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The field of astronomy has entered an age of big data, and this being driven by dedicated tele-
scopes and instruments built for the sole purpose of conducting broad surveys to catalog the night
sky. The highly successful space-based Gaia mission has already cataloged the broadband col-
ors, 3D locations, and trajectories for nearly 2 billion astronomical sources. The much anticipated
Legacy Survey of Space and Time (LSST) is projected to catalog an order of magnitude more ob-
jects. Imaging surveys like these are providing an unprecedented number of sources available for
spectroscopic followup. Spectroscopy reveals a wealth of astrophysical information that imaging
alone cannot, but spectroscopy is an inherently slow process. To spectroscopically observe even
a small fraction of what is currently available, observations need to be performed as quickly and
efficiently as possible.

Robotic fiber positioners are a relatively new technology designed to speed up spectroscopic
data collection. The fifth iteration of the Sloan Digital Sky Survey (SDSS-V) has built a pair of
instruments each with 500 robots carrying optical fibers for multi-object spectroscopy. The first
instrument operates from Apache Point Observatory (APO) in New Mexico and saw first light in
December 2021. The second instrument operates from Las Campanas Observatory (LCO) in Chile
and saw first light in August 2022. These instruments are designed to perform a spectroscopic
survey of 6 million sources in a survey duration of five years. Operationally these instruments

are complex, and they are required to perform at very high precision. This work describes the



mathematics, algorithms, analysis, and general calibration strategies we have developed to make

these instruments operational.

A robot’s fundamental task is to position a 120 pm diameter optical fiber in the focal plane of
the telescope to capture light from an astronomical source. The coordio software package was
developed to perform the calculations for determining where an astronomical source will land in
the focal plane of the telescope and how a robot should be moved to collect light from that object.
This package defines a series of coordinate systems and transforms and provides a computational

backbone for many pieces of SDSS-V’s survey operations and infrastructure codes.

SDSS-V has chosen a spatially-aggressive layout for the robotic fiber positioner array in which
the physical workspace for a robot heavily overlaps with its neighbors. This layout grants more sky
coverage to each robot but introduces a high risk of collision between robots during reconfiguration.
The kai ju software package was developed to compute safe paths for every robot while moving
from one spectroscopic target to the next. This path planning algorithm was an important success
for the project, and it allowed the instrument to realize its full potential in using every available

robot in every spectroscopic exposure.

Once instrument assembly was completed, a period of lab testing and calibration was per-
formed. A lab test camera was used to measure positions of back-lit optical fibers as robots were
moved through many reconfigurations. From this process we derived a kinematic model unique
to each robot for use in coordio routines to accurately predict fiber locations. This period also
served to test and tune kai ju path planning parameters while operating the robot array at full

scale, ensuring proper operation prior to shipping the instrument to the telescope.

After lab calibration, each instrument was installed at the telescope where a Fiber View Cam-
era (FVC) is used to measure and adjust fiber positions during array reconfiguration. A series of
camera distortion models were derived to reach sufficient FVC measurement accuracy. On-sky in-
strument commissioning consisted of spectroscopic observations of Gaia sources using a telescope

dither technique, which allowed us to estimate on-sky fiber position errors. Analysis of these



data informed additional layers of instrument calibration which improved overall fiber positioning
accuracy.

The instrument at APO was commissioned first, and is currently placing robotic fibers with
an RMS error of 21 pm relative to astrophysical sources in the focal plane. Spectroscopic targets
are generally well centered within the 120 pum fiber aperture, and normal survey operations are
proceeding. We expect that ongoing efforts will further improve survey efficiencies and fiber posi-
tioning performance with an end goal of limiting fiber placement error to ~17 pm. The instrument
at LCO is currently in the commissioning and science verification phase, but initial indications
suggest that fiber throughput will be sufficient for achieving SDSS-V science goals.

SDSS-V is the third project worldwide to successfully deploy a robotic fiber positioner in-
strument to conduct a multi-year spectroscopic survey, and several other projects of comparable
scale are nearing deployment. Throughout the process of designing, building, and using these in-
struments, we have developed a number of strategies and techniques that are directly applicable
to contemporary instruments today. Robotic fiber positioner arrays will likely continue to grow
in importance, and proposals for building instruments with tens of thousands of robots on large
aperture telescopes are already in place. The solutions derived from today’s robotic multi-object

spectrosopic surveys will directly influence the feasibility and design of future projects.
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Chapter 1
INTRODUCTION



1.1 The Demand for Massively-Multiplexed Spectroscopy

The landscape of observational astronomy has rapidly evolved over the past 20 years. The field
is shifting focus from PI-based proposal-driven observations to dedicated observatories perform-
ing astronomical surveys. Recent large-footprint and time-domain photometric surveys (e.g, Gaia
Gaia Collaboration et al. 2016, TESS Ricker et al. 2014, DES The Dark Energy Survey Collab-
oration 2005, ZTF Bellm et al. 2019, and soon Rubin/LSST Ivezi¢ et al. 2019) are providing a
wealth of targets for spectroscopic follow up. The combination of massive increases in target
volumes and real-time alerts now streaming from survey-based telescopes have driven the need
for new technologies in multi-object spectroscopic (MOS) surveys (National Research Council,
2015), specifically fast-moving and highly-multiplexed spectroscopic instruments with low opera-
tional overheads. To achieve this, virtually all MOS surveys and instruments (now and future) are

adopting robotic fiber positioners.

Robotic fiber positioner arrays remain a relatively risky technology. LAMOST (Cui et al.,
2012) was the first highly-multiplexed robotically-positioned spectroscopic instrument on sky. In
2011 LAMOST launched a 9 month pilot survey in which half of their spectra were unusable
(Luo et al., 2012). LAMOST challenges were related to accuracy issues in fiber positioning and
metrology. The LAMOST survey was ultimately forced to re-scope to match the capabilities of the
instrument (Luo et al., 2015). This early LAMOST experience emphasizes the operational chal-
lenges inherent in deploying a robotic fiber positioning system. Despite these initial challenges,
LAMOST’s observational efficiencies have continued to improve over the last decade, and their

eighth data release contains over 10 million spectra (Yan et al., 2022).

A new generation of robotic MOS systems has arrived for the 2020s. DESI (DESI Collabora-
tion et al., 2016) and SDSS-V (Kollmeier et al., 2017) are currently in survey operations. WEAVE
(Dalton et al., 2012) has just begun instrument commissioning, and a slew of other contemporary
instruments should all see first light in 2023 (4MOST de Jong et al. 2019, MOONS Cirasuolo et al.
2011, PFS Sugai et al. 2015). These projects sample a distribution of science goals, robot design,

robot arrangement, metrology systems, survey implementation, and telescope apertures. Although



variations are present, these MOS projects all are functionally similar, and will inevitably face
similar challenges throughout their operational lifetimes. Solutions found by any project will be
of interest to other projects. Common solutions to broad problems in this domain are already
emerging.

Looking ahead, MOS instruments will continue to grow in importance, and the 2030s will see
MOS instruments on larger aperture telescopes with even larger numbers of fibers. New MOS
projects are being developed in anticipation of LSST imaging, which will require massively multi-
plexed MOS systems on large aperture telescopes to specroscopically survey even a small percent-
age of the available photometric sample. Most MOS facilities today exist on 2-4m class telescopes
in the Northern Hemisphere, and may not be for suited LSST follow up. Notable next genera-
tion MOS projects include: MSE (Hall et al., 2019), MegaMapper (Schlegel et al., 2019), FOBOS
(Bundy et al., 2019), and pre-concepts such as SpecTel (Ellis and Dawson, 2019). The Rubin
Observatory may even see a MOS retrofit in the future (Jha et al., 2019).

As astronomical observation moves into highly multiplexed and automated modes, spectra for
millions of sources will be collected on incredibly short timescales. SDSS-V will target over 6 mil-
lion objects and DESI will target over 40 million objects in the span of 5 years. MOS spectroscopy
may be on a Moore’s law trajectory (Schlegel et al., 2019). This new domain of robotic MOS
spectroscopy is ripe for innovation. The problems solved and the lessons learned in the current era
of MOS development will directly inform and influence the feasibility, design, and execution of

next-generation of MOS surveys.

1.2 SDSS-V Survey and Instrumentation

The Sloan Digital Sky Survey (SDSS I/II; York et al. 2000) has recently started its fifth phase of
operations. For nearly two decades, SDSS has continuously served high quality, well documented,
and accessible data. The project has evolved over the years, beginning with SDSS I/I1, which pro-
vided multiband photometry from a large camera that now resides at the Smithsonian (Gunn et al.,
1998) and multi-object optical spectroscopy (Smee et al., 2013) using plug plates at Apache Point
Observatory (APO). SDSS-III (Eisenstein et al., 2011) included new instrumentation at APO for



conducting a near-infrared multi-object spectroscopic survey APOGEE (Majewski et al., 2017), a
radial velocity planet finding survey MARVELS (Ge et al., 2009), and increased total fiber capac-
ity of the optical spectographs. SDSS-IV (Blanton et al., 2017) saw the inclusion of the MaNGA
integral field unit (IFU) survey of nearby galaxies (Bundy et al., 2015), and built out infrastructure
and instrumentation to extend the APOGEE survey to the southern hemisphere at Las Campanas
Observatory (LCO).

SDSS-V (Kollmeier et al., 2017) is an all-sky, multi-epoch spectroscopic mapping survey, op-
erating for five years from both hemispheres. Two of SDSS-V’s main science programs use a
use a robotic fiber positioning array: the Black Hole Mapper (BHM) and the Milky Way Mapper
(MWM). The BHM and MWM surveys operate in tandem, sharing a common robotic focal plane
system (FPS, Pogge et al. 2020). One FPS is installed on the 2.5 meter f/5 Sloan Foundation
Telescope at APO (Gunn et al., 2006). The second FPS is installed on the 2.5 meter f/7.5 du Pont
Telescope at LCO (Bowen and Vaughan, 1973).

