'� 7HUUHWW� %� 7LQJOH\� 6� &� 7UDJHU� &� 7XURQ� $� 8OOD� (� 8WULOOD� *� 9DOHQWLQL� $� YDQ
(OWHUHQ� (� 9DQ +HPHOU\FN� 0� YDQ /HHXZHQ� 0� 9DUDGL� $� 9HFFKLDWR� -� 9HOMDQRVNL�
7� 9LD� '� 9LFHQWH� 6� 9RJW� +� 9RVV� 9� 9RWUXED� 6� 9RXWVLQDV� *� :DOPVOH\� 0� :HLOHU�
.� :HLQJULOO� '� :HUQHU� 7� :HYHUV� *� :KLWHKHDG� Ğ� :\U]\NRZVNL� $� <ROGDV� 0� ŖHUMDO�
6� =XFNHU� &� =XUEDFK� 7� =ZLWWHU� $� $OHFX� 0� $OOHQ� &� $OOHQGH 3ULHWR� $� $PRULP�
*� $QJODGD�(VFXGÄ� 9� $UVHQLMHYLF� 6� $]D]� 3� %DOP� 0� %HFN� +� +� %HUQVWHLQ� /� %LJRW�
$� %LMDRXL� &� %ODVFR� 0� %RQƬJOL� *� %RQR� 6� %RXGUHDXOW� $� %UHVVDQ� 6� %URZQ� 3� 0�
%UXQHW� 3� %XQFODUN� 5� %XRQDQQR� $� *� %XWNHYLFK� &� &DUUHW� &� &DUULRQ� /� &KHPLQ�
)� &KÄUHDX� /� &RUFLRQH� (� 'DUPLJQ\� .� 6� GH %RHU� 3� GH 7HRGRUR� 3� 7� GH =HHXZ�
&� 'HOOH /XFKH� &� '� 'RPLQJXHV� 3� 'XEDWK� )� )RGRU� %� )UÄ]RXOV� $� )ULHV� '� )XVWHV�
'� )\IH� (� *DOODUGR� -� *DOOHJRV� '� *DUGLRO� 0� *HEUDQ� $� *RPERF� $� *ÎPH]� (� *UX[�
$� *XHJXHQ� $� +H\URYVN\� -� +RDU� *� ,DQQLFROD� <� ,VDVL 3DUDFKH� $� 0� -DQRWWR�
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(� -ROLHW� $� -RQFNKHHUH� 5� .HLO� '� :� .LP� 3� .ODJ\LYLN� -� .ODU� -� .QXGH�
2� .RFKXNKRY� ,� .ROND� -� .RV� $� .XWND� 9� /DLQH\� '� /H%RXTXLQ� &� /LX� '� /RUHJJLD�
9� 9� 0DNDURY� 0� *� 0DUVHLOOH� &� 0DUWD\DQ� 2� 0DUWLQH]�5XEL� %� 0DVVDUW�
)� 0H\QDGLHU� 6� 0LJQRW� 8� 0XQDUL� $� 7� 1JX\HQ� 7� 1RUGODQGHU� 3� 2FYLUN� .� 6�
2o)ODKHUW\� $� 2OLDV 6DQ]� 3� 2UWL]� -� 2VRULR� '� 2V]NLHZLF]� $� 2X]RXQLV� 0� 3DOPHU�
3� 3DUN� (� 3DVTXDWR� &� 3HOW]HU� -� 3HUDOWD� )� 3ÄWXUDXG� 7� 3LHQLOXRPD� (� 3LJR]]L�
-� 3RHOV� *� 3UDW� 7� 3URGoKRPPH� )� 5DLVRQ� -� 0� 5HERUGDR� '� 5LVTXH]�
%� 5RFFD�9ROPHUDQJH� 6� 5RVHQ� 0� ,� 5XL]�)XHUWHV� )� 5XVVR� 6� 6HPED\� ,� 6HUUDOOHU
9L]FDLQR� $� 6KRUW� $� 6LHEHUW� +� 6LOYD� '� 6LQDFKRSRXORV� (� 6OH]DN� 0� 6RƪHO�
'� 6RVQRZVND� 9� 6WUDLŗ\V� 0� WHU /LQGHQ� '� 7HUUHOO� 6� 7KHLO� &� 7LHGH� /� 7URLVL�
3� 7VDOPDQW]D� '� 7XU� 0� 9DFFDUL� )� 9DFKLHU� 3� 9DOOHV� :� 9DQ +DPPH� /� 9HOW]�
-� 9LUWDQHQ� -� 0� :DOOXW� 5� :LFKPDQQ� 0� ,� :LONLQVRQ� +� =LDHHSRXU� DQG 6� =VFKRFNH�
7KH *DLD PLVVLRQ�
$	$� ����$�� 1RYHPEHU �����
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:LOOLDP ) 9DQ $OWHQD�
$VWURPHWU\ IRU DVWURSK\VLFV� PHWKRGV� PRGHOV� DQG DSSOLFDWLRQV�
&DPEULGJH 8QLYHUVLW\ 3UHVV� �����

1� 5RZHOO� 0� 'DYLGVRQ� /� /LQGHJUHQ� )� YDQ /HHXZHQ� -� &DVWDÌHGD� &� )DEULFLXV�
8� %DVWLDQ� 1� &� +DPEO\� -� +HUQ¼QGH]� $� %RPEUXQ� '� :� (YDQV� )� 'H $QJHOL�
0� 5LHOOR� '� %XVRQHUR� &� &URZOH\� $� 0RUD� 8� /DPPHUV� *� *UDFLD� -� 3RUWHOO�
0� %LHUPDQQ� DQG $� *� $� %URZQ�
*DLD (DUO\ 'DWD 5HOHDVH �� 0RGHOOLQJ DQG FDOLEUDWLRQ RI *DLDoV SRLQW DQG OLQH
VSUHDG IXQFWLRQV�
$	$� ����$��� 0D\ �����
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/� /LQGHJUHQ� 6� $� .OLRQHU� -� +HUQ¼QGH]� $� %RPEUXQ� 0� 5DPRV�/HUDWH�
+� 6WHLGHOP×OOHU� 8� %DVWLDQ� 0� %LHUPDQQ� $� GH 7RUUHV� (� *HUODFK� 5� *H\HU� 7� +LOJHU�
'� +REEV� 8� /DPPHUV� 3� -� 0F0LOODQ� &� $� 6WHSKHQVRQ� -� &DVWDÌHGD� 0� 'DYLGVRQ�
&� )DEULFLXV� *� *UDFLD�$EULO� -� 3RUWHOO� 1� 5RZHOO� '� 7H\VVLHU� )� 7RUUD� 6� %DUWRORPÄ�
0� &ORWHW� 1� *DUUDOGD� -� -� *RQ]¼OH]�9LGDO� -� 7RUUD� 8� $EEDV� 0� $OWPDQQ� (� $QJODGD
9DUHOD� /� %DODJXHU�1ÕÌH]� =� %DORJ� &� %DUDFKH� 8� %HFFLDQL� 0� %HUQHW� 6� %HUWRQH�
/� %LDQFKL� 6� %RXTXLOORQ� $� *� $� %URZQ� %� %XFFLDUHOOL� '� %XVRQHUR� $� *� %XWNHYLFK�
5� %X]]L� 5� &DQFHOOLHUH� 7� &DUOXFFL� 3� &KDUORW� 0� 5� /� &LRQL� 0� &URVWD� &� &URZOH\�
(� )� GHO 3HORVR� (� GHO 3R]R� 5� 'ULPPHO� 3� (VTXHM� $� )LHQJD� (� )UDLOH� 0� *DL�
0� *DUFLD�5HLQDOGRV� 5� *XHUUD� 1� &� +DPEO\� 0� +DXVHU� .� -DQºHQ� 6� -RUGDQ�
=� .RVWU]HZD�5XWNRZVND� 0� *� /DWWDQ]L� 6� /LDR� (� /LFDWD� 7� $� /LVWHU� :� /ÑưHU� -� 0�
0DUFKDQW� $� 0DVLS� )� 0LJQDUG� $� 0LQWV� '� 0ROLQD� $� 0RUD� 5� 0RUELGHOOL� &� 3�
0XUSK\� &� 3DJDQL� 3� 3DQX]]R� ;� 3HÌDORVD (VWHOOHU� (� 3RJJLR� 3� 5H )LRUHQWLQ�
$� 5LYD� $� 6DJULVW» 6HOOÄV� 9� 6DQFKH] *LPHQH]� 0� 6DUDVVR� (� 6FLDFFD� +� ,� 6LGGLTXL�
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5� /� 6PDUW� '� 6RXDPL� $� 6SDJQD� ,� $� 6WHHOH� )� 7DULV� (� 8WULOOD� :� YDQ 5HHYHQ� DQG
$� 9HFFKLDWR�
*DLD (DUO\ 'DWD 5HOHDVH �� 7KH DVWURPHWULF VROXWLRQ�
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*DLD &ROODERUDWLRQ� $� *� $� %URZQ� $� 9DOOHQDUL� 7� 3UXVWL� -� +� -� GH %UXLMQH�
&� %DEXVLDX[� &� $� /� %DLOHU�-RQHV� 0� %LHUPDQQ� '� :� (YDQV� /� (\HU� )� -DQVHQ�
&� -RUGL� 6� $� .OLRQHU� 8� /DPPHUV� /� /LQGHJUHQ� ;� /XUL� )� 0LJQDUG� &� 3DQHP�
'� 3RXUEDL[� 6� 5DQGLFK� 3� 6DUWRUHWWL� +� ,� 6LGGLTXL� &� 6RXELUDQ� )� YDQ /HHXZHQ� 1� $�
:DOWRQ� )� $UHQRX� 8� %DVWLDQ� 0� &URSSHU� 5� 'ULPPHO� '� .DW]� 0� *� /DWWDQ]L�
-� %DNNHU� &� &DFFLDUL� -� &DVWDÌHGD� /� &KDRXO� 1� &KHHN� )� 'H $QJHOL� &� )DEULFLXV�
5� *XHUUD� %� +ROO� (� 0DVDQD� 5� 0HVVLQHR� 1� 0RZODYL� .� 1LHQDUWRZLF]� 3� 3DQX]]R�
-� 3RUWHOO� 0� 5LHOOR� *� 0� 6HDEURNH� 3� 7DQJD� )� 7KÄYHQLQ� *� *UDFLD�$EULO�
*� &RPRUHWWR� 0� *DUFLD�5HLQDOGRV� '� 7H\VVLHU� 0� $OWPDQQ� 5� $QGUDH� 0� $XGDUG�
,� %HOODV�9HOLGLV� .� %HQVRQ� -� %HUWKLHU� 5� %ORPPH� 3� %XUJHVV� *� %XVVR� %� &DUU\�



参考文献 [L

$� &HOOLQR� *� &OHPHQWLQL� 0� &ORWHW� 2� &UHHYH\� 0� 'DYLGVRQ� -� 'H 5LGGHU�
/� 'HOFKDPEUH� $� 'HOOo2UR� &� 'XFRXUDQW� -� )HUQ¼QGH]�+HUQ¼QGH]� 0� )RXHVQHDX�
<� )UÄPDW� /� *DOOXFFLR� 0� *DUFÈD�7RUUHV� -� *RQ]¼OH]�1ÕÌH]� -� -� *RQ]¼OH]�9LGDO�
(� *RVVHW� /� 3� *X\� -� /� +DOEZDFKV� 1� &� +DPEO\� '� /� +DUULVRQ� -� +HUQ¼QGH]�
'� +HVWURƪHU� 6� 7� +RGJNLQ� $� +XWWRQ� *� -DVQLHZLF]� $� -HDQ�$QWRLQH�3LFFROR�
6� -RUGDQ� $� -� .RUQ� $� .URQH�0DUWLQV� $� &� /DQ]DIDPH� 7� /HE]HOWHU� :� /ÑưHU�
0� 0DQWHLJD� 3� 0� 0DUUHVH� -� 0� 0DUWÈQ�)OHLWDV� $� 0RLWLQKR� $� 0RUD� .� 0XLQRQHQ�
-� 2VLQGH� (� 3DQFLQR� 7� 3DXZHOV� -� 0� 3HWLW� $� 5HFLR�%ODQFR� 3� -� 5LFKDUGV�
/� 5LPROGLQL� $� &� 5RELQ� /� 0� 6DUUR� &� 6LRSLV� 0� 6PLWK� $� 6R]]HWWL� 0� 6×YHJHV�
-� 7RUUD� :� YDQ 5HHYHQ� 8� $EEDV� $� $EUHX $UDPEXUX� 6� $FFDUW� &� $HUWV� *� $OWDYLOOD�
0� $� �OYDUH]� 5� $OYDUH]� -� $OYHV� 5� ,� $QGHUVRQ� $� +� $QGUHL� (� $QJODGD 9DUHOD�
(� $QWLFKH� 7� $QWRMD� %� $UFD\� 7� /� $VWUDDWPDGMD� 1� %DFK� 6� *� %DNHU�
/� %DODJXHU�1ÕÌH]� 3� %DOP� &� %DUDFKH� &� %DUDWD� '� %DUEDWR� )� %DUEODQ� 3� 6�
%DUNOHP� '� %DUUDGR� 0� %DUURV� 0� $� %DUVWRZ� 6� %DUWKRORPÄ 0XÌR]� -� /� %DVVLODQD�



参考文献 [LL

8� %HFFLDQL� 0� %HOOD]]LQL� $� %HULKXHWH� 6� %HUWRQH� /� %LDQFKL� 2� %LHQD\PÄ�
6� %ODQFR�&XDUHVPD� 7� %RFK� &� %RHFKH� $� %RPEUXQ� 5� %RUUDFKHUR� '� %RVVLQL�
6� %RXTXLOORQ� *� %RXUGD� $� %UDJDJOLD� /� %UDPDQWH� 0� $� %UHGGHOV� $� %UHVVDQ�
1� %URXLOOHW� 7� %U×VHPHLVWHU� (� %UXJDOHWWD� %� %XFFLDUHOOL� $� %XUODFX� '� %XVRQHUR�
$� *� %XWNHYLFK� 5� %X]]L� (� &DƪDX� 5� &DQFHOOLHUH� *� &DQQL]]DUR� 7� &DQWDW�*DXGLQ�
5� &DUEDOOR� 7� &DUOXFFL� -� 0� &DUUDVFR� /� &DVDPLTXHOD� 0� &DVWHOODQL�
$� &DVWUR�*LQDUG� 3� &KDUORW� /� &KHPLQ� $� &KLDYDVVD� *� &RFR]]D� *� &RVWLJDQ�
6� &RZHOO� )� &ULIR� 0� &URVWD� &� &URZOH\� -� &X\SHUV� &� 'DIRQWH� <� 'DPHUGML�
$� 'DSHUJRODV� 3� 'DYLG� 0� 'DYLG� 3� GH /DYHUQ\� )� 'H /XLVH� 5� 'H 0DUFK� '� GH
0DUWLQR� 5� GH 6RX]D� $� GH 7RUUHV� -� 'HERVVFKHU� (� GHO 3R]R� 0� 'HOER� $� 'HOJDGR�
+� (� 'HOJDGR� 3� 'L 0DWWHR� 6� 'LDNLWH� &� 'LHQHU� (� 'LVWHIDQR� &� 'ROGLQJ�
3� 'UD]LQRV� -� 'XU¼Q� %� (GYDUGVVRQ� +� (QNH� .� (ULNVVRQ� 3� (VTXHM� *� (\QDUG
%RQWHPSV� &� )DEUH� 0� )DEUL]LR� 6� )DLJOHU� $� -� )DOF¾R� 0� )DUU»V &DVDV� /� )HGHULFL�
*� )HGRUHWV� 3� )HUQLTXH� )� )LJXHUDV� )� )LOLSSL� .� )LQGHLVHQ� $� )RQWL� (� )UDLOH�



参考文献 [LLL

0� )UDVHU� %� )UÄ]RXOV� 0� *DL� 6� *DOOHWL� '� *DUDEDWR� )� *DUFÈD�6HGDQR� $� *DURIDOR�
1� *DUUDOGD� $� *DYHO� 3� *DYUDV� -� *HUVVHQ� 5� *H\HU� 3� *LDFREEH� *� *LOPRUH�
6� *LURQD� *� *LXƪULGD� )� *ODVV� 0� *RPHV� 0� *UDQYLN� $� *XHJXHQ� $� *XHUULHU�
-� *XLUDXG� 5� *XWLÄUUH]�6¼QFKH]� 5� +DLJURQ� '� +DW]LGLPLWULRX� 0� +DXVHU�
0� +D\ZRRG� 8� +HLWHU� $� +HOPL� -� +HX� 7� +LOJHU� '� +REEV� :� +RIPDQQ� *� +ROODQG�
+� (� +XFNOH� $� +\SNL� 9� ,FDUGL� .� -DQºHQ� *� -HYDUGDW GH )RPEHOOH� 3� *� -RQNHU� �� /�
-XK¼V]� )� -XOEH� $� .DUDPSHODV� $� .HZOH\� -� .ODU� $� .RFKRVND� 5� .RKOH\�
.� .ROHQEHUJ� 0� .RQWL]DV� (� .RQWL]DV� 6� (� .RSRVRY� *� .RUGRSDWLV�
=� .RVWU]HZD�5XWNRZVND� 3� .RXEVN\� 6� /DPEHUW� $� )� /DQ]D� <� /DVQH� -� %� /DYLJQH�
<� /H )XVWHF� &� /H 3RQFLQ�/DƬWWH� <� /HEUHWRQ� 6� /HFFLD� 1� /HFOHUF� ,� /HFRHXU�7DLEL�
+� /HQKDUGW� )� /HURX[� 6� /LDR� (� /LFDWD� +� (� 3� /LQGVWUÓP� 7� $� /LVWHU� (� /LYDQRX�
$� /REHO� 0� /ÎSH]� 6� 0DQDJDX� 5� *� 0DQQ� *� 0DQWHOHW� 2� 0DUFKDO� -� 0� 0DUFKDQW�
0� 0DUFRQL� 6� 0DULQRQL� *� 0DUVFKDONÎ� '� -� 0DUVKDOO� 0� 0DUWLQR� *� 0DUWRQ�
1� 0DU\� '� 0DVVDUL� *� 0DWLMHYLè� 7� 0D]HK� 3� -� 0F0LOODQ� 6� 0HVVLQD� '� 0LFKDOLN�



参考文献 [LY

1� 5� 0LOODU� '� 0ROLQD� 5� 0ROLQDUR� /� 0ROQ¼U� 3� 0RQWHJULƪR� 5� 0RU� 5� 0RUELGHOOL�
7� 0RUHO� '� 0RUULV� $� )� 0XORQH� 7� 0XUDYHYD� ,� 0XVHOOD� *� 1HOHPDQV� /� 1LFDVWUR�
/� 1RYDO� :� 2o0XOODQH� &� 2UGÄQRYLF� '� 2UGÎÌH]�%ODQFR� 3� 2VERUQH� &� 3DJDQL�
,� 3DJDQR� )� 3DLOOHU� +� 3DODFLQ� /� 3DODYHUVD� $� 3DQDKL� 0� 3DZODN� $� 0� 3LHUVLPRQL�
)� ;� 3LQHDX� (� 3ODFK\� *� 3OXP� (� 3RJJLR� (� 3RXMRXOHW� $� 3UwD� /� 3XORQH� (� 5DFHUR�
6� 5DJDLQL� 1� 5DPEDX[� 0� 5DPRV�/HUDWH� 6� 5HJLER� &� 5H\OÄ� )� 5LFOHW� 9� 5LSHSL�
$� 5LYD� $� 5LYDUG� *� 5L[RQ� 7� 5RHJLHUV� 0� 5RHOHQV� 0� 5RPHUR�*ÎPH]� 1� 5RZHOO�
)� 5R\HU� /� 5XL]�'HUQ� *� 6DGRZVNL� 7� 6DJULVW» 6HOOÄV� -� 6DKOPDQQ� -� 6DOJDGR�
(� 6DOJXHUR� 1� 6DQQD� 7� 6DQWDQD�5RV� 0� 6DUDVVR� +� 6DYLHWWR� 0� 6FKXOWKHLV�
(� 6FLDFFD� 0� 6HJRO� -� &� 6HJRYLD� '� 6ÄJUDQVDQ� ,� &� 6KLK� /� 6LOWDOD� $� )� 6LOYD� 5� /�
6PDUW� .� :� 6PLWK� (� 6RODQR� )� 6ROLWUR� 5� 6RUGR� 6� 6RULD 1LHWR� -� 6RXFKD\�
$� 6SDJQD� )� 6SRWR� 8� 6WDPSD� ,� $� 6WHHOH� +� 6WHLGHOP×OOHU� &� $� 6WHSKHQVRQ�
+� 6WRHY� )� )� 6XHVV� -� 6XUGHM� /� 6]DEDGRV� (� 6]HJHGL�(OHN� '� 7DSLDGRU� )� 7DULV�
*� 7DXUDQ� 0� %� 7D\ORU� 5� 7HL[HLUD� '� 7HUUHWW� 3� 7H\VVDQGLHU� :� 7KXLOORW�



参考文献 [Y

$� 7LWDUHQNR� )� 7RUUD &ORWHW� &� 7XURQ� $� 8OOD� (� 8WULOOD� 6� 8]]L� 0� 9DLOODQW�
*� 9DOHQWLQL� 9� 9DOHWWH� $� YDQ (OWHUHQ� (� 9DQ +HPHOU\FN� 0� YDQ /HHXZHQ�
0� 9DVFKHWWR� $� 9HFFKLDWR� -� 9HOMDQRVNL� <� 9LDOD� '� 9LFHQWH� 6� 9RJW� &� YRQ (VVHQ�
+� 9RVV� 9� 9RWUXED� 6� 9RXWVLQDV� *� :DOPVOH\� 0� :HLOHU� 2� :HUW]� 7� :HYHUV�
Ğ� :\U]\NRZVNL� $� <ROGDV� 0� ŖHUMDO� +� =LDHHSRXU� -� =RUHF� 6� =VFKRFNH� 6� =XFNHU�
&� =XUEDFK� DQG 7� =ZLWWHU�
*DLD 'DWD 5HOHDVH �� 6XPPDU\ RI WKH FRQWHQWV DQG VXUYH\ SURSHUWLHV�
$	$� ����$�� $XJXVW �����

/� /LQGHJUHQ� -� +HUQ¼QGH]� $� %RPEUXQ� 6� .OLRQHU� 8� %DVWLDQ� 0� 5DPRV�/HUDWH�
$� GH 7RUUHV� +� 6WHLGHOP×OOHU� &� 6WHSKHQVRQ� '� +REEV� 8� /DPPHUV� 0� %LHUPDQQ�
5� *H\HU� 7� +LOJHU� '� 0LFKDOLN� 8� 6WDPSD� 3� -� 0F0LOODQ� -� &DVWDÌHGD� 0� &ORWHW�
*� &RPRUHWWR� 0� 'DYLGVRQ� &� )DEULFLXV� *� *UDFLD� 1� &� +DPEO\� $� +XWWRQ� $� 0RUD�
-� 3RUWHOO� )� YDQ /HHXZHQ� 8� $EEDV� $� $EUHX� 0� $OWPDQQ� $� $QGUHL� (� $QJODGD�
/� %DODJXHU�1ÕÌH]� &� %DUDFKH� 8� %HFFLDQL� 6� %HUWRQH� /� %LDQFKL� 6� %RXTXLOORQ�



参考文献 [YL

*� %RXUGD� 7� %U×VHPHLVWHU� %� %XFFLDUHOOL� '� %XVRQHUR� 5� %X]]L� 5� &DQFHOOLHUH�
7� &DUOXFFL� 3� &KDUORW� 1� &KHHN� 0� &URVWD� &� &URZOH\� -� GH %UXLMQH� )� GH )HOLFH�
5� 'ULPPHO� 3� (VTXHM� $� )LHQJD� (� )UDLOH� 0� *DL� 1� *DUUDOGD� -� -� *RQ]¼OH]�9LGDO�
5� *XHUUD� 0� +DXVHU� :� +RIPDQQ� %� +ROO� 6� -RUGDQ� 0� *� /DWWDQ]L� +� /HQKDUGW�
6� /LDR� (� /LFDWD� 7� /LVWHU� :� /ÑưHU� -� 0DUFKDQW� -� 0� 0DUWLQ�)OHLWDV� 5� 0HVVLQHR�
)� 0LJQDUG� 5� 0RUELGHOOL� (� 3RJJLR� $� 5LYD� 1� 5RZHOO� (� 6DOJXHUR� 0� 6DUDVVR�
(� 6FLDFFD� +� 6LGGLTXL� 5� /� 6PDUW� $� 6SDJQD� ,� 6WHHOH� )� 7DULV� -� 7RUUD� $� YDQ
(OWHUHQ� :� YDQ 5HHYHQ� DQG $� 9HFFKLDWR�
*DLD 'DWD 5HOHDVH �� 7KH DVWURPHWULF VROXWLRQ�
$	$� ����$�� $XJXVW �����

1RUEHUW =DFKDULDV�
$VWURPHWULF VXUYH\V LQ WKH *DLD HUD�
,Q $� 5HFLR�%ODQFR� 3� GH /DYHUQ\� $� *� $� %URZQ� DQG 7� 3UXVWL� HGLWRUV� $VWURPHWU\
DQG $VWURSK\VLFV LQ WKH *DLD 6N\� YROXPH ���� SDJHV ��s��� $SULO �����



参考文献 [YLL

(ULN +ÓJ�
$EVROXWH DVWURPHWU\ LQ WKH QH[W �� \HDUV�
DU;LY H�SULQWV� SDJH DU;LY����������� $XJXVW �����

(� +ÓJ�
$EVROXWH $VWURPHWU\ LQ WKH QH[W �� <HDUV � ,,�
,Q 5HYLVWD 0H[LFDQD GH $VWURQRPLD \ $VWURƬVLFD &RQIHUHQFH 6HULHV� YROXPH �� RI
5HYLVWD 0H[LFDQD GH $VWURQRPLD \ $VWURƬVLFD &RQIHUHQFH 6HULHV� SDJHV �s�� -DQXDU\
�����

'DYLG +REEV DQG (ULN +ÓJ�
*DLD1,5 � $ IXWXUH DOO�VN\ DVWURPHWU\ PLVVLRQ�
,Q $� 5HFLR�%ODQFR� 3� GH /DYHUQ\� $� *� $� %URZQ� DQG 7� 3UXVWL� HGLWRUV� $VWURPHWU\
DQG $VWURSK\VLFV LQ WKH *DLD 6N\� YROXPH ���� SDJHV ��s��� $SULO �����



参考文献 [YLLL

'DYLG +REEV� $QWKRQ\ %URZQ� (ULN +ÓJ� &DUPH -RUGL� 'DLVXNH .DZDWD� 3DROR 7DQJD�
6HUJHL .OLRQHU� $OHVVDQGUR 6R]]HWWL� ĞXNDV] :\U]\NRZVNL� 1LFKRODV :DOWRQ�
$QWRQHOOD 9DOOHQDUL� 9DOHUL 0DNDURY� -DQ 5\EL]NL� )UDQ -LPÄQH]�(VWHEDQ� -RVÄ $�
&DEDOOHUR� 3DXO -� 0F0LOODQ� 1DWKDQ 6HFUHVW� 5RJHU 0RU� -Hƪ -� $QGUHZV� 7RPDŗ
=ZLWWHU� &ULVWLQD &KLDSSLQL� -RKDQ 3� 8� )\QER� <XDQ�6HQ 7LQJ� 'DQLHO +HVWURƪHU�
/HQQDUW /LQGHJUHQ� %DUEDUD 0F$UWKXU� 1DRWHUX *RXGD� $QQD 0RRUH� 2VFDU $�
*RQ]DOH]� DQG 0DWWLD 9DFFDUL�
$OO�VN\ YLVLEOH DQG QHDU LQIUDUHG VSDFH DVWURPHWU\�
([SHULPHQWDO $VWURQRP\� ���������s���� -XQH �����



参考文献 [L[

7KH 7KHLD &ROODERUDWLRQ� &HOLQH %RHKP� $OEHUWR .URQH�0DUWLQV� $QWRQLR $PRULP�
*XLOOHP $QJODGD�(VFXGH� $OH[LV %UDQGHNHU� )UHGHULF &RXUELQ� 7RUVWHQ (QVVOLQ�
$QWRQLR )DOFDR� .DWKHULQH )UHHVH� %HUU\ +ROO� /XFDV /DEDGLH� $ODLQ /HJHU� )DELHQ
0DOEHW� *DU\ 0DPRQ� %DUEDUD 0F$UWKXU� $OFLRQH 0RUD� 0LFKDHO 6KDR� $OHVVDQGUR
6R]]HWWL� 'RXJODV 6SRO\DU� (YD 9LOODYHU� &RQUDGR $OEHUWXV� 6WHIDQR %HUWRQH� +HUYH
%RX\� 0LFKDHO %R\ODQ�.ROFKLQ� $QWKRQ\ %URZQ� :DUUHQ %URZQ� 9LWRU &DUGRVR�
/DXUHQW &KHPLQ� 5LFFDUGR &ODXGL� $OH[DQGUH &� 0� &RUUHLD� 0DULDWHUHVD &URVWD�
$QWRLQH &URX]LHU� )UDQFLV�<DQ &\U�5DFLQH� 0DULR 'DPDVVR� $QWRQLR GD 6LOYD� 0HOY\Q
'DYLHV� 3D\HO 'DV� 3UDWLND 'D\DO� 0LJXHO GH 9DO�%RUUR� $QWRQDOGR 'LDIHULR� $GULHQQH
(ULFNFHN� 0DOFROP )DLUEDLUQ� 0RUJDQH )RUWLQ� 0DOFROP )ULGOXQG� 3DXOR *DUFLD� 2OHJ
*QHGLQ� $ULHO *RREDU� 3DXOR *RUGR� 5HQDXG *RXOOLRXG� 1LJHO +DPEO\� 1DWKDQ +DUD�
'DYLG +REEV� (ULN +RJ� $QGUHZ +ROODQG� 5RGULJR ,EDWD� &DUPH -RUGL� 6HUJHL .OLRQHU�
6HUJHL .RSHLNLQ� 7KRPDV /DFURL[� -DFTXHV /DVNDU� &KULVWRSKH /H 3RQFLQ�/DƬWWH�
;DYLHU /XUL� 6XEKDEUDWD 0DMXPGDU� 9DOHUL 0DNDURY� 5LFKDUG 0DVVH\� %HUWUDQG



参考文献 [[

0HQQHVVRQ� 'DQLHO 0LFKDOLN� $QGUH 0RLWLQKR GH $OPHLGD� $QD 0RXUDR� /HRQLGDV
0RXVWDNDV� 1HLO 0XUUD\� 0DWWKHZ 0XWHUVSDXJK� 0LFDHOD 2HUWHO� /XLVD 2VWRUHUR�
$QJHOHV 3HUH]�*DUFLD� ,PDQWV 3ODWDLV� -RUGL 3RUWHOO L GH 0RUD� $QGUHDV 4XLUUHQEDFK�
/LVD 5DQGDOO� -XVWLQ 5HDG� (QLNR 5HJRV� %DUQHV 5RU\� .U]\V]WRI 5\ELFNL� 3DW 6FRWW�
-HDQ 6FKQHLGHU� -DNXE 6FKROW]� $UQDXG 6LHEHUW� ,VPDHO 7HUHQR� -RKQ 7RPVLFN� :HVOH\
7UDXE� 0RQLFD 9DOOXUL� 0DWW :DONHU� 1LFKRODV :DOWRQ� /DXUD :DWNLQV� *OHQQ :KLWH�
'DI\GG :\Q (YDQV� /XNDV] :\U]\NRZVNL� DQG 5RVHPDU\ :\VH�
7KHLD� )DLQW REMHFWV LQ PRWLRQ RU WKH QHZ DVWURPHWU\ IURQWLHU�
DU;LY H�SULQWV� SDJH DU;LY������������ -XO\ �����



参考文献 [[L

)DELHQ 0DOEHW� &ÄOLQH %RHKP� $OEHUWR .URQH�0DUWLQV� $QWRQLR $PRULP� *XLOOHP
$QJODGD�(VFXGÄ� $OH[LV %UDQGHNHU� )UÄGÄULF &RXUELQ� 7RUVWHQ (QºOLQ� $QWRQLR )DOF¾R�
.DWKHULQH )UHHVH� %HUU\ +ROO� /XFDV /DEDGLH� $ODLQ /ÄJHU� *DU\ $� 0DPRQ� %DUEDUD
0F$UWKXU� $OFLRQH 0RUD� 0LNH 6KDR� $OHVVDQGUR 6R]]HWWL� 'RXJODV 6SRO\DU� (YD
9LOODYHU� 8PPL $EEDV� &RQUDGR $OEHUWXV� -R¾R $OYHV� 5RU\ %DUQHV� $OGR 6WHIDQR
%RQRPR� +HUYÄ %RX\� :DUUHQ 5� %URZQ� 9LWRU &DUGRVR� 0DUFR &DVWHOODQL� /DXUHQW
&KHPLQ� +DPLVK &ODUN� $OH[DQGUH &� 0� &RUUHLD� 0DULDWHUHVD &URVWD� $QWRLQH
&URX]LHU� 0DULR 'DPDVVR� -HUHP\ 'DUOLQJ� 0HOY\Q %� 'DYLHV� $QWRQDOGR 'LDIHULR�
0RUJDQH )RUWLQ� 0DOFROP )ULGOXQG� 0DULR *DL� 3DXOR *DUFLD� 2OHJ *QHGLQ� $ULHO
*RREDU� 3DXOR *RUGR� 5HQDXG *RXOOLRXG� 'DYLG +DOO� 1LJHO +DPEO\� 'LDQD +DUULVRQ�
'DYLG +REEV� $QGUHZ +ROODQG� (ULN +ÓJ� &DUPH -RUGL� 6HUJHL .OLRQHU� $ULDQH /DQÂRQ�
-DFTXHV /DVNDU� 0DULR /DWWDQ]L� &KULVWRSKH /H 3RQFLQ�/DƬWWH� ;DYLHU /XUL� 'DQLHO
0LFKDOLN� $QGUÄ 0RLWLQKR GH $OPHLGD� $QD 0RXU¾R� /HRQLGDV 0RXVWDNDV� 1HLO -�
0XUUD\� 0DWWKHZ 0XWHUVSDXJK� 0LFDHOD 2HUWHO� /XLVD 2VWRUHUR� -RUGL 3RUWHOO�



参考文献 [[LL

-HDQ�3LHUUH 3URVW� $QGUHDV 4XLUUHQEDFK� -HDQ 6FKQHLGHU� 3DW 6FRWW� $UQDXG 6LHEHUW�
$QWRQLR GD 6LOYD� 0DQXHO 6LOYD� 3KLOLSSH 7KÄEDXOW� -RKQ 7RPVLFN� :HVOH\ 7UDXE�
0LJXHO GH 9DO�%RUUR� 0RQLFD 9DOOXUL� 1LFKRODV $� :DOWRQ� /DXUD /� :DWNLQV� *OHQQ
:KLWH� /XNDV] :\U]\NRZVNL� 5RVHPDU\ :\VH� DQG <RVKL\XNL <DPDGD�
)DLQW REMHFWV LQ PRWLRQ� WKH QHZ IURQWLHU RI KLJK SUHFLVLRQ DVWURPHWU\�
([SHULPHQWDO $VWURQRP\� ���������s���� -XQH �����

6HUJHL 0� .RSHLNLQ DQG 9DOHUL 9� 0DNDURY�
7KH 6FLHQFH RI )XQGDPHQWDO &DWDORJV�
)URQWLHUV LQ $VWURQRP\ DQG 6SDFH 6FLHQFHV� ���� 0DUFK �����

+DQV * :DOWHU DQG 2MDUV 6RYHUV�
$VWURPHWU\ RI IXQGDPHQWDO FDWDORJXHV� WKH HYROXWLRQ IURP RSWLFDO WR UDGLR
UHIHUHQFH IUDPHV�
6SULQJHU 6FLHQFH 	 %XVLQHVV 0HGLD� �����


	Gaia空间望远镜观测
	Gaia参考架的建立与精度分析
	未来天体测量
	附录
	附录


