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For passive support of large aperture telescopes, geometric layout optimization of the support structure is one of the
most critical tasks because it determines the deformation of the mirror under gravity, which affects the wavefront
aberration and image quality of the system. Due to a lack of symmetry, the optimization of an elliptical mirror
support can be much more complex compared with circular mirrors. We optimize the geometric layout of axial
and lateral support for the tertiary mirror of the Thirty Meter Telescope (TMT). Based on a theoretical analysis of
the whiffletree principle, a parametric model of axial support is established based on the multi-point constraint
equation. The mirror deformation SlopeRMS of the tertiary mirror under vertical gravity is used as the optimiza-
tion target of the support points. The axial support point position is optimized by means of a simulated annealing
algorithm and a mirror-deformed post-processing script written in Python. The TMT tertiary mirror lateral sup-
port also uses the whiffletree structure, and its in-plane layout affects the system’s resonant modal frequency and
the maximum load at each point. According to the dynamic equation and the static principle, the lateral support
optimization model is established. The first-order resonant frequency and maximum load of the support point are
the objective function. Through optimization of the axial and lateral support, the overall mirror distortion of the
system is improved. ©2021Optical Society of America

https://doi.org/10.1364/AO.405638

1. INTRODUCTION

The optical telescope is a sophisticated device with a high image
quality requirement. To accomplish this, its mirror surface
deformation due to gravity or thermal distortion has to be
decreased to an acceptable value. The mirror must be isolated
from extra stress by kinematically constraining its six degrees
of freedom (DOFs) in space, since over-constraint will bring in
additional stress and strain on the mirror. The mirror support
system design must follow the kinematical principle. Typically,
the support system consists of axial support and lateral support,
and each support constrains four DOFs [1].

When the mirror’s optical axis is vertical, its weight is all taken
by axial support, and the gravity deflection is strongly correlated
with the support points’ locations, especially for axial support.
Hence, the axial support points’ layout must be optimized to
minimize the mirror surface deformation under gravity. In
1945, Hindle proposed a nine-point and an 18-point axial
support for a circular mirror with a central hole [2]. The support
points lie in two rings with optimized radii around the center of
the mirror. Furthermore, in 1982, Nelson developed theoretical
optimum axial support point distribution for a circular mirror
based on the thin plate theory [3]. Based on his work, the root

mean square (RMS) of the mirror surface error can be evaluated
by Eq. (1):

δ = λ(q/F )(A/N)2, (1)

F =
E t3

12(1−µ)
, (2)

where δ denotes the mirror surface RMS; q denotes the average
force acting on the plate; A denotes the plate’s area; N denotes
the count of support points; F denotes the flexibility of the
plate, which can be calculated by Eq. (2); E denotes the elas-
tic modulus of the mirror’s material; t denotes the mirror’s
thickness; andµdenotes the material’s Poisson ratio.

Nelson also studied the optimal geometry layout of support
points for circular plate. However, this analytical work applies
only to a circular thin flat mirror. For an irregularly shaped
mirror, its deflection can be precisely predicted with the aid of
finite element analysis (FEA). For instance, the primary mirror
of TMT utilizes FEA to predict the mirror surface and optimize
the support points [3,4].

Lateral support takes the mirror weight perpendicular to the
optical axis. A widely used passive lateral support is push–pull
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support accomplished by implementing astatic levels around
the mirror. Schwesinger studied the optimization of push–pull
support and presented the optimal support force distribution
[5]. This kind of support had been proved efficient and reliable
in the Very Large Telescope. The astatic level system can auto-
matically balance the weight component of the mirror when the
altitude angle changes.