The BHM is a very-wide area dual hemisphere survey to obtain multi-epoch optical spec-
troscopy of accreting black holes. It will provide comprehensive follow-up of X-ray sources from
the recently launched eROSITA space telescope (Predehl et al., 2010). With its multi-epoch ca-
pability, BHM will provide black hole masses for supermassive black holes using the reverbera-
tion mapping technique (Shen et al., 2015) and will probe the dynamics of black hole environ-
ments by obtaining multi-epoch spectroscopy for quasars and AGN with sensitivity to variability
on timescales ranging from decades to months when combined with legacy SDSS datasets.

The MWM science program is an all-sky survey targeting over 6 million stars in the Milky Way
for multi-epoch optical and near-infrared spectroscopy. The survey will measure fundamental stel-
lar characteristics (e.g. age, chemistry, kinematics), yielding a dataset well-suited for investigating
the history and evolution of the Galaxy’s structure. The MWM aims to double the number of spec-
troscopically observed objects from all previous SDSS cycles in a span of five years. This target
volume increase would be impossible to accomodate using the original SDSS plug plate system,
which required approximately 20 minutes of operational overhead to move between fields. The

combined MWM and BHM target volume drove the need for a nimble robotic fiber positioning



system in SDSS-V.

To carry out the BHM and MWM surveys, a pair of SDSS-V robotic fiber positioning sys-
tems were constructed. At APO the robotic fibers cover a ~5 deg? field of view. At LCO the
robotic fibers cover a ~2 deg? field of view. At both telescopes FPS units are mounted to an
instrument rotator at Cassegrain focus. Each FPS consists of 500 robotic fiber positioners, 6 guide-
focus-acquisition (GFA) cameras, and 60 fixed fiducials mounted upon a dished surface termed the
“wok”. The wok’s top surface has been machined to match the telescope’s very slight focal plane
curvature such that GFAs and science fibers remain in focus across the telescope’s field of view.

Within the wok, robots are installed into a hexagonally-packed grid pattern with fiducials and
environmental sensors interspersed among them. Each robot carries a 120 um diameter APOGEE,
BOSS and metrology fiber in a common ferrule. All 500 positioners feed the BOSS optical spectro-
graph (Smee et al., 2013), while a subset of 298 robots additionally feed the APOGEE near-infrared
spectrograph (Wilson et al., 2019). The BOSS and APOGEE spectrographs have a capacity of 500
and 300 fibers respectively, so not every robot will be available for near-infrared targeting. Two
fibers on the APOGEE spectrograph are reserved for a new Fabry-Perot interferometer which will
increase the precision of APOGEE radial velocity measurements (Wilson et al., 2022).

A new three element wide-field corrector was designed and commissioned for SDSS-V oper-
ations at the APO Sloan Foundation Telescope (Barkhouser et al. 2022, Gray et al. 2022). The
new corrector makes the infrared and optical focal planes parfocal and telecentric, a necessity for
optimally feeding the robotically positioned fibers of the FPS. Additionally the new corrector has
optimized coatings for near-infrared transmission which has improved APOGEE throughput by
>30% at APO.

Each telescope is equipped with a Fiber View Camera (FVC, Jurgenson et al. 2020). This
camera measures the centroids of back-lit fiducial and metrology fibers in the positioner field to
measure and correct the placement of fibers in the focal plane when reconfiguring robots for science
fields. The FVC accomplishes this in an unusual fashion by using the telescope in reverse. The
camera images a small section of the primary mirror to capture rays originating from the telescope’s

focal plane via their reflection off the secondary mirror.



The changes brought on by new instrumentation and survey modes in SDSS-V have required a
near total reconfiguration of operations at APO and LCO (Sdnchez-Gallego et al., 2020), affecting
all levels of survey implementation from target selection to data release. The content presented
here describes strategies and solutions to several fundamental challenges SDSS-V has faced when

taking our new hardware and making it work. We also emphasize the challenges that still remain.

1.3 Overview of Content

In Chapter 2 we derive and describe the exact models and mathematics used in SDSS-V to calcu-
late how to position a robot to receive photons from astrophysical targets with coordinates provided
from an astronomical catalog. The main product of this work (besides documenting its underlying
methods) is a software package coordio, which provides fundamental utilities necessary for or-
ganizing, optimizing, and deploying many pieces of the SDSS-V codebase and survey. In Chapter 3
we describe a novel algorithm that allows us to freely move robots between science configurations
without colliding with one another. Our methods are implemented in a software package kai ju,
which frees our robots to actually do their job despite their crowded environment. Chapters 4 and
5 describe the calibration strategy for the FPS and FVC instruments in the lab and later on sky.
These chapters also serve to test and verify the (until recently) theoretical methods discussed in

Chapters 2 and 3.



Chapter 2
COORDIO: COORDINATE SYSTEMS AND TRANSFORMATIONS



Portions of this chapter were originally published in the Society of Photo-Optical Instrumenta-
tion Engineers (SPIE) for 2022 Astronomical Telescopes and Instrumentation (Sayres et al., 2022,
SPIE, Vol. 12184, 121847K; 2022 © SPIE, DOI: 10.1117/12.2630507), and are reproduced below
with the permission of the SPIE.

2.1 Introduction

Here we describe the mathematical framework behind the SDSS-V robotic Focal Plane System
operations. This is organized into a set of coordinate systems and transforms used to propagate
locations of targets from astronomical catalogs to coordinates on a robotically positioned fiber or
guide camera. Specifically the tasks of this chapter are to (1) calculate where a spectroscopic target
lands in “wok” coordinates, and (2) determine the robot’s (6, 63) positioner coordinates that will
align a science fiber with that source. The calculation for determining a guide star’s location on
a guide chip proceeds along analogous lines. Figure 2.1 shows the complete stack of coordinate
systems and conversions we have defined for this task, and the mathematics for the traversal of this
stack are detailed in Sections 2.2 - 2.8.

Accurate metrology is a prerequisite for accurate coordinate transforms. We require precise
knowledge of the location and orientation of a robot or GFA on the wok, and we need precise
knowledge of where a fiber is on a robot. A key component of the FPS metrology system is the
Fiber View Camera (FVC). The FVC coordinate system and transform (dashed box in Figure 2.1)
is built using distortion modeling techniges detailed in Sections 5.3.3, 5.3.4, and 5.4.7. We omit
FVC details from this chapter and return to it in Chapter 5. Fiber positioning has continued to
improve at APO and LCO largely due to continuing improvements in our ability to measure where
a fiber is, and these general topics of FPS metrology and calibration are derived in Chapters 4 and
5.

The complete suite of FPS transforms (in both forward and reverse directions) have been im-

plemented in SDSS-V’s coordio! software package. coordio is written in Python and Python-

'https://github.com/sdss/coordio
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Figure 2.1 — The coordinate transformation stack for the SDSS-V FPS. Coordinate systems are
boxed nodes, and edges represent a transform between coordinate systems. The transform between
fiber view and wok coordinates (dashed and highlighted) is detailed in Chapter 5.
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wrapped C/C++. It provides a common backbone for many other SDSS-V software products in-
cluding those concerned with survey design and target assignment?, robot path planning (Chapter
3; Sayres et al. 2021), and nightly operations®. coordio makes use of SOFA* routines for certain

astronomical calculations.

2.2 Catalog (ICRS) to observed (Alt, Az) coordinates

SDSS-V targets are selected from published astronomical catalogs. Prior to observation each target
must be associated with (1) a site (APO or LCO), (2) a field center (telescope pointing, or bore-
sight), (3) a position angle on sky, and (4) a specific fiber on a robot. Both target and boresight
ICRS coordinates are converted to observed (Alt, Az) coordinates using SOFA’s iauAtcol3
routine which handles refraction, proper motion, parallax, stellar aberration, Earth orientation, and
nutation. The relevant inputs and outputs of this routine are shown in Table 2.1. Figure 2.2 shows

an example of target and boresight coordinates in the observed coordinate system.

2.3 Observed (Alt, Az) to field (o rc, Orc) coordinates

Field coordinates are a spherical coordinate system that specify the location of a target with respect
to the telescope boresight. ¢pc is the angular on-sky separation between the boresight and the
target. Op¢ is the on-sky direction from the boresight to the target, measured from +RA through
+Dec. The conversion from observed to field coordinates involves constructing a 3D rotation

matrix Mp derived from the boresight’s observed coordinates:

’https://github.com/sdss/robostrategy
3https://github.com/sdss/jaeger

‘https://www.iausofa.org/
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Table 2.1 —. iauAtcol3 inputs and outputs.

Inputs

ra ICRS right ascension at J2000.0
dec ICRS declination at J2000.0
pmra RA proper motion
pmdec Dec proper motion
px parallax
rv radial velocity
lat latitude of site
lon longitude of site
el elevation of site
epoch time of observation
wl  wavelength of observation
rh  relative humidity
temp temperature

Outputs

Alt  Altitude angle positive above the horizon
Az  Azimuthal angle measured eastward from north

Op = —Azp + 27 (2.1)

¢p = g — Altg (2.2)
[ cos(Z +05)  sin(T+05) 0

My = | —sin(5 +0p) cos(53+6p) 0 (2.3)
i 0 0 1
1 0 0

My = [0 cos(¢p) sin(ép) (2.4)

0 —sin(¢p) cos(¢p)

cos(q) sin(q) 0
M; = | —sin(q) cos(q) 0 (2.5)
0 0 1

MB - M3M2M1 (26)
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Figure 2.2 — The observed (Alt, Az) coordinate system. NCP is north celestial pole.

