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Fabrication of large optics is a time-consuming process
and requires a vast investment in manpower and financial
resources. Increasing the material removal rate of polishing
tools and minimizing dwell time are two common ways of
reducing the processing time. Indeed, the polishing effi-
ciency can be further improved if multiple tools are used
at the same time. In this Letter, we propose a dual-tool
deterministic polishing model, which multiplexes the dwell
time and optimizes the run parameters of two polishing
tools simultaneously. The run velocities of the two tools
are coordinated by boundary conditions with a velocity
adjustment algorithm, and the corresponding polishing
paths are studied. We demonstrate this model with a sim-
ulation of polishing one segment of the Giant Magellan
Telescope, where, with the proposed dual-tool multiplexing,
the processing time of an 68.4 m mirror has been reduced by
50.54% compared with that using two tools in a sequential
schedule. © 2020 Optical Society of America

https://doi.org/10.1364/0L.404575

Due to the large size and the ever-increasing requirement on
accuracy, fabrication of large optics becomes an extremely time-
consuming process. For example, the Giant Magellan Telescope
(GMT) [1], one of the world’s largest telescopes, consists of
seven segments, each of which is an ¢ 8.4 m monolithic mirror.
Polishing each segment to the specified accuracy, i.e., 20 nm root
mean square (RMS) figure error, consumed about one year.
Increasing the material removal rate [2-6] is one straightfor-
ward way to save time. As shown in Fig. 1,26 1.2 m stressed lap
and a non-Newtonian lap have been used in the Large Synoptic
Survey Telescope (LSST) and GMT polishing system to ensure
adequate removal [2,7]. Similarly, the largest Zeeko-classic
polishing machine equipped with a ¢ 320 mm pressurized
bonnet head has been adopted for the European Extremely
Large Telescope (E-ELT) [3]. Utilization of a more rigid tool
head [4] and multi-jet polishing [5] have also been attempted.

0146-9592/20/236426-04 Journal © 2020 Optical Society of America

Combining form generation and surface smoothing into a single
processing chain [6] is yet another way of increasing the overall
manufacturing process efficiency.

Higher polishing efficiency can also be achieved by minimiz-
ing the total dwell time [8-10]. This includes optimizing the
dwell time algorithm to minimize the total dwell time [8] and
substituting the position-based dwell time implementation by a
velocity feed scheme [9,10].

Because a single dwell time control mechanism (e.g., work-
piece rotation) cannot support multiple independent dwell time
schedules for different tool sizes targeting different spatial fre-
quency errors, computer controlled optical surfacing (CCOS)
runs have been required to be executed in an inefficient, one-
at-a-time mode. In fact, the polishing efficiency can be further
improved if multiple polishing tools are used simultaneously in
a single polishing process. It is critical to understand that this is
different from a simultaneous simulation topic [11] and enables
a multiplexed physical polishing process. For instance, the large
polishing machine (LPM) at the University of Arizona consists
of two tools (i.e., Tool; and Tool,) with different sizes. However,
they have been working independently in serial runs or simul-
taneously on two physically separated mirrors (e.g., monolithic
LSST primary-tertiary mirror, as shown in Fig. 1). This brings
the potential to accelerate the polishing process by multiplexing
two polishing runs figuring a single optical surface in parallel.

In our previous work [11], a non-sequential optimization
technique was proposed to simultaneously optimize the dwell
times and tool sizes. The deterministic figuring ability of the
LPM shown in Fig. 1 has been verified through excellent match-
ing between predicted and measured removal maps. However,
the actual polishing process has been implemented sequen-
tially, which often started with larger tools and finished with
smaller tools. A significant remaining challenge is not enhancing
deterministic removal using polishing parameter control, but
multiplexing polishing programs and sequences into a single
run, which isa pure algorithm-level innovation.
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Fig. 1. Large polishing machine (LPM) with dual tools for 8.4 m
class mirror manufacturing at the University of Arizona.

Fig. 2.  Schematic TIF models comparing (a), (b) two sequential’
single-tool runs and (c) a multiplexed” dual-tool run.