The Thirty Meter Telescope (TMT) is a next-generation
ground-based telescope under construction. Its tertiary
mirror, also called the Giant Steerable Science Mirror
(GSSM), is a folded flat elliptical mirror with dimensions of
3620 mm× 2550 mm× 100 mm [6]. The support system
requires it to be a passive kinematical system. GSSM’s giant size
and mass pose a challenge for the design of the mirror’s support
system to meet the requirement of the mirror surface, resonant
frequency, and load capacity. This paper describes methods
used in the geometric optimization of GSSM’s axial and lateral
support. Section 2 introduces the structure overview of GSSM
and especially the support structure. Section 3 discusses the
optimization objective function selection for axial and lateral
support. Section 4 describes the modeling method of axial sup-
port and its optimization. Section 5 presents the optimization
of lateral support based on its maximum shear load on support
and the first-order resonant frequency. Section 6 concludes the
optimization results.

2. GSSM OVERVIEW

As shown in Fig. 1, GSSM locates above the center hole of the
primary mirror and relays the light from the second mirror to
the science instruments mounted on the Nasmyth platform.
It rotates around the elevation axis together with the primary
mirror during observation. The mechanical structure of GSSM
consists of an M3 cell assembly (M3CA) and M3 pointing
assembly (M3PA). M3CA provides support for the mirror
under gravity to maintain the mirror surface distortion at an
acceptable value. M3PA is the GSSM mount with two perpen-
dicular axes, tilt and rotation, which allow the mirror rotate and
tilt around the axes during telescope observation or switching
different instruments.

In 2008, Myung Cho studied and proposed a concept of
active support consisting of 84 actuators with excellent per-
formance of correcting the mirror’s aberration [7]. However,
considering that an active optics M3 will increase the system’s
cost and complexity, TMT decided to use passive support,
which is more reliable and simpler [1]. The support structure
of GSSM is shown in Fig. 1. The axial support is an 18-point
whiffletree, which is just like Hindle’s support concept, except
the mirror is elliptical, not circular. The basic kinematical con-
cept of lateral support is three tangent rods around the mirror.
Mirror weight is over 1.8 ton and three support points generate
unacceptable stress on the mirror and support structure. Hence,
the lateral support adopts a 12-point whiffletree system to

Tertiary Mirror
(GSSM)

Secondary 
Mirror

Primary  
Mirror

M3 Cell Assembly
(M3CA)

Tower

M3 Position 
Assembly(M3PA)

Axial support

Lateral support

Mirror

Cell

Fig. 1. Plot of support structure of GSSM.
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(a) (b)
Fig. 2. (a) Axial support modes and (b) lateral support mode.

increase support points, which is still equivalent to three tangent
supports in kinematics. The support points are all co-plane with
the middle plane of the mirror where the center of gravity (CG)
lies.

3. SELECTION OF OPTIMIZATION OBJECTIVE
FUNCTION

Axial support and lateral support have different mechanical
characteristics, so the corresponding objective function is
selected accordingly. Compared with lateral support, the axial
support structure is much stiffer. This is because the support
rod is very stiff in the axial direction but flexible in a bent or
transverse direction. The axial modes of the mirror are piston
and tip/tilt. Their stiffness is very high, because all the axial rods
are pushed/pulled under these modes, as shown in Fig. 2(a). So
these modes’ stiffness comes from the rods’ axial stiffness.

Lateral support can be treated as a mass support by three
springs in-plane. But modes of lateral support are mirror torsion
or translation in-plane. As shown in Fig. 2(b), these modes cause
the support rods to be not only pushed/pulled, but also bent.
Hence, the lateral mode’s stiffness is much less than that of axial
modes, and the first-order mode of the whole system is one of the
lateral modes. So we choose the first-order resonant frequency as
an objective function for lateral support optimization.

As for the mirror surface deformation, the mirror is a thin
plate. Hence, it is very flexible along the normal direction of
the mirror surface, but very stiff along the transverse direction.
So axial deformation is much larger than lateral, as shown in
Fig. 3(a). The mirror surface axial support is very sensitive to
support points’ locations, so the support points’ locations must
be optimized based on the mirror surface.

On the contrary, as long as the lateral support points are
in the middle plane of the mirror, the lateral deformation is
mainly in-plane, as shown in Fig. 3(b). The mirror surface
deformation will be just some local small bumps, which is much
smaller than axial support deformation. So we choose mirror
surface deformation as the objective function for axial support
optimization.