The parallactic angle ¢ in Equation 2.5 is computed using SOFA’s 1auHd2pa routine. Figure
2.3 provides a visualization of the series of coordinate system rotations My, M, and Mj3. The
bottom right panel of the figure shows the end result of the final coordinate system rotation when
viewed along the boresight direction: +y’ points along +Dec and +x’ points along +RA. Finally, to

convert a target from observed to field coordinates:
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O = —Azp + 27 2.7)
ér = 5 — Alty (2.8)
-xT- cos(Or) sin(or)
yr| = |sin(07) sin(¢r) (2.9
27 | cos(¢r)
_:zrép_ xr
yr| = Mp |yr (2.10)
_z{p_ 27
¢Fc- _ arccos(z/) @.11)
Orc arctan 2(y/., /)

2.4 Field (¢rc, Orc) to focal plane (xppc, yrpc) coordinates

Focal plane coordinates are 2D Cartesian with units of mm. +x points along +RA and +y points
along +Dec. Figure 2.4 shows the geometric relationship between field and focal plane coordinates.
Converting from field to focal plane coordinates involves a wavelength-dependent radial distortion
model. The focal plane is modeled as a spherical surface projected onto the xy plane. The incoming
field angle ¢ is related to the outgoing focal plane angle ¢ 5~ by an odd-order polynomial. The

conversion from field coordinates to focal plane coordinates is given by:

Prpc = Cdrc + C1dhe + C2dpe + C3dpe + Cadic (2.12)
T cos(60

POl = Rsin(r — ¢ppe) (bre) (2.13)
YFrpC sin(fpc)

Polynomial coefficients and focal plane surface radii were determined by least squares fits to
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Telescope Boresight

T
3 Target
I

Zenith
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Target

® Telescope Boresig

Figure 2.3 — Visualizations of coordinate system rotations in Equations 2.3-2.6. Top left: M,
rotation. Top right: MM rotation. Bottom left: MsMsM; rotation. Bottom right MsMs M,
rotation viewed from the boresight direction.

ZEMAX ray traces for each telescope at several wavelengths of interest. These parameters are
tabulated in Table 2.2. Polynomial coefficients were calculated for ¢ and ¢’ p in degrees. The
model is only valid for ¢pc < 1.5° at APO and ¢pc < 1.1° at LCO because these were the
maximum field angles for which ray traces were performed. At the focal plane, this polynomial

model has an RMS accuracy of 0.1 pm.
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Telescope Boresight (@)
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Figure 2.4 — The geometric relationship between field and focal plane coordinates. The focal
plane angle ¢ p is a polynomial function of field angle ¢rc. The focal plane is modeled as a
spherical surface with radius R and projected onto the xy plane.
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Table 2.2 —. Focal plane distortion model parameters.

site A (um) R (mm) Co c1 Co c3 cy

APO 1.66 8939 1.40708 6.13779e-03  7.25138e-04 -3.28007e-06 -1.65995e-05
APO 0.54 9208 1.36580 6.09425e-03  6.54926e-04 2.62176e-05  -2.27106e-05
APO 0.6231 9164 1.37239  6.09825e-03  6.67511e-04 2.14437e-05  -2.17330e-05
LCO 1.66 8905 2.11890 1.40826e-02 1.27996e-04 6.99967e-05 O

LCO 054 9938 1.89824 1.31773e-02 1.04445e-04 5.77341e-05 O

LCO 0.6231 9743 1.93618 1.33536e-02 9.17031e-05 6.58945e-05 O

2.5 Focal plane (xrpc, Yyrpc) t0 WOK (Ty01s Yuwor) cOOrdinates

Wok coordinates are 2D Cartesian with units of mm. Generally, +x points between GFA3 and
GFA4 and +y points toward GFA2 (right panel Figure 2.5). Technically, the wok coordinate axes
are defined by the grid of xy fiducial locations for which precise CMM measurements were ob-

tained.

Figure 2.5 — Left panel: the bare wok mounting plate. Right panel: solid model rendering of
instrument after robots, fiducials, and GFAs have been mounted in the wok. Wok coordinate axes
are indicated in yellow.

The conversion from focal plane to wok coordinates involves a rotation by 6#p,4 (the desired

position angle of observation) and a scale. Scale is measured and applied throughout the night
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using GFA camera feedback. Figure 2.6 shows the relationship between focal plane and wok

coordinates. The conversion is defined as:

Lok 1 cos(0pa) sin(@pa)| |zrpc 2.14)
scale :
Ywok - s1n(0 PA) COS(QPA) YrpC
scale = 1.0 scale = 0.8
Ops = 0.0° Opa = 15.0°
robot workspace robot workspace
600 I GFA2 600 EE GFA2
yrpc (+DEC)
400 A yrpc (+DEC) 400
200 200
_— TFpc (+RA)
2 oA zppe (+RA) £ 0 2T
—200 —200
—400 —400
~600 ~600
600 400 —200 0 200 400 600 600 400 —200 0 200 400 600
Tyok (mm)

ZTyok (mMm)

Figure 2.6 — Wok coordinates are related to focal plane coordinates by a rotation (desired position

angle) and scale. Small variations in scale are tracked and adjusted throughout the night using the
GFA camera on-sky measurements.

2.6 Wok (v Yuwor) to tangent (vrc, yrc) coordinates

Tangent coordinates are 2D Cartesian with units of mm. Each element on the wok has a unique
tangent coordinate system. The tangent coordinate origin is located at either (1) the center of a

robot’s work space or (2) the center of a GFA CCD. The transform from wok to tangent coordinates

is given by:
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"
~
Q
=>

Xwok Ty

= — (2.15)
J Ywok Yo

<
~
Q
<

where z and 7 are 2D orthogonal unit vectors that specify the direction of the tangent x and y
axes in wok coordinates, and (xy, ;) specify the origin of the tangent element in wok coordinates.
For positioners & points along the 6, = 0 axis, which is ~ [0, —1] for all positioners. For GFAs &
is parallel to CCD rows. & is is ~ [1, 0] for GFA2 and ~ [—1, 0] for GFAS. The precise values for

Z, U, Tp, and y,, are carefully measured for each robot and GFA installed in the wok.

2.7 Tangent (x7c, yrc) to guide (xccp, Yocop) coordinates

Guide coordinates are 2D Cartesian with units of pixels. The origin of the guide coordinate frame
is the lower left corner of the lower left pixel of the CCD. The GFA CCDs are (2048,2048) square

devices with 13.5 pm pixels. The tangent to guide coordinate conversion is specified as:

1 1000
Toop = bin, [MJUTC + 2048/2} (2.16)
1 1000
= T 2048 /2 2.17
Ycop bin, [13'5 yre + / ] 2.17)

where bin, and bin,, are the column and row CCD bin factors.

2.8 Positioner (0., 03) to tangent (vrc, yrc) coordinates

Positioner coordinates are specified by two angles (6, 03). 0, is a rotation about the robot’s alpha
axis, 0 is a rotation about the robot’s beta axis. The alpha and beta axes are separated by a length
lo ~ 7.4 mm (a measured quantity for each robot). Figure 2.7 shows the orientation of robot arms
and the axes of rotation. The wok coordinate frame and tangent coordinate frame are indicated in

the figure. The robot’s alpha and beta arms are unequal lengths, which leads to an annular patrol
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zone for fibers carried in the beta arm.
Each robot carries three fibers on beta arm: a metrology fiber, an APOGEE fiber, and a BOSS
fiber. Fiber coordinates are specified in the beta arm frame (x3, y3) in mm. These Cartesian fiber

coordinates can be represented in a polar coordinates (rp, ) via:

0r = arctan 2(ys, xp) (2.18)
rp = ,/:E%%—y% (2.19)

By definition, the origin of the beta arm frame is at the beta axis of rotation and +x points to

the metrology fiber center. Fiber positions in the beta arm frame are shown in in Figure 2.8.

The robot kinematic equation defining the location of a fiber in tangent coordinates is:

0., 0o +05+0 lo
Tre _ cos(f,) cos( 3 F) ' (2.20)

Yyrco sin(&a) sin(@a + (95 + (QF) rr

2.9 Discussion and Conclusion

Omitting the FVC, this chapter shows the complete suite of coordinate systems and transforms
SDSS-V has chosen for survey design and operations with the FPS instruments. The coordinate
system mapping is shown graphically in Figure 2.1 and mathematically in Sections 2.2 - 2.8. In
each section, the transform is only shown in one direction. Most of the transforms we have derived
are algebraically invertible, with the exception of a few that deserve mention.

In Section 2.2, the reverse transform from (Alt, Az) observed coordinates to ICRS coordinates
directly employs SOFA’s i auAtoc13 routine. In Section 2.4, the reverse transform from (xzpc,
xppc) focal plane coordinates to (¢ r¢, O r¢) field coordinates involves a separate set of polynomial

coefficients cy-c4 to compute:



wok origin o Metrology fiber alpha arm
O tangent origin ® APOGEE fiber beta arm
O  beta origin o BOSS fiber patrol zone

o (mm) {

Ty, (;mn)

Figure 2.7 — Two arm kinematics for SDSS-
V robots. 6, is the rotation of the alpha arm,
8 is the rotation of the beta arm. Wok and
tangent coordinate frames are indicated by
orange and blue axes. Red axes indicate the
beta arm coordinate frame.
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O Metrology fiber
® APOGEE fiber
O BOSS fiber
O beta origin

I beta arm

\/ g—; = 403\ O

\ 8 y

ys (mm)

0 5 10 15 20
5 (mm)

Figure 2.8 — The beta arm coordinate
frame. Origin is set to the center of beta arm
rotation, +x points to the metrology fiber.
(z3, yp) fiber locations in mm are specified
in this frame.

Orc = Cofppe + 1ppe + 2Pppe + C3dipe + Cadipes (2.21)

and this inverse model yields an RMS of 1-2 milliarcseconds on sky when tested against

ZEMAX raytraces.

In Section 2.8, it is of common interest to compute the inverse kinematics: (6,, 63) positioner

coordinates given (r7¢, yrc) tangent coordinates. Solutions to this problem only exist for (zr¢,

yrc) points within the robot’s workspace. Our procedure for this task was adapted from an online

source’ and is explicitly shown in Chapter 4 Equations 4.21-4.25.