In the rest of this Letter, we present a multiplexed dual-tool
deterministic polishing model that enables running the two
polishing heads equipped on the LPM in parallel. The dwell
time calculated for each individual tool is synchronized in real
time under certain boundary conditions (BCs). The run veloc-
ities of the two tools are coordinated by a velocity adjustment
algorithm (VAA), ensuring that the velocities are always within
the affordable speed range for both tools. Also, appropriate tool
paths for the dual-tool scenario are carefully studied.

The convolution-based removal model of an individual tool
in Fig. 1 is defined as

Z(x,y)=Ru,v)x* [T(x, y) x V(x,y) x P(x, y)] ,(1)

where “xx” represents the two-dimensional convolution oper-
ator; Z(x, y) is the removed material, which is equal to the
convolution between the basic tool influence function (TTF),
R(u, v), defined in its local coordinate system, and the product
of the dwell time, 7(x, ), the tool stroke velocity, V(x, y),and
the contact pressure, P (x, y) of the tool. Figure 2 schematically
illustrates the concepts and relationship of the single-tool and
the dual-tool polishing models defined in a global Cartesian grid
coordinate system. Given the optimized [8—10] sequential run
parameters, which are the 77, V;, and P for Tool; and 75, V;,
and P; for Tool,, the corresponding 77*, V{”, Pl", T;”, V3", and
P} need to be multiplexed and synchronized for the dual-tool
model.

To solve the dual-tool parameters, the relationship between
the single-tool and the dual-tool models should be established.
This relationship is the removed material at a certain point
(x, y) and has to be identical in both cases. Therefore, the
following fundamental BC (BC-1) is defined as follows:

BC-1: Zi(x, y) = Z'(x,y) and Z(x,y)= Z;”(x,y()z,)
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where Zj(x, y) and Z;(x, y) are the material removed by R,
and R, at (x, y) in the single-tool model, respectively, and
ZP(x, y) and Z}' (x, y) are the material removed by R; and R,
at (x, y) in the dual-tool model, respectively. Since Ry and R,
remain invariant, Eq. (2) can be further transformed into

T x Vi x Pl =T x V' x P}
T xVixP=T"xV"xP). (3)

In addition, as a machine-specific BC, the simultaneous run
of the two tools requires 180° out of phase dwell time for the
LPM configuration, which has two tools translating on the
+x (Tool;) and —x (Tool,) axes, as shown in Fig. 2(c), during
the mirror rotation for dwell time modulation. First, one tool
(e.g., Tooly) is set as the primary tool so that its dwell time and
velocities remain invariant, i.e.,

I (x,y)=1T"(x, ),

Vix, p) = V{"(x, y). 4)

Then, as shown in Fig. 2(c), during simultaneous polishing,
Tool; and Tool; are placed at the opposite location (180°), and
73" is calculated with the machine-specific BC (BC-2) as

BC-2: T"(x, y) = rotate (Tl'm(x, ), 1800) . (5)

It is worth mentioning that the separation angle between
Tooly and Tool, can be arbitrary. The 180° is just the most
convenient angle to implement the dual-tool model under the
LPM’s specific gantry-type configuration. Based on Egs. (4) and
(5), V3" is determined as

T (x, y)

Vz"”(x,y)=Vz’(x,y)E,,,(x Pk

(6)

If the simultaneous cases keep their nominal pressures, which
are often set as constants, all of the parameters for the dual-tool
model are now synchronized. However, V}"(x, y) obtained
from Eq. (6) may exceed the maximum speed limit of the pol-
ishing machine. Therefore, the VAA shown in Algorithm 1 is
employed to constrain the velocities under the valid range. The
VAA adjusts the velocities in two loops. In the first loop (Lines
3-6), V" (x, y) isclamped to V"™ if it is over the range, and the
17" (x, y) is calculated accordingly. Afterwards, 77" and V}” are
updated using Egs. (5) and (6). In the second loop (Lines 9-12),
the same operations are applied to the new V{"(x, y), after
which both V}” and V}” are guaranteed to be within the max
velocity limits. Note that it is also possible to hold the velocities
constant and tune the contact pressures. For most cases, contact
pressure has a small dynamic range (i.e., the ratio of maximum
and minimum pressure) compared to stroke velocity. Also, the
removal depth is often nonlinear with respect to the very low
pressure range. Therefore, we select the velocities as the main
variables (and the pressures as the secondary variables) in the
following case study.