Also, the stress on the mirror is a critical requirement, and
lateral support stress is higher than axial support stress due to
fewer support points and the bending effect. Therefore, lateral

(a) (b)

Fig. 3. (a) Mirror surface deformation of axial support and (b) mir-
ror surface deformation of lateral support.

support optimization also considers the stress on the mirror.
This will be presented and further discussed in Section 5.A.

4. OPTIMIZATION OF AXIAL SUPPORT

A. Whiffletree Equivalent Multi-Point Constraint

The layout of the 18-point axial whiffletree system is as shown
in Fig. 4. The whiffletree system consists of six tripods and three
rockers. The triangle pivot is a universal joint with two rotation
DOFs, and the rocker pivot has one rotation DOF. The 18 sup-
port points and pivots are symmetric about x and y axes. Hence,
the support system can be described by independent coordinates
of support points and pivots in the first quadrant.

The axial support is built as a parametric finite element model
(FEM) by the Ansys Parametric Design Language (APDL). The
tripod’s virtual movement can be decomposed as two rotations
around the pivot [8]. The support point locations after rotation
can be calculated by multiplying its original location with two
rotational transformation matrices:

Rrotx =

1
cos(rotx ) − sin(rotx )

sin(rotx ) cos(rotx )

 , (3)

Rroty =

 cos(roty ) sin(roty )

1
− sin(roty ) cos(roty )

 , (4)
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Fig. 4. Axial support points layout.

 x ′i
y ′i
z′i

= Rrotx Rroty

 xi

y i

zi

 , (5)

where xi , y i and zi are original location coordinates of support
point i , and x ′i , y ′i and z′i are the coordinates after rotation. We
use Ux ,i ,Uy ,i and Uz,i to represent the deformation of support
point i in three directions. Then the displacement of the support
point can be solved as

Ux ,i = x ′i − xi = xi (cos(roty )− 1), (6)

Uy ,i = y ′i − y i = y i (cos(rotx )− 1)− xi sin(rotx ) sin(roty ),

(7)

Uz,i = z′i − zi =−y i sin(rotx )− xi cos(rotx ) sin(roty ), (8)

i = 1, 2, 3. (9)

Under small deformation conditions, these expressions could
be substituted with their first-order Taylor expansions as
sin(x )≈ x and cos(x )≈ 1− 2x 2. After ignoring the high-
order small quantities in the expressions, Ux ,i , Uy ,i , and Uz,i

are

Ux ,i = 0, (10)

Uy ,i = 0, (11)

Uz,i =−y i rotx − xi roty , (12)

i = 1, 2, 3. (13)

So the movements Ux ,i and Uy ,i are negligible compared with
Uz,i . After eliminating the two variables rotx and roty , the three
equations can be reduced to a linear one that consists of Uz,i :∑

i

ωiUz,i = 0, i = 1, 2, 3. (14)

The coefficient ω can be calculated by the points’ locations
(xi , y i ) and the pivot’s location (xpiv, ypiv). When combining
the triangle and rocker, we need to combine the equations. The
whiffletree system can be simulated by using a multi-point con-
straint (MPC) to constrain the support points as this equation.
Based on the principle of virtual work, the reaction force at each
support point Fi meets the following equation:∑

i

FiUz,i = 0, i = 1, 2, 3. (15)

Based on Eq. (2), the force distribution is

F1

ω1
=

F2

ω2
=

F3

ω3
. (16)

The coefficient ω determines the constraint force at the sup-
port point. This is because ω is relevant to the pivot’s location,
and changing ω will change the pivot’s location. The relation
between ω and the pivot’s location can be solved by the former
equation: ∑

i

Fi (xi − x0)= 0, (17)

∑
i

Fi (y i − y0)= 0. (18)

Solving Eqs. (17) and (18) can obtain the pivot’s location as
follows:

x0 =

∑
i

Fi xi∑
i

Fi
=

∑
i
ωi xi∑

i
ωi

, (19)

y0 =

∑
i

Fi y i∑
i

Fi
=

∑
i
ωi y i∑

i
ωi

. (20)