A self-contained technical description of coordinate systems and their transformations has both

Shttps://motion.cs.illinois.edu/RoboticSystems/InverseKinematics.html
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organized and simplified SDSS survey planning and operations code. SDSS-V’s coordio soft-
ware package has implemented coordinate transforms as described here, allowing conversions be-
tween any two coordinate systems in the stack. coordio has become a key tool used throughout

the SDSS-V survey’s growing code base.
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Chapter 3

KAIJU: COLLISION-FREE PATH PLANNING FOR ROBOTIC FIBER
POSITIONERS
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Portions of this chapter were originally published in the January 2021 edition of the Astronomi-
cal Journal (Sayres et al., 2021, AJ, Vol. 161, 92; 2021 © American Astronomical Society, DOI:
10.3847/1538-3881/abd0f2), and are reproduced below with the permission of the American As-

tronomical Society.
Summary

Robotic fiber positioner (RFP) arrays are becoming heavily adopted in wide field massively mul-
tiplexed spectroscopic survey instruments. RFP arrays decrease nightly operational overheads
through rapid reconfiguration between fields and exposures. In comparison to similar instruments,
SDSS-V has selected a very dense RFP packing scheme where any point in a field is typically
accessible to three or more robots. This design provides flexibility in target assignment, but the
task of collision-less trajectory planning is especially challenging. We present two multi-agent dis-
tributed control strategies that are highly efficient and computationally inexpensive for determining
collision-free paths for RFPs in heavily overlapping workspaces. We demonstrate that a reconfig-
uration path between two arbitrary robot configurations can be efficiently found if “folded” state,
in which all robot arms are retracted and aligned in a lattice-like orientation, is inserted between
the initial and final states. Although developed for SDSS-V, the approach we describe is generic
and so applicable to a wide range of RFP designs and layouts. Robotic fiber positioner technology
continues to advance rapidly, and in the near future ultra-densely packed RFP designs may be fea-
sible. Our algorithms are especially capable in routing paths in very crowded environments, where

we see efficient results even in regimes significantly more crowded than the SDSS-V RFP design.

3.1 Introduction

Robotic fiber positioners are emerging as a promising technology in the today’s landscape of wide-
field multi-object spectroscopic instruments and surveys. Many projects (e.g. LAMOST Cui et al.
2012, PFS Sugai et al. 2015, DESI Abareshi et al. 2022, MOONS Cirasuolo et al. 2011, 4MOST
de Jong et al. 2019, SDSS-V Kollmeier et al. 2017) have adopted densely packed positioner arrays

patrolling the telescope’s focal plane to obtain massively multiplexed spectroscopic observations
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of hundreds to thousands of objects in a field. These arrays minimize operational overhead through
rapid reconfigurations between fields and exposures. Generally, each robotic fiber positioner will
patrol a relatively small circular zone of the focal plane. To obtain complete focal plane coverage,
RFP patrol zones or workspaces necessarily overlap. A system in which RFPs may physically
interfere must therefore have a motion planning strategy ensuring that robots do not collide, wedge,

or deadlock during reconfiguration.

The difficulty of the reconfiguration problem scales with the number of positioners able to
physically occupy the same workspace. Both SDSS-V and MOONS have chosen densely packed
fiber positioner layouts that exhibit a large amount of workspace overlap when compared to similar
instruments. For example, a point in the DESI focal plane will typically be accessible to only a
single positioner, whereas any point in the SDSS-V focal plane will typically be accessible to
3 or 4 positioners. A heavily shared workspace increases flexibility in target assignment at the
cost of a heightened chance of collision during reconfiguration. The challenge posed by RFP
reconfiguration is a type of “Cocktail Party Problem” (Lumelsky and Harinarayan, 1997), in which
mobile agents must navigate around each other in a crowded environment to reach a destination; an
analogous situation to the trajectory planning problem humans subconsciously solve when moving
around at a crowded cocktail party.

The Cocktail Party Problem lies in the general field of distributed multi-agent coordination
and control, sometimes called swarm control. Cao et al. (2012) and Rossi et al. (2018) provide
comprehensive overviews of this rapidly advancing subject. The swarm control objective is to
model how collective behavior (e.g. pattern formation, motion planning, synchronization) emerges
from networks of individual agents following relatively simple protocols. As the number of agents
in a network increases, a global (or centralized) optimization strategy becomes computationally
prohibitive. Distributed control strategies often alleviate this computational burden by delegating
the decision-making to the agents themselves, who then act according to the state of their im-
mediate environments. Distributed control is well-suited for real-time optimization and decision
making in large networks, and scales well as additional agents are added. Applications in the field

are typically focused on coordinated robotics problems like remote sensor and surveillance net-
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works or unmanned aerial vehicle coordination. The algorithms are diverse with strategies ranging
from game-theory approaches (Arslan et al., 2007), to Markov-based processes (Emenheiser et al.,

2016), to biologically-inspired artificial potential function (APF) models (Olfati-Saber, 2006).

Makarem et al. (2014) approached the RFP navigation challenge using control laws based
on artificial potential functions. For array layouts with slightly overlapping fiber patrol zones
(e.g. DESI or PES), this strategy demonstrates the successful convergence of robots to targets.
However, this algorithm struggles when directly applied to heavily overlapping RFP layouts like
those of SDSS-V: large fractions of positioners experience a deadlocked state, where progress
toward the target halts due to the inability of combinations of positioners to move past one another.
Tao et al. (2018) injected additional control layers to the existing algorithm to detect and mitigate
deadlock situations. Using this augmented APF algorithm they report convergence increases from
~65% to ~80% for SDSS-V geometries. Recently, Macktoobian et al. (2019) further improved
the APF strategy with the introduction of cooperative fields, in which they demonstrate completely
successful path solutions for SDSS-V positioner geometries in grids of various sizes in a set of 12

simulations.

In this work we present an alternative and simplified approach to the RFP navigation problem
with a pair of closely related algorithms that are directly applicable to the majority of existing RFP
systems today. The first algorithm is a greedy heuristic, and the second algorithm is a Markov chain
variant of the greedy heuristic. Collecting statistics from thousands of simulations, we measure the
efficiency of each algorithm as the fraction of targets assigned to targets acquired under collision-
avoidance constraints. In parameter spaces relevant to SDSS-V, we find the efficiency of the greedy
heuristic to be ~ 99.2% and efficiency of the Markov variant to be > 99.9%. The high efficiencies
of these routines are largely attributable to a reverse path generation strategy, rather than overall
algorithmic complexity. We discuss tradeoffs between operational overheads and overall targeting
efficiency in the context of each algorithm. We explore the limits of each algorithm by scaling
up the relative size of the robots within the array to simulate overly crowded environments. The
results suggest that high efficiency paths can be found for positioner arrays that are significantly

more crowded than the SDSS-V positioner array. This work provided important feedback for the
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SDSS-V positioner design, so these algorithms serve as useful tools for vetting the feasibility of
current and future RFP instrument designs.

This chapter is organized as follows. In Section 3.2, we describe the physical layout and robot
arm kinematics for which the algorithms presented here have been developed. In Section 3.3 we
present the generic algorithms followed by a detailed analysis in Section 3.4. In Section 3.5 we
discuss methods for the effective deployment of these algorithms in the presence realistic hardware
constraints. Finally, in 3.6 we discuss these algorithms in context of overall survey optimization
and comment on the general relevance of this work. Pseudocode for all routines is provided in

Section A.1, and SDSS-V’s kai ju' package contains source code for the algorithms we present.

3.2 Focal Plane System Layout

The following subsections describe the layout and kinematics of the SDSS-V RFP array. In this
chapter we make three benign simplifications: (1) each robot carries a single fiber, (2) the xy
coordinate system of the focal plane is rotated by 90 degrees with respect to the positioner’s internal
coordinate system, and (3) the only obstacles within the robot array are other robots. Omitting

certain SDSS-V specific details allows us to present a more generic formulation of the algorithms.

3.2.1 Positioner Kinematics

A rendering of the SDSS-V RFP is shown in the upper inset of Figure 3.1. The lower panel of
this figure shows the relative packing of positioners in the focal plane when viewed edge on. Fiber
positioning in the focal plane is achieved through the rotations of two arms about two axes. The
alpha arm (lower arm, indicated in gold) rotates about the alpha axis. The alpha axis is collinear
with the lower body of the robot. The beta arm (upper arm, indicated in blue), rotates about a beta
axis near the edge of the alpha arm. The distance between the alpha axes of neighboring robots
we call the pitch. The beta arm carries the optical fiber and risks collisions with the beta arms of

neighboring robots. Alpha arms cannot collide with one another. The left two robots in the lower

'https://github.com/sdss/kaiju
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panel of Figure 3.1 are in an orientation of closest approach between alpha arms, showing the tight
clearance between them. Beta arms cannot collide with alpha arms, as they exist in different planes
along the optical axis.

To visualize how a robot positions a fiber, a focal plane view is helpful. Figure 3.2 shows the
focal plane projection of a fiber positioner centered at the robot’s xy base position (z, y1,). Robot
arms and rotation axes are indicated on the figure. The alpha arm length (l,) is the distance from
the alpha axis to beta axis (7.4 mm for SDSS-V). The beta arm length (l3) is the distance from
the beta axis to the fiber center (15 mm for SDSS-V). The robot may position a fiber anywhere in
the annular patrol zone through the specification of the alpha angle (6,,) and beta angle (63). This

coordinate conversion is:

T x cosf, cos(f,+ 6 1o,
U=+ (e 59) , 3.1)
Ys Ub sind, sin(f, +65) | |1s

where (zy, y¢) corresponds to the position of the fiber in the xy focal plane.

The physical limits of travel for the SDSS-V positioner are roughly between —5° and 365° for
both the alpha and beta axes. This permits each axis slightly more than one full rotation between
hard stops. Operationally we enforce slightly more restrictive limits of travel during path planning:
each axis must remain in the range [0°, 360°).

Notice that the orientation in Figure 3.2 resembles a human’s view of a right arm, and in-
creasing 03 beyond 180° would resemble a left arm. Every point in a positioner’s workspace is
physically achievable by both a left and right arm conformation. We will limit targeting to right-
armed configurations, though positioners may potentially take on left-armed configurations while
maneuvering. This choice does not impact a positioner’s ability to cover the available workspace,
but it will eliminate an alternative positioning option during target assignment. The elimination of
the left arm targeting configuration serves two practical purposes in SDSS-V.