The LPM adopts a turntable motion. As shown in Fig. 3, the
tool path is implemented as a spiral track with respect to the
center of the work piece. Equal angle and equal arc length are
common types of spiral tool path control sampling methods in
CCOS. For an equal-angle sampling path, since the inner dwell
points are much closer than the outer ones, the dwell time per
pointon an inner ring is shorter than that on an outer ring when
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Algorithm 1.

1: procedure: VAA (V", V", T, T;")

[m, n] <= [rows (V]"), cols (V]")]

while y < mandx < ndo

if V" (x, y) > V;* then

Ve y) < v
(e, y) =15 (x, y) X V3 (x, )/ V3" (%, y)

17" < rotate (13", 180°)

Vi e Vi x T /T

9: whiley <mandx <ndo

10: if V" (x, y) > V™ then

Velocity Adjustment Algorithm

> Adjust V;” and 7"

>Eq. (5)
>Eq. (6)
> Adjust V] and 7}”

11: V' (x, y) < V™

12: " (x, ) =T (e, ) X Vi (e, p)/ V" (5 9)

13: 1" < rotate (77", 180°) >Eq. (5)
1 VP <V x )T > Eq. (6)
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Fig. 3.  Three cases of the dwell time reassignment process from
original dwell time grid to actual spiral tool path.

the same amount of material is removed. On the other hand, the
equal-arc-length path keeps equal arc lengths between adjacent
dwell points, varying the mirror rotation speeds between dwell
points on the inner and outer rings. Thus, the feed speeds need
to be adjusted accordingly. Regardless of the types of spiral tool
paths, the dwell time calculated for the Cartesian grid points
(see Fig. 2) needs to be converted to the spiral sampling. Since
the sampling of the spiral path is non-uniform and does not
exactly match the original grid points, a reassignment process is
performed in three different cases: (1) if no spiral sampling point
is in the grid, the grid’s dwell time is assigned to its nearest spiral
poing; (2) if only one spiral point falls in the grid, the grid’s dwell
time is directly assigned to this point; and (3) if multiple spiral
points are in the grid, the grid’s dwell time is evenly distributed
to these points (see Fig. 3).

For the dual-tool multiplexing model, as shown in Fig. 4,
the tools can be fed in two modes, one is in-out and the other
is in-in. In the in-out method [see Fig. 4(a)], Tool; and Tool,
move in the same direction so that tool collision is avoided.
This is generally applicable to any dual-tool polishing scenario.
When polishing a mirror with a central obscuration, e.g., the
GMT on-axis segment, the in-in feed mode [see Fig. 4(b)] can
also be applied, since the tool collision problem is automatically
resolved due to the hole at the mirror’s center. In this study, the
performances of applying the two-tool feed modes on the two
aforementioned types of spiral paths are studied and demon-
strated via a simulation based on a real ¢ 8.4 m GMT segment
polishing configuration.

Figure 5 presents the simulated initial surface error map. The
single-tool parameters in Eq. (1) for Tool; and Tool, are simu-
lated using Zernike coefficients. The TIF sizes of R; and R, are
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Fig. 4. (a) In—out and (b) in-in feed modes for multiplexed
dual-tool polishing model.
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Fig. 5.  Synthetic GMT segment surface error map. PRR, peak
removal rate; z,,, the “z”th Zernike coefficient.
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Fig. 6. CCOS case study of two sequential single-tool runs using
(a) Tool; followed by (b) Tool, (Visualization 1).

modeled to ¢ 1.2 m and ¢ 0.3 m, respectively, considering their
effective tool contact area and orbital stroke motion. As a bench-
mark, the results of the sequential two single-tool runs are given
in Fig. 6. In Fig. 6(a), the figure error is reduced from 1.72 pm
to 184.9 nm RMS after processing with Tool;. The residual fig-
ure error is then further processed by Tool, [see Fig. 6(b)], and
the final residual is 3.4 nm RMS. The total dwell time required
to achieve this residual erroris 22.62 + 36.54 = 59.16 h.