Support point 6 and support point 4 are symmetric about the
x axis, soω6 and Uz,6 are equal toω4 and Uz,4, respectively. The
equivalent equation of the whiffletree can be written as

ω1Uz,1 +ω2Uz,2 +ω3Uz,3 = 0, (21)

ω4Uz,4 + 2ω5Uz,5 = 0. (22)

Since the rocker’s pivot is generally designed at the middle point
of the rocker, the two resultant forces of the tripods at the end of
the rocker are equal:

F5 + 2F4 = F1 + F2 + F3. (23)

Therefore, the coefficientsωi meet

ω5 + 2ω4 =ω1 +ω2 +ω3. (24)
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In these equations, one of the coefficients ωi is redundant and
can be set as one. We choose to take ω5 as one. Then, based on
Eq. (24), ω4 can be expressed as a combination of ω1, ω2, and
ω3. Hence three independent coefficients, ω1, ω2, and ω3, can
completely determine the location of the whiffletree’s pivot.
Thus, the axial whiffletree can be described by nine design
variables, which are x1, x2, y2, x3, y3, x4, y4, x5, y5,ω1,ω2, and
ω3.

B. Mirror Surface Evaluation

Optical performance is the driven goal of support optimization.
The science metric function of TMT is normalized point source
sensitive (PSSn), which is calculated by

PSSNormalized =

∫
∞
|PSFErr(θ)|

2dθ∫
∞
|PSFo (θ)|

2dθ
. (25)

In this equation, PSFErr denotes the power spectrum function
of the mirror with external disturbances such as gravity sag,
wind, atmosphere, etc., and PSF0 denotes the power spectrum
function of an ideal system.

PSSn indicates the real system’s deviation from a perfect one
and reflects the image quality of the telescope system under the
influence of various aspects of error. However, PSSn is not suit-
able for being an objective function, since it is not convenient for
calculation. Based on TMT’s previous research, mirror surface
SlopeRMS, which is RMS of slopes of the mirror surface error, is
well correlated to corresponding PSSn, as expressed by

PSSn= 1− cSlopeRMS2. (26)

SlopeRMS can be directly computed by

SlopeRMS=

√√√√( 1

(N − 1)(M − 1)

) N−1∑
i=1

N−1∑
i=1

((
zi+1, j − zi, j

dx

))
.

(27)
zi, j denotes the mirror surface sag along z direction, which was
extracted from FEM and interpolated to a set of predefined
3.4 mm pitch grid size. When the mirror’s axis is vertical point-
ing, the mirror surface due to gravity is fully dependent on the
axial support. We use SlopeRMSvertical to represent the mirror
surface SlopeRMS under this load condition, and it will be used
as the objective function:

8= SlopeRMSvertical. (28)

C. Optimization Procedure

Based on the work above, the optimization model of axial sup-
port can be expressed as

Table 1. Optimization Results of Axial Support

Support Design Initial Value (mm) Optimized Value (mm)

x1 357.3 356.815
x2 297.27 319.495
x3 773.5 784
x4 256.99 234.282
x5 983.96 968.693
y2 1465.2 1466.32
y3 1016 986.043
y4 683.1 648.278
y5 351.75 319.137
w1 1 1.0431
w2 1 1.0198
w3 1 1.0189
SlopeRMSvertical 1.046 1.033

min 8

s.t.



200< x1 < 400
150< x2 < 350
700< x3 < 900
200< x4 < 400

850< x5 < 1050
1350< y2 < 1550
900< y3 < 1100
550< y4 < 750
200< y5 < 400
0.9<ω1 < 1.1
0.9<ω2 < 1.1
0.9<ω3 < 1.1

. (29)

In this equation, x1, x2, x3, x4, and x5 refer to the x coordinates
of support points; y2, y3, y4, and y5 are the y coordinates of
support points; andω1, ω2, ω3 are the weight of support points
1, 2, 3 in the MPC equations.

Fig. 5. Distribution of axial support points during optimization.
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Fig. 6. (a) Mirror surface figure of initial support points and (b) mirror surface after optimization.