The first purpose is to avoid degenerate solutions. When the FPS system is deployed, a fiber
viewing metrology system is used to determine a robot’s orientation by measuring the centroid

of a back-lit fiber. If the option of a left arm configuration is eliminated there is only one pos-



28

Bl beta arm

alpha arm

beta axis

Figure 3.1 — Renderings of SDSS-V robots. The upper panel shows a single RFP unit, the lower
panel shows the relative packing of three units at the focal plane viewed edge on at the nominal
SDSS-V pitch, where the pitch is the distance between robot centers. The alpha arm (lower arm) is
colored gold, the beta arm (upper arm) is colored blue and holds the optical fiber. Fiber positioning
is accomplished through a rotation of the alpha arm about the alpha axis, and a rotation of the
beta arm about the beta axis. Beta arms risk collision with one another, but alpha arms do not.
The left two positioners in the bottom panel show the level of clearance between alpha arms in an
orientation of closest approach.
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sible solution for (f,,03) given a measurement of (xf,y,). This is important when considering
a malfunctioning robot that cannot report its absolute position. The robot array will be powered
down during science integrations to minimize heat at the focal plane. If we enforce that robots are
only powered down in right arm configurations, this will minimize confusion that could arise due
to a malfunction after a power cycle. While robots remain powered, their absolute positions are
frequently reported.

The second purpose is of mechanical nature, rather than mathematical. We achieve higher
fiber positioning accuracy when 0° < 63 < 180°. This is due to an interaction between the beta
axis preload spring and the direction of torque imparted by the optical fiber itself. In right arm
configurations, the fiber torque and preload work together. In left arm configurations, the fiber
torque and preload oppose each other, leading to slightly higher variance in absolute positioning

when operating in especially cold weather.

3.2.2 Positioner Arrangement

To obtain full focal plane coverage the robots are spaced at a pitch of 1, + lz in a hexagonal
array (22.4 mm for SDSS-V). This allows a robot’s neighbor to patrol its central exclusion zone,
leading to heavily overlapping patrol zones between a robot and its neighbors. Figure 3.3 shows
the overlapping patrol zones for an array of 19 SDSS-V positioners, indicating the areas covered
by 1, 2, 3, and 4 fibers in the focal plane. Scaling up the hexagonal array to hundreds of positioners,
the majority of the focal surface will be covered by 3 or more fibers. Only the perimeter of the
hexagonal array will have single fiber coverage with some gaps. The axes in the lower left of the
figure indicate the orientation of 6, with respect to the hexagonal grid.

The SDSS-V specifications for 1., 13, and pitch were chosen to maximize the patrol area for
each positioner under present constraints of the telescope and spectrograph. The BOSS spectro-
graph has a 500 fiber capacity, dictating the total number of robots. Evenly distributing 500 robots
over the telescope’s field of view yields a desired pitch of 22.4 mm. Given the pitch, a 7.4 mm
alpha arm length grants the largest possible reach while ensuring that alpha arms cannot physically

collide with one another. With pitch and alpha arm length selected, a 15 mm beta arm length is
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Figure 3.2 — A focal plane projection of an SDSS-V robot, showing the annular patrol zone in
gray. Fiber position in the focal plane (white star) is achieved through the specification of two
angular rotations ¢, and 03 of the alpha and beta arms. Alpha and beta arms are colored gold and
blue. 1,, 15 indicate the alpha and beta arm lengths.

required to ensure gap-less coverage of the focal plane. Horler et al. (2018) provide further discus-
sion on the general topic of RFP design and arrangement, including the densely-packed arangement

selected for SDSS-V.

3.2.3 Collision Formalism

All physical interference between robots in the grid happens between beta arms. We use a relatively

simple strategy to represent a beta arm geometry in Cartesian space. The beta arm is modeled
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Figure 3.3 — A 19 positioner hexagonal array, showing the high packing density of SDSS-V RFPs.
The area is shaded according to the number of positioners that patrol the space. The six surrounding
neighbors may occupy the space at a robot’s center (white diamonds). Generally the area is covered
by 3-4 positioners. Only the array’s perimeter is covered by fewer than three robots. The direction
of 6, is labeled to indicate the orientation of the robot’s coordinate system with respect to the grid.

by two elements: (1) a line segment and (2) a collision buffer (o.,). The beta line segment is
constructed between two points (¢, y¢), and (z., y.). The former point is given in Equation 3.1.

The coordinates of the latter point (elbow point) describe the position of the beta axis:

Te T 1, cos 8,

_ | (3.2)
Ye Yb loc sin 904
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The orientation of the beta line segment will depend on a positioner’s (6, 63) coordinates which
vary during motion. A positioner’s base position (zy, y,) and arm lengths (1., 13) remain fixed.

We measure the proximity between two beta arms by computing the minimum distance between
beta arm segments. The procedure for this calculation is provided in Appendix A.1 and was adapted
from an online source?. We label the minimum distance between beta arm segments for positioners
vand j as D;;.

The collision buffer (o.,) specifies a radius from the beta line segment that safely encloses the
physical extent of the beta arm. We refer to this buffered line segment as the collision envelope,

which is a cigar shaped area. We say robots ¢ and j are collided when:

Dij S 2O'Cb (33)

Figure 3.4 constructs the geometric representation of the beta arm segment (dashed gold line),
ocp (gold arrow), and collision envelope (blue area) for two colliding RFPs. The red area in the
figure indicates the collided area between the two positioners, where the inequality in Equation 3.3
is satisfied.

The two dimensional collision envelope we have drawn is conservative when considering the
three dimensional shape of the beta arm. Certain robot orientations would allow the head of a
beta arm hover directly above a neighbor’s beta axis without suffering a physical collision between
beta arms. Consider the view in Figure 3.1 and imagine the central positioner’s beta arm floating
rightward. Such an orientation would not be allowed in the focal plane projected view of Figure
3.4, as the area around the elbow joint is encompassed within the collision envelope. The extent of
the collision buffer was chosen to completely allocate the space below a beta arm as belonging to
the optical fiber, eliminating any chance of physical interaction between a fiber and a neighboring
robot body. Reserving all space below the beta arm is perhaps unnecessarily greedy, as the fiber
is tugged closer to the beta arm body when the arm is extended. The allowance of some amount

of safe physical overlap between beta arms could be accomplished by either reducing the length

’http://geomalgorithms.com/a07—_distance.html
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—-— alpha arm B collision envelope
beta arm segment B collided area
patrol zones —3 collision buffer (o)

Figure 3.4 — Geometric representation of collided beta arms. The beta arm is described by a line
segment constructed of two points (., ¥e), (¢, yr) and a collision buffer o}, (gold arrow), where
o, = 1.5 mm in this view. The area generated by the line segment and oy, is the blue-colored
collision envelope, which contains the physical extent of the beta arm. When collision envelops
intersect (Equation 3.3, indicated as red in the figure), the two robots are collided. The overlapping
patrol zones are shown in light gray.

of the beta arm segment to yield space around the elbow, or modeling the beta arm as a segment
or curve in three dimensional space. Permitting beta arm overlap would provide additional real
estate for both target assignment and path generation which might prove beneficial. We adopt the
collision buffer as described in this section for SDSS-V operations. However, the algorithms we

present do not necessarily depend on a specific collision buffer length or width.
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3.3 Algorithms

We present two algorithms for the SDSS-V RFP reconfiguration problem: a Greedy Choice (GC)
algorithm, and a Markov Chain (MC) algorithm. Both algorithms carve paths in a stepwise fash-
ion through a series of discrete state transitions by selecting next-state options from a set of small
perturbations about the current alpha and beta angles. The two algorithms vary in their imple-
mentation: the GC algorithm selects moves “greedily” according to a simple heuristic, while the
MC algorithm injects a tunable level of randomness into the GC routine. These algorithms are
best classified as Distributed Model Predictive Control (i.e. Camponogara et al. 2002), where po-
sitioner’s choice of move depends only on the current state of its immediate spatial neighbors. As
a heuristic, this simple distributed approach requires minimal computation and results in quickly
solved solutions.

The algorithms that follow generically assume a “perfect” fiber positioner possessing infinite
acceleration and no positional uncertainty. We describe a post-processing strategy that allows for

path-adaptation to realistic hardware constraints in Section 3.5.

3.3.1 Definitions

We first introduce the parameters, metrics, and general ingredients before describing the procedures
of the GC and MC algorithms. We focus our analysis using SDSS-V geometries, although the

definitions that follow are generic and can be applied to any layout of RFPs with similar kinematics.

Arm Angles: 6,, 03 The alpha and beta axis angles define the physical orientation of a robot.

The range of motion for each axis is [0°, 360°), as described in Section 3.2.1

Arm Lengths: 1,, 13 The lengths of the alpha and beta arms. In this work we use SDSS-V

positioner values of 1, = 7.4 mm and lg = 15 mm.

Collision Buffer: 0., This parameter sets the relative size of the beta arm, a radial distance from

the beta arm line segment (see Section 3.2.3). We vary o, between 1.5 and 3.5 mm. A 1.5 mm
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o value exactly encloses the physical envelope of an SDSS-V RFP. A o, between 2 and 2.5 mm
maintains a generous amount positioner separation during motion, providing an extra safety buffer
for both (1) real-time RFP positional uncertainties along trajectories and (2) path post-processing
and simplification. We touch on these two topics further in Section 3.5. In deployment for the
SDSS-V FPS, values of 0., greater than 2.5 mm are unreasonably large. However this parameter
space will show the potential of these algorithms to achieve high efficiency solutions in regimes
more crowded than our specific application.

Figure 3.5 shows the minimum, mean, and maximum o., we investigate, emphasizing the
crowding effect with increasing o.,. A o, of 1.5, 2.5, and 3.5 mm correspond to roughly 6%,
12%, and 20% of the focal plane area occupied by the collision envelopes of positioners when

packed into a SDSS-V layout containing 547 positioners.

O = 1.5 mm Ocp = 2.5 mm O = 3.5 mm
; — W’ ) \ y
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Figure 3.5 — Minimum, mean, and maximum o, we consider. With increasing o, available free
space in the focal plane decreases. o, = 1.5, 2.5, 3.5 mm occupy roughly 6%, 12%, and 20% of
the focal plane area for 547 RFP grid. A 0., = 1.5 mm represents the physical size of an SDSS-V
RFP. A 04, = 2.5 mm isolates a large safe zone around an SDSS-V RFP. A 0., = 3.5 mm takes
up an unreasonable amount of space for an SDSS-V application, but serves to test our algorithms
in extremely cramped environments.