In the multiplexed dual-tool case, Tool; is selected as the
primary rool so that the parameters of Tool, (i.e., the dwell time
and velocities) are adjusted and synchronized with those of
Tool;. The performances of the in-in and the in-out feed modes
with the equal-angle paths are first studied in Figs. 7(a) and 7(b),
respectively. Both of the feed modes with constantangular speed
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Fig. 7.  Case study simulations using dual-tool CCOS multiplex-
ing model: (a) in—in feed with equal-angle path (Visualization 2),
(b) in—out feed with equal-angle path (Visualization 3), (c) in—in feed
with equal-arc-length path (Visualization 4), and (d) in—out feed with
equal-arc-length path.

achieve similar residual errors, namely, 3.2 nm and 3.4 nm
RMS, respectively. The VAA has adjusted the velocities for
Tooly and Tool, to be within their respective maximum speeds.
It is worth noting that, in practice, the linear-shift-invariant
range of the TIF depends on the specific run configuration, such
as polishing pads, tool types, and polishing slurry. It can also be
observed that when the in-in feed mode is used [see Fig. 7(a)], as
the tools move toward the center, the density of the dwell points
increases, and the dwell time distributed to each dwell point
becomes shorter.

The in-in feed mode shows shorter dwell time (29.26 h) than
the in-out feed mode (37.08 h), almost 21% less. Compared
with the 59.16 h two sequential single-tool runs, the muldi-
plexed polishing efficiency is significantly improved by 50.54%
with the in-in mode. The reason for the lower polishing effi-
ciency of the in-out mode is that, as Tool; moves toward the
center, dwell points become more dense, resulting in shorter
7" (x, y). The T”(x, y) also become shorter according to
Eq. (5). Therefore, based on Eq. (6), V5" (x, y) should increase.
However, if V]"(x, y) are already large, the VAA may clamp
V' (x, y) to Vo™, which in turn causes the corresponding
T}"(x, y) toincrease, leading to higher total dwell time.

Figures 7(c) and 7(d) further demonstrate the results of the
two feed modes with the equal-arc-length paths. The in-in
feed mode shown in Fig. 7(c) achieves a similar residual error
at 4.6 nm RMS, while the total dwell time 0of 29.26 h is similar
to that calculated using the same feed mode applied with the
equal-angle path shown in Fig. 7(a).

The in-out feed mode shown in Fig. 7(d), however, cannot be
applied with the equal-arc-length path. In the in-out feed mode,
at any instant, Tool; and Tool, will have different radial posi-
tions with respect to the center of mirror rotation so that the arc
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lengths cannot be equal. This mode is thus not suitable for the
equal-arc-length path. On the contrary, in the in-in feed mode,
both tools have the same radial position at any time so that the
equal-arc-length condition can be guaranteed. Therefore, the
equal-arc-length path is only applicable to the in-in feed mode.

Finally, we can conclude from Fig. 7, that all of the multi-
plexed dual-tool models (in Fig. 7) for the 8.4 m GMT polishing
case study achieves significantly enhanced fabrication efficiency
in terms of total dwell time while maintaining the final surface
figure of the original sequential dwell time optimization. For
general applications, where tool collision should be considered,
and the in-in feed mode cannot be employed, the dual-tool mul-
tiplexing theory and BCs can still be efficiently implemented
with the in-out feed mode with an equal-angle path shown in
Fig. 7(b).

In this Letter, we proposed a multiplexed dual-tool deter-
ministic polishing model that enables the efficient polishing of
large optics using two tools in parallel. It is critical to note that
this is a purely algorithm-based innovation. All of the determin-
istic removal processes (e.g., Bonnet tool, magnetorheological
finishing, stressed lap, non-Newtonian lap) and various dwell
time optimization algorithms are still essential building blocks
enabling this CCOS multiplexing. Two dwell time maps using
any existing optimization methods can be directly multiplexed.
Setting one tool as the primary tool, the dwell time and the
velocities of the two tools are synchronized based on certain BCs
and VAA. The GMT polishing case study results demonstrate
that the proposed dual-tool model improves the single-tool
polishing efficiency by a factor of up to 50.54%, while the final
surface error is not affected, which proves the effectiveness of
the proposed multiplexing theory. The dual-tool model can be
extended to an /N-tool model multiplexing /V tools, in which
case the polishing efficiency can be further improved.
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