The model involves 12 design variables, so there are many
local optimum solutions in the process. Gradient algorithms
or direct search algorithms are not suitable, because they are
sensitive to an initial solution and hard to jump out of a local
valley. Global algorithms such as the genetic algorithm, particle
swarm optimization, and adaptive simulated annealing usually
perform better for this kind of problem [9]. Finally, the adaptive
simulated annealing algorithm was adopted. The initial points
are manually optimized support points that have achieved
good performance. The optimized results and performances
are listed in Table 1. The distributions of all feasible support
points are plotted in Fig. 5. The colors of the points indicate the
SlopeRMS of the mirror surface under this set of points. The
black “x” marks the optimal support position.

Figure 6 shows the mirror surface after optimization. The
SlopeRMS under axial support decreased from the initial value
of 1.046 µrad to 1.033 µrad.

5. OPTIMIZATION OF LATERAL GEOMETRY

Lateral support supports the gravity components along x and
y directions [10]. The lateral support points are all in the CG
plane to reduce the mirror surface deformation under gravity,
which is very sensitive to the support points’ deviation from the
CG plane. The whiffletree’s direction and location in the CG
plane basically do not affect the mirror surface [11]. However,
the geometry layout affects the support’s load distribution and
dynamic performance. As shown in Fig. 7, The lateral support
can be treated as a planar mechanism consisting of a concentric
mass and three in-plane springs [10]. A spring’s location and
direction affect the stiffness matrix of the system, which affects
the system’s resonant frequency and mode shape.

A. Lateral Support Static Formulation

The reaction forces at the support points of the same group of
whiffletrees are equal in magnitude and parallel in direction.
The resultant force passes through the pivot of the whiffletree in
the same direction. The three whiffletrees’ resultant forces F1,
F2, and F3 are balanced with gravity. When gravity acts in the
lateral plane, it can be described by angle β to the x axis. F1, F2,
and F3 will change along with gravity vector angleβ. The lateral
static force equilibrium equations are

Fig. 7. Lateral support equivalent.

F1 cos α1 + F2 cos α2 + F3 cos α3 = G cos β, (30)

F1 sin α1 + F2 sin α2 + F3 sin α3 = G sin β, (31)

F1d1 + F2d2 + F3d3 = 0. (32)

Solving the equilibrium equation, we get

F1 =
d3 sin β − α2 − d2 sin β − α3

d1 sin α2 − α3 + d2 sin α3 − α1 + d3 sin α1 − α2
,

(33)

F2 =
d1 sin β − α3 − d2 sin β − α1

d1 sin α2 − α3 + d2 sin α3 − α1 + d3 sin α1 − α2
,

(34)
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Fig. 8. Stress on the lateral support.

F3 =
d3 sin β − α1 − d2 sin β − α2

d1 sin α2 − α3 + d2 sin α3 − α1 + d3 sin α1 − α2
.

(35)
Based on the trigonometric equations, the maximum force of
each lateral support during gravity change can be solved as

F1,p =

√
d2

2 + d2
3 − 2d2d3 cos(α2 − α3)

d1 sin(α2 − α3)+ d2 sin(α3 − α1)+ d3 sin(α1 − α2)
,

(36)

F2,p =

√
d2

2 + d2
3 − 2d2d3 cos(α2 − α3)

d1 sin(α2 − α3)+ d2 sin(α3 − α1)+ d3 sin(α1 − α2)
,

(37)

F3,p =

√
d2

2 + d2
3 − 2d2d3 cos(α2 − α3)

d1 sin(α2 − α3)+ d2 sin(α3 − α1)+ d3 sin(α1 − α2)
.

(38)
The correspondingβ of the three maximum forces are

βi = 90− a cos

(
di+2 cos(αi+1)− di+1 cos(αi+2)

d 2
i+1 + d 2

i+2 − 2di+1di+2 cos(αi+1 − αi+2)

)
.