Robot Centers: Ez = (xp,yp) Base position in the grid for positioner i. For this work we
consider hexagonal grids with a pitch of 22.4 mm, matching the pitch of the SDSS-V FPS. We

vary the number of positioners in the grid.
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Robot Neighbors: N; The set of robot neighbors for positioner . Two robots are considered
neighbors only if they risk collision with one another: when their center-to-center distance is less
than twice the sum of their arm lengths and collision buffer o.,. If G is the set of all robots in the

grid, the set of neighbors for positioner 7 is:

Ni={jeGj#illlbi—b] <2(s+1s+0w)} (3.4)

—]

Initial Coordinates: 6, = (6,,65) The initial alpha and beta angle coordinates for a positioner

1, a starting point for the routine. Initial coordinates must be non-colliding.

=D
Destination Coordinates: 6, = (0,,03) The desired alpha and beta axis angles for a positioner

1. The algorithms seek to drive a positioner from its initial coordinates to its destination coordinates,

while avoiding collisions with neighbors. Destination coordinates must be non-colliding.

~C
Current Coordinates: 8, = (0,,03) The current alpha and beta axis angles for a positioner

1. These coordinates evolve with program step, and their history defines the path followed by a

positioner.

Source Coordinates: é;s = (04, 03) The source coordinates specify the alpha and beta axis an-
gles for a positioner to receive light from an astronomical source. In this work a robot’s source
coordinates are drawn uniformly from the annular fiber patrol zone. Source coordinates must be
non-colliding. All source coordinates are right-armed (Section 3.2.1). If an initial source co-
ordinate assignment creates a collision with a previously assigned robot, source coordinates are
redrawn iteratively until the collision vanishes. In a forward path solution, the source coordi-

=D

nates for positioner ¢ are the destination coordinates, 6, . In a reverse path solution, the source

—I

coordinates serve as the initial coordinates, 0, .

Angular Step: A0 The angular step parameter specifies the step size of the routine: a maximum

. , . ~C .
angular perturbation of a robot’s current coordinates @ at each program step. This parameter may
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be converted into a time step, At by:

A
At = 76 (3.5)

where 6 is the angular speed of the positioner’s alpha and beta axes (30 deg/sec for SDSS-V
RFPs). Smaller angular step values produce more densely sampled paths at the cost of increased

program runtime.

Maximum Steps The maximum number of steps for the routine. For this work we set a limit of
1000°/ A8 steps. This corresponds to 1000 degrees of motion, or roughly 33 seconds of motion

assuming a 30 degree/sec angular speed for an SDSS-V RFP.

Minimum Approach Distance This distance designates the the closest allowed approach be-
tween any two beta arm segments in the routine. For a positioner ¢ with a set of neighbors N; we

enforce the inequality:

mln{j e N; ‘ Dz]} > 20 + MD, 3.6)

where MD is a bound on the maximum displacement for a beta arm in a single program step.
We choose a conservative value for MD: the displacement of the fiber (x, ;) with beta arm at full

extension (63 = 0), when rotated 2A6 about the positioner’s central axis:

MD = (I, + 15) sin(2A6) 3.7)

The inclusion of the maximum displacement term protects against “tunneling collisions”, where
one positioner may completely jump through a collided orientation in a single step. Smaller values

of Af permit closer approaches between positioners, and thus allow more options for maneuvering.

Cost: C; The cost metric is minimized throughout the routine for each positioner. It measures a

. .. R . . =D . ~C
distance between a positioner’s destination coordinates (68, ) and current coordinates (6, ). Note
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this metric is not equal to the Euclidean distance between a fiber and its destination in the xy focal
plane. For a positioner ¢ we define the cost as:

—D

—C
Ci=106; —6; (3.8)

When the cost is zero, the positioner has arrived at its destination.

Energy: £; Energy is a measure of local crowding: the sum of inverse square distances to a set

of neighbors. We define the energy for a positioner ¢ with neighbors N; as:

1 2
E; = Z ( Dij) (3.9)

JEN;

This metric is only used in the MC algorithm.

Phobia Phobia is a scalar between 0 and 1, used only in the MC algorithm. It represents the
weighting of relative importance between the energy metric £; and the cost metric C;. A weight of
0 produces a positioner insensitive to crowding. A phobia weight of 1 produces a positioner only

sensitive to crowding and it will seek to separate from neighbors above all else.

Greed Greed is a scalar between 0 and 1 used only in the MC algorithm. It represents how much
weight a positioner will place on taking the best move when minimizing the F; or C; metrics.
A greed value of 1 introduces no stochasticity in a positioner’s move selection sequence, while a
greed value of 0.5 resembles a random, undirected walk. A greed value of 0 produces a robot that

will remain stationary.

Neighbor Encroachment Neighbor encroachment is a proximity threshold that is only consid-
ered in the MC algorithm. A positioner ¢ with neighbors N; will remain stationary only while its

cost C; = 0 and the following inequality is satisfied:
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This provides a similar constraint to the minimum approach distance outlined in Equation 3.6,
but is sensitive over a slightly longer distance. This will cause any robot currently at rest at its

destination to be kicked awake by any neighboring robot entering its horizon.

3.3.2  The Greedy Choice Algorithm

The GC algorithm is a stepwise process. At each iteration, each robot ¢ in a grid of G is visited
in turn and presented with a set of nine options from which to select its next state. The options
consist of the combination of {—A#,0, Af } perturbations applied to the current alpha and beta
coordinates 0_;0. Perturbations are modified if limits of travel are violated or destination coordinates
are overshot. The robot will choose the option that both (1) minimizes its cost (Equation 3.8), and
(2) satisfies the minimum approach criterion (Equation 3.6). The routine terminates when either
(1) all robots have reached their destination coordinates (} , c Ci = 0) or (2) the max iteration

limit is reached.

3.3.3  The Markov Chain Algorithm

The MC algorithm is an extension of the GC algorithm. In contrast to the GC algorithm, the
MC algorithm selects subsequent states probabilistically rather than greedily, where the level of
stochasticity is controlled by the greed parameter. Additionally, we construct a control policy that
jointly minimizes both the cost and energy metrics, where relative weighting between cost and
energy is controlled by the phobia parameter. Greed, phobia, cost, and energy are described in
Section 3.3.1.

At each program step a positioner must first select whether or not to consider a move. If the
positioner is at its destination coordinates and the inequality in Equation 3.10 is satisfied, it will
remain stationary until the next program step, otherwise it will consider a move.

If a positioner considers a move, it must next choose a metric to minimize: either cost or
energy. The probability of selecting the energy metric is equal to the phobia parameter. With a

metric selected, a positioner will visit each of the nine next-state candidates in a random order,
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where these options are the combinations of {—A#,0, Af } perturbations applied to the current
alpha and beta coordinates. Perturbations are modified if limits of travel are violated or destination
coordinates are overshot. As each state is visited, a positioner will choose to accept or reject
the proposed state. A positioner accepts the proposed state with a probability equal to the greed
parameter if the following two criteria are met: (1) this state represents the minimum value of the
selected metric seen at this step (by measure of Equation 3.8 or 3.9), and (2) this state satisfies
the minimum approach criterion (Equation 3.6). If no state is selected, it defaults to remain in its

current state until the next program step.

The routine terminates when either (1) all robots have reached their destination coordinates
oo e Ci = 0) or (2) the max iteration limit is reached.

The GC algorithm represents perhaps the simplest possible control law in the framework we
have described. The MC algorithm extends upon the GC algorithm through the inclusion of two
additional features: (1) the injection of stochasticity in a robot’s decision making process, and (2)
a mechanism for robots to sense and avoid crowded spaces. The greed and phobia parameters
provide a tuning knob for these MC features. When greed approaches 1 and phobia approaches
0, the MC algorithm becomes identical to the GC algorithm. In the analysis that follows, we fix
greed and phobia parameters to 0.9 and 0.3. This choice of MC parameter setting is not necessarily
intended to represent an optimal tuning, but rather to provide a point of comparison between the

two approaches.

A complete pseudocode implementation for the GC/MC routine is provided in Section A.1.

3.4 Analysis

We begin our analysis using a grid of 19 positioners with o, = 3.5 mm. This small, crowded grid
will serve to both visualize the algorithm’s behavior, and motivate a reverse path solve strategy.
Further analysis will implement the reverse solve strategy in large grids, comparing behavior be-

tween the GC and MC algorithms at various parameter settings and grid sizes. We largely focus on
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547 positioner grids, as this matches the size of SDSS-V FPS layout®.

SDSS-V’s kaiju* package is an open source Python-wrapped C++ package implementing
the collision avoidance algorithms. The results we present here were obtained using the kai ju
package (tag 0.5.0) compiled with clang++ (version 10.0.1) using an -O3 optimization flag running

in a single thread on a 2.9 GHz Intel Core 19 CPU.

3.4.1 Motivating the Reverse Solver

The performance of the GC and MC algorithms can be highly dependent on direction of solved
motion. Consider two array configuration states between which we want find collision-less paths
for all robots. The first state 0_;F = (0°,180°) represents a “folded” state in which all robot arms
are retracted and aligned in a lattice-like orientation. The second state is a randomized source
coordinate configuration é;s which approximates an orientation of RFPs positioned to receive light
from astronomical sources in a field. When solving the forward path from initial coordinates ) Y to
destination coordinates 6 i a vast number of positioners will deadlock and never their destination.
However, if we swap the initial and destination coordinates and solve the reverse path 7} > 0 F,
we find our routines yield near-perfect convergence of robots to their desired destinations.

To demonstrate the forward and reverse solutions we use the GC algorithm, a 19 positioner
grid, and a step size Ay = 0.5 deg. We set 0., = 3.5 mm to simulate an abnormally large level
interference between positioners. Non-colliding source coordinates for each positioner are selected
randomly from their respective patrol zones. Initial coordinates are set such that the robots begin
their journey from a folded position, 9:1 = é;F Destination coordinates are set to be the source
coordinates 0_;-D = é;s.

Figure 3.6 shows three snapshots in robot-travel time when forward motion is propagated ac-
cording to the GC algorithm. The first panel shows the initial folded state of the positioners, the

second panel shows an intermediate state in the routine, and the third panel shows the final state.

3 As described in Section 1.2, the FPS will carry only 500 robots. For simulations here we elect to fill every available
spot with a positioner.

“https://github.com/sdss/kaiju
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Stars indicate the source coordinate locations, circles indicate the fiber position at the end of the
beta arm. When the fiber is aligned with the source, the positioner has reached its destination.
Robots at their destination are colored tan, robots in motion are colored blue. Curved streaks

drawn behind the fiber indicate the path the fiber has followed through previous program steps.
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starting configuration 7 seconds of motion 33 seconds of motion (max step limit)

Figure 3.6 — A 19 positioner grid solved with the GC algorithm in the forward direction using
Ay = 0.5 deg. We set o, = 3.5 mm to simulate an environment more crowded than SDSS-V,
which increases the optimization challenge. Panels from left to right show the starting configura-
tion, an intermediate state of motion, and the final state. Stars indicate source coordinates and open
circles indicate the fiber. When a star aligns with its fiber, the robot has reached its destination,
and is colored tan. Streaks behind the fibers indicate the path followed by a fiber through previous
program steps. In this example, the maximum step limit is hit with only 4 positioners reaching
their destination (right panel), the remainder of positioners are in deadlock.

In this example, only 4 of 19 positioners arrive at their destination before the routine’s iteration
limit is reached. The remaining positioners are in a deadlocked state where all progress is halted

due to inability of robots to navigate beyond their collective blockade.

The next demonstration uses identical configurations to those of the previous example with

. . . . . . ~1 S
the following modification: initial coordinates are set to the source coordinates 8, = 0,

1

and
destination coordinates are set to the folded configuration é;D = é;F When solved with the GC
algorithm, robots will begin from a source coordinate orientation, and carve out paths toward a
folded configuration. In this case we are solving exactly the same problem as the previous example

(a path between a folded and source orientation), by simply reversing the direction of robot-arm
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propagation.

Figure 3.7 shows the results of the reverse GC solve, an analogous sequence to that presented in
Figure 3.6. Positioners begin aligned with source coordinates, and step toward a folded destination.
In this experiment we find that all positioners successfully navigate to their destinations after 12
seconds of motion. This result is striking when contrasted with the forward example in which only
a small subset of positioners were able to obtain their desired destination. This pair of examples

demonstrates that the reverse path strategy is a surprisingly good approach.
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Figure 3.7 — A reverse direction GC solution to the configuration presented in Figure 3.6. The
initial state of the routine is set to the source coordinate configuration (left panel) in which all fibers
are aligned with astronomical targets. The program steps toward a folded destination (right panel).
Here all 19 positioners successfully navigate to the folded destination in 12 seconds of motion. A
forward path may be obtained by reflecting the reversely solved path in time, providing a route for
positioners to go out and back from a folded state when visiting this field of science targets.

The irreversible behavior of the algorithm raises eyebrows (the author’s included), yet it pro-
vides unique leverage in solving our path routing problem. Consider the two following points.
First, paths are trivially reversible. If a reverse path solution is found, we can obtain a forward path
solution by simply reflecting trajectories of all robots. Second, by building all paths between any
source coordinate state and a common folded state, transitioning between any two source coordi-
nate states is also trivial given that reconfigurations always route through the folded state.

The reverse path approach was discovered serendipitously through experimentation, and moti-
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vated by the following thought experiment: is it easier to tie a complex knot, or untie a complex
knot? Presumably the latter task is easier, and if one carefully recorded the steps taken while
performing the latter task, then the reversal of those steps yields a solution to the former task. Re-
grettably, we do not currently have a theoretical justification as to why the reverse process works so
well in the context of our problem, though we find the behavior interesting and provide some fur-
ther discussion in Section 3.6. In further sections we rely on statistics gathered from large numbers

of simulations to gain confidence in the quality of our solutions.

3.4.2 Measuring Efficiency with Source Coordinate Replacement

Here we formulate a statistical measure of algorithmic efficiency for the layout described in Sec-
tion 3.4.1. We repeat GC forward/backward pair analysis in a set of 5000 trials, where source
coordinates are randomized between trials. Figure 3.8 shows the resulting histogram of positioner
deadlock frequencies for both strategies. The forward strategy will always result in deadlock that
typically involves half of the positioners, whereas the reverse strategy only rarely suffers a dead-
lock. In these rare cases of reverse path deadlock, only a few positioners are involved. The chance
of deadlock in the reverse solution is small, but non-negligible.

For the reverse solution to be viable, we require a deadlock-free path for every positioner
in the grid. The full reconfiguration sequence from source coordinates A to subsequent source
coordinates B requires two steps: (step 1) the array moves from A to an intermediate folded state,
then (step 2) the array moves from the folded state to B. If any single positioner deadlocks during
reverse path generation, the array has not made it to the transition state, and thus the set of paths
cannot be used. Having a strategy for eliminating deadlocks is a necessary feature for the reverse
path solver.

We adopt a brute-force method of deadlock resolution. If a grid is deadlocked, we randomly
select a single deadlocked robot, replace its source coordinates, and re-run the path generator.
Replacing a source coordinate results in the loss of the original astronomical source. In large grids
of positioners, deadlocks are typically isolated in small groups throughout the array. For these

cases we may simultaneously replace one robot from each deadlocked group, which minimizes the
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Figure 3.8 — Histograms comparing deadlock frequencies between the forward and reverse solve
methods for abnormally crowded grids. Histograms are generated from 5000 trials using the GC
algorithm, a 19 positioner grid, oo, = 3.5 mm, and Ay = 0.5 deg. Essentially we have repeated
the trajectory comparisons between Figures 3.6 and 3.7 with source coordinates randomized be-
tween trials. In forward solutions (upper panel), every trial experienced a deadlock, and the typical
deadlock involved many positioners. For reverse solutions (lower panel), the large majority of tri-
als suffered no deadlock, and those that did typically involved only a few positioners. From this
example, the reverse path solution is well motivated.

number of iterations required of the path generator, and improves the total runtime.

This brute force replacement strategy is illustrated in Figure 3.9. The top three panels show
a sequence of reverse-solved motion that results in a four positioner deadlock. The lower three
panels show the results obtained after replacing a single positioner’s source coordinates to a new

random position. The array now completely converges to a folded orientation in 12 seconds of
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motion, thus resolving four wedged robots with a single replacement.
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Figure 3.9 — We illustrate a brute force method for deadlock resolution using the GC algorithm,
a 19 positioner grid, o, = 3.5 mm, and Ay = 0.5 deg. The top three panels show an example
sequence of reversely solved motion that results in a 4 positioner deadlock. The bottom three panels
show an analogous sequence after a single positioner’s initial coordinates have been replaced. The
bottom sequence converges in 12 seconds of motion at the loss of a single astronomical target.
Arriving at a fully converging grid is necessary to deploy a reverse path generator, and thus our
procedure requires an iterative search for viable initial conditions when a deadlock is present.
When deadlocks are infrequent, this introduces small computational overhead.

We define an efficiency for the reverse GC and MC algorithms in terms of the required number
of replacements to solve a grid. For a grid with total number of positioners ng requiring source
coordinate replacements for a subset of positioners np, the efficiency is:

ng —Ng

efficiency = (3.11)

ng

Note that we count nr as number of robots requiring a source coordinate replacement. If a
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single robot is iteratively tried with multiple sets of source coordinates, we count this as a single
replacement. This measure of efficiency is the ratio of astronomical targets obtained to astronomi-
cal targets assigned. For the example shown in Figure 3.9, the efficiency is (19 — 1)/19 ~ 0.95.
In our trials we generally (but not necessarily) find that the efficiency is higher than the initial
convergence of the grid, where we call convergence the ratio of positioners achieving the desti-
nation to the total number of positioners in the grid. In the case shown in Figure 3.9, the initial
convergence (top panel sequence) is (19 — 4)/19 ~ 0.79. The increased efficiency with respect to
convergence is due to the fact that a single replacement will often resolve more than one deadlock.
We use efficiency (rather than convergence) to measure algorithmic performance as it is a more

relevant statistic in the context of astronomical surveys.

3.4.3 Efficiency vs. Crowding

In a cocktail party setting, navigation becomes more challenging as the free space in the room
shrinks. The o}, parameter is a proxy for either beta arm relative size or collision safety distance,
and as oy, increases, available space for motion in the grid decreases. Here we investigate the path
routing performance of the reverse-solve GC and MC algorithms for a range of o}, values between
1.5 and 3.5 mm to simulate varied levels of crowding.

We use a grid of 547 positioners and set a step size Ay = 0.1 deg. This step size limits robot
arm perturbations (Equation 3.7) to less than 100 microns at each iteration. We run 2000 trials
at each o, for each algorithm, amounting to 36000 trials in total. Initial coordinate assignments
are randomized in all trials. We assign folded destination coordinates 6 - (10°,170°) for all
positioners. These destination coordinates leave the positioners with +10° of free travel in both
alpha and beta axes when they arrive at their destination. This choice of parking spot benefits
the MC algorithm, in which positioners at rest may be kicked awake when a neighbor encroaches
(Equation 3.10), allowing for a larger set of evasive options in these situations. The parameter
settings for this experiment are summarized in Table 3.1.

Figure 3.10 shows the trend of trial-averaged efficiency versus o, for the MC and GC algo-

rithms. The GC algorithm maintains a mean efficiency greater than 0.998 for o4, < 2 mm, the
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Table 3.1 —. Simulation 1 - varied crowding.