(39)
Since the support structure designs are all the same, the maxi-

mum of Fi,p , i = 1, 2, 3 decides the maximum stress on lateral
support. F p denotes the vector composed of these three forces:

F p =
[

F1,p F2,p F3,p
]

. (40)

The maximum of these three forces can be expressed as the
infinite norm of F p, ‖F p‖∞. The support structure has to
withstand the force ‖F p‖∞ multiplied by a reasonable safety
factor without yielding or buckling.

Compared with the safety of the support structure, the safety
of the mirror is much more concerning. The maximum first
principal stress on mirror shall not exceed 7 MPa, while the yield
strength of the structure is above 200 MPa. However, the stress
on the mirror depends not only on the magnitude of the load,
but also the direction. As shown in Fig. 8, the stress on the lateral
support is caused by shear load Fs and normal load F p , and the
peak stress is on the edge of the lateral support pad.

The normal load F p causes push/pull stressσp , which distrib-
utes uniformly on the support area:

σp = F p/A, (41)

where A denotes the bonding area of the support point.
The shear load Fs causes bending stress, which distributes lin-

early on the area. The peak stress σs is on the edge of the support
area:

σs =
Fs d L

2I
, (42)

where d is the lateral support pad’s thickness, L is the lateral sup-
port pad’s length, and I is the inertia moment of the lateral sup-
port pad’s cut section.

Based on calculation, σs is much larger than σp . σs is deter-
mined by Fs , and the maximum σs on the mirror is determined
by maximum shear load Fs ,p . Hence, the maximum shear load
Fs ,p is a more critical requirement. Maximum shear load Fs ,p

can be calculated by F p and the angle between the shear load
with the tangential vector of the mirror edgeη:

Fs ,p =‖F p cos η‖∞. (43)

The angleη can be calculated by the unit tangential vector νv,i at
the support point and the load vector νi , i = 1, 2, 3:

νi = [cos αi , sin αi ], (44)

νt,i =

[
−a2 y i , b2xi

]
a4 y 2

i + b4x 2
i

=
[−a sin θi , b cos θi ]√
a2 sin2 θi + b2 cos2 θi

, (45)

cos ηi =
|νt,iνi |

|νt,i ||νi |
. (46)

The maximum shear load Fs ,p is also adopted as a metric func-
tion82 that relates to the mirror stress.

B. Dynamic Model for Lateral Support

Resonant frequency is the indicator of system dynamic per-
formance and can be obtained by FEA. M3M’s natural resonant
frequency is high enough compared with the support system’s
resonant frequency [12]. So M3M can be treated as a rigid con-
centric mass with three DOFs in plane and described by a 3× 3
mass matrix. The support system can be simplified as springs
with equivalent stiffness. In this way, the system is simplified
as a planar mechanism, of which dynamic performance can be
derived by the Lagrange equation. The system’s kinetic energy T
and potential energy V are

T =
1

2
Mẋ 2
+

1

2
Mẏ 2
+

1

2
J γ̇ 2, (47)

V =
1

2
K1δ

2
1 +

1

2
K2δ

2
2 +

1

2
K3δ

2
3, (48)

where M denotes the mirror mass, and J denotes the mirror’s
moment of inertia. K1, K2, and K3 denote the stiffness of each
whiffletree, and they are basically equal since the designs of all
the whiffletree components are the same. So they are substituted
with a constant K in the following calculation.

Based on the Lagrange equation

d/dt(∂T/∂ ẋi )− ∂T/∂xi =−∂V /∂qi , (49)

the dynamic equation can be derived asM
M

J

 ẍ
ÿ
γ̈

+
 k11 k12 k13

k21 k22 k23

k31 k32 k33

 x
y
γ

= 0.

(50)
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Both the mass matrix and stiffness matrix are symmetric. The
elements of the lower triangle in the stiffness matrix are

k11 = K cos2 α1 + K cos2 α2 + K cos2 α3, (51)

k21 = K cos α1 sin α1 + K cos α2 sin α2 + K cos α3 sin α3,

(52)

k22 = K d1 cos α1 + K d2 cos α2 + K d3 cos α3, (53)

k31 = K sin2 α1 + K sin2 α2 K3 sin2 α3, (54)

k32 = K d1 sin α1 + K d2 sin α2 + K d3 sin α3, (55)

k33 = K d2
1 + K d2

2 + K d2
3 . (56)

K is evaluated as 2.4× 104 N/m in the optimization. The spe-
cific value of stiffness K has no effect on the optimization result.
Solving the equation can get the system’s modal frequencies f1,
f2, and f3 and the corresponding eigenvector. The first-order
resonant frequency f1 indicates the system’s dynamic property.

C. Lateral Support Geometry Optimization

The layout of lateral support geometry needs to balance
dynamic and static performances. As mentioned before, the
mirror stress is more concerning than the stress on the support
structure. Thus, the maximum shear load Fs ,p is selected as an
objective function81. The first-order resonant frequency of the
lateral support system f1 indicates the dynamic performance.
To express the optimization model as a minimum problem, take
the opposite number of f1 as the other objective function:

81 = Fs ,p , (57)

82 =− f1. (58)

This is a typical multi-objective optimization problem with two
objective functions 81 and 82. The optimization variables are
the angle of support points, including θ1, θ2, and θ3, and the
angle of support direction, includingα1,α2, andα3:

min 81, 82

s.t.



−
π
4 <α1 <

π
4

π
2 <α2 <π

−π < α3 <−
π
2

0< θ1 <
π
2

π
2 < θ2 <π

5
4π < θ3 <

7
4π

‖F p‖∞ < 0.8W

. (59)

It is challenging to balance the optimal solutions for all the
objective functions. In many cases, there is no absolute optimal
solution for multi-objective optimization problems, only Pareto
optimal. The neighborhood cultivation genetic algorithm
(NCGA) is developed from the genetic algorithm. NCGA
can increase the speed of obtaining the Pareto solution set by

Fig. 9. Explored lateral support design points.

Table 2. Optimization Results of Axial Support

Initial Design Optimized Design

α1(
◦) 180 170.79

α2(
◦) 300 310.55

α3(
◦) 60 64.63

θ1(
◦) 37.5 45.64

θ2(
◦) 140 149.4

θ3(
◦) 261 269.85

f1 (Hz) 17.96 18.78
‖F p‖∞ 0.7566 W 0.792 W
Fs ,p 0.459 W 0.433 W

cross breading the design points of the adjacent Pareto solu-
tion set. Therefore, we use NCGA to search for the Pareto
solution. Figure 9 plots the figure of the first-order frequency
and maximum lateral load of the searched points. The upper
design sets have advantages over the lower in terms of dynamic
performance. The left design sets have advantages over the right
in terms of static performance. The front formed by the points
in the upper left is the Pareto optimal. Choosing the points in
the Pareto optimal will benefit more than the rest. But there is
not an absolute optimized solution in the Pareto optimal. So
we choose an optimal design with a moderate performance on
both objective functions. Table 2 lists f1, ‖ F p ‖, Fs ,p of initial
designs and optimal designs. W in the table stands for the gravity
load of the mirror, which is about 18 kN. Compared with the
initial design, the optimal design increases the first-order modal
frequency f1 by 4.55% and decreases the maximum shear load
Fs ,p by 5.77%.

6. CONCLUSION

This paper presents some methods to evaluate and optimize
the geometric layout of a 3.5 m× 2.5 m thin elliptical mirror.
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The axial support efficiency is evaluated by the mirror sur-
face SlopeRMS. By using the adaptive simulated annealing
algorithm, the SlopeRMS of the mirror surface under gravity
decreases from 1.046 µrad to 1.033 µrad. The mirror surface
figure under gravity is not sensitive to lateral support locations.
The lateral support geometric layout mainly affects the system’s
resonant frequency and stress level on the mirror. The first-order
resonant frequency f1 and the maximum reaction Fmax are
optimized by the multi-objective algorithm. For early studies or
conceptual designs of opto-mechanical systems, the method in
this paper can improve efficiency. With the aid of a simplified
model, the job of model building and computing time can be
significantly improved.
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