Parameter Values

nrobots 547

n trials # 36000
lo (mm) 7.4

lg (mm) 15

o1
60 (deg) random, right-armed

8" (deg) (10,170)
pitch (mm) 1, +1g =224
Ag (deg) 0.1
max steps  1000°/Ay
oo (mm)  {1.5,1.75,2,2.25,2.5,2.75,3,3.25,3.5}
greed 0.9
phobia 0.3
algorithm {GC,MC}

atrials split evenly amongst the varied o, settings and
algorithm type

MC algorithm maintains a mean efficiency is greater than 0.998 for o, < 3 mm. An efficiency of
0.998 corresponds to a single replacement in a grid of 547 positioners. With either routine only a

fraction of a percent of astronomical targets will be lost in the small o, regimes.

The MC algorithm outperforms the GC algorithm in terms of efficiency at all o, values. For
both algorithms, efficiency declines monotonically with o.,. Under the highest crowding condi-
tions (o., = 3.5 mm) mean efficiencies of 0.993 and 0.968 are measured for the MC and GC
algorithms. In an environment three times more crowded than the SDSS-V FPS design, we are
limiting source replacement to less than a percent using the MC algorithm. This result suggests

that very crowded RFP arrays may be feasible from a collision avoidance standpoint.

Figure 3.11 shows the minimum observed efficiency as a function of algorithm and o, in the set
of 36,000 trials. The trends are similar for both algorithms. For o, < 2 mm, minimum efficiency
remains above 0.98, beyond 0., = 2 mm, minimum efficiency trends steadily downward. For the

largest o.,, we see minimum efficiencies around 0.92 for the GC algorithm and 0.97 for the MC
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Figure 3.10 — Mean efficiency for MC (blue solid line) and GC (red dashed line) resulting from
the suite of trials described in Table 3.1. GC mean efficiency is > 0.998 for o, < 2 mm. MC
mean efficiency is > 0.998 for 0., < 3 mm. The MC algorithm outperforms the GC algorithm
over the full range of o.,. Both algorithms see monotonic decreases in efficiency as the level of
crowding increases. An efficiency of 0.998 corresponds to a single source coordinate replacement
in a grid of 547 positioners.

algorithm.

Figure 3.12 presents box plots of measured efficiencies for the MC (upper panel) and GC
(lower panel) algorithms across trials. Boxes indicate the innerquartile range, and whiskers capture
data within 3/2 the inner quartile range below and above the low and high quartiles. Outliers are
plotted as diamonds. Generally the variance of efficiency increases with increasing o.,. This figure

indicates a median target loss on the sub-percent level for the MC algorithm over the full range of
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Figure 3.11 — Lowest observed efficiencies for MC (blue solid line) and GC (red dashed line)
seen in the suite of 36,000 trials described in Table 3.1. For o., < 2 mm, the minimum observed
efficiency is > 0.98. For 0., > 2 mm, the minimum seen efficiency steadily drops, reaching a
minimum around 0.92 for the GC algorithm and 0.97 for the MC algorithm.

o.p investigated. Sub-percent target loss for the GC algorithm is typical when o, < 2.5 mm.

3.4.4 Reconfiguration Time

Reconfiguration times for RFP arrays are usually measured in seconds. However, when integrated
over years of a survey, these seconds add up to significant hours of observational overheads. Here
we analyze the reconfiguration times from the simulation suite described in Table 3.1 using SDSS-

V positioner velocities. In this section we measure “fold time”, which is the time required to
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Figure 3.12 — Box plots of the underlying efficiency distributions for the MC (top panel) and
GC (bottom panel) algorithms from the suite of trials described in Table 3.1. Boxes capture the
innerquartile range, and whiskers capture the data lying within 3/2 of the innerquartile range below
and above the low and high quartiles. Points lying outside the whiskers are marked as diamonds.
With the MC algorithm, target loss will be limited to a small fraction of a percent over the whole
o.p range. Even in the most crowded regime, the MC algorithm will see a only a small target
loss percentage of ~1%. The GC algorithm limits target loss 1% for the lower half of o, values
investigated.

move between a source (or astronomical target) orientation to a folded state. The total field-to-field
reconfiguration time is twice this value, as the positioner array must move first to the folded state
before moving to the next desired orientation.

Figure 3.13 shows the mean fold time as a function of o, and algorithm. The GC outperforms

the MC algorithm by a factor of ~2, depending slightly on o.;,. The longer path lengths observed in
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the MC algorithm are due to two effects: (1) the injection of random motion along its path, tuned
by the greed parameter, and (2) the additional policy of F; (energy) minimization, tuned by the
phobia parameter. Recall that, as greed approaches 1 and phobia approaches 0, the MC algorithm
becomes identical to the GC algorithm. In this sense the fold time curve for the GC algorithm
in Figure 3.13 represents a lower bound for the MC algorithm. By varying greed and phobia, one
might tune the MC algorithm to produce an optimal balance between efficiency and fold time in the
context of an astronomical survey. Here we have fixed greed and phobia to 0.9 and 0.3 to provide
a point comparison between the two methods.

Figure 3.14 shows box plots for fold time across o, and between algorithms. Boxes indicate
the innerquartile range, and whiskers capture data within 3/2 the inner quartile range below and
above the low and high quartiles. Data falling outside whiskers are indicated with diamonds. For
the GC algorithm we see median reconfiguration times less than 30 seconds for SDSS-V position-
ers across the full range of o,. For the MC algorithm, we expect reconfiguration times closer to 45
seconds for the lower half of o, values, and reconfiguration times nearing a minute for the upper
half of the o}, value range. The GC algorithm generally achieves the SDSS-V benchmark goal of
a 30 second RFP reconfiguration time, whereas the MC would require greed and phobia parameter

adjustments to reach this benchmark.

3.4.5 Runtime and Efficiency vs. Step Size

Navigating through a moving crowd is more effective when one takes small steps in the right
direction, rather than waiting for the opportunity of a big step to present itself. This analogy holds
true for the algorithms we’ve presented. However, a small step comes at the price of an extended
runtime.

A fast running routine is desirable for at least two reasons. A fast path generator allows for
dynamic decision making throughout a night’s observations, as optimal plans are subject to change
on short notice. Another benefit of a fast path generator is that it may be incorporated in the
optimization stages of survey planning and design. In a large astronomical survey, field assignment

for millions of objects is a computationally intensive task, so if path verification is required at
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Figure 3.13 — Average time for an SDSS-V robot array to transition between a folded state and
a source coordinate (on-target) state, representing half the time of a complete reconfiguration.
Results are compiled from the trials described in Table 3.1 for MC (blue solid line) and GC (red
dashed line) algorithms. The GC algorithm yields a total reconfiguration time less than 30 seconds.
The MC algorithm experiences longer reconfiguration durations due to the injection of stochastic
motion along a robot’s trajectory. The amount of stochasticity is tunable, and thus the GC fold time
curve represents a lower bound for the MC method dependent on parameter tuning.

this stage it must have a low computational overhead. Carrying out path planning during field
assignment is desirable as it will inform which specific targets ultimately get observed, providing

an opportunity for vetting long before a field is visited by the telescope.

We measure two distinct runtimes in our routines. The first runtime is the source replacement

runtime 7. This is the computation time accumulated during the source replacement procedure
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Figure 3.14 — Box plots for the distribution of fold times seen across the o, range for the trials
described in Table 3.1. Boxes capture the innerquartile range, and whiskers capture the data lying
within 3/2 the inner quartile range below and above the low and high quartiles. Data outside
whiskers are plotted as diamonds. The MC algorithm yields longer median fold times with a
higher level of variance when compared to the GC algorithm.

described in Section 3.4.2. The source replacement procedure requires iterative runs of the path
generator to find valid initial coordinates. 7, is largely an overhead during target assignment, as
once initial coordinates have been assigned, and paths shown to converge, they do not need to be

recomputed.

The second runtime 7,,, is the computational time required to build paths from a set of initial

coordinates that are known to converge. Observing conditions during nightly operations may re-



Table 3.2 —. Simulation 2 - vaired crowding and step size.
Parameter Values
nrobots 547
n trials* 18000
l, (mm) 7.4
lg (mm) 15
0 ' (deg) random, right-armed
_D
6 (deg) (10,170)
pitch (mm) 1, +13 = 22.4 mm

Ay (deg) {0.05,0.1,0.25,0.5,0.75,1}
max steps  1000°/A,
o (mm) {1.5,2,2.5,3,3.5}
greed 0.9
phobia 0.3
algorithm {GC,MC}
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atrials split evenly amongst the varied op,
Ay, and algorithm

quire that RFP trajectories remain flexible on short notice. For example, the airmass of observation
may require slight adjustments to a precomputed set of initial coordinates. Or perhaps a robot
malfunctions and must be taken off-line during the night while remaining in a position that ob-
structs neighbors. In cases where we envision small adjustments to initial coordinates, we expect

the overall runtime of path generation to be much closer to 7,, than 7.

For this experiment we vary Ay, 0., and algorithm. We run 300 trials at each unique parameter
combination, yielding a total of 18000 trials. An analysis of the resulting trends informs a smart
decision on step size: a value that produces a reasonable balance between efficiency and runtime.

The parameters for this simulation are listed in Table 3.2.

Figure 3.15 shows the effects of Ay on efficiency for both GC and MC algorithms. Efficiency
declines as both Ay and oy, increase. At small o, (1.5-2 mm), there is little variation in efficiency,
so large step sizes (0.75-1 deg) seem permissible. However, as o, increases, smaller step sizes are

required to remain near the high end of efficiency. This is especially true for oo, = 3.5 mm, where



56

efficiency is strongly influenced by step size. The efficiency degradation with increased step size
is due to the maximum displacement (MD) factor entering in Equation 3.6, which defends against

moves during which robots may undetectably jump through a colliding orientation in a single step.
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Figure 3.15 — Plots of efficiency for GC (left panel) and MC (right panel) algorithms over a
range of crowding (o.,) and step size (Ay) settings, averaged across trials from the simulation set
described in Table 3.2. Efficiency declines as step size is increased. The combination of large
step size and high crowding shows drastic reductions in efficiency. In low crowding environments,
choice of step size has only a minor effect on overall efficiency. This figure ultimately illustrates
the trade off between runtime and efficiency, as larger step sizes are preferable from a program
runtime perspective.

Figure 3.16 presents the average observed runtimes across o, Ay, and algorithm. Here we only
consider results for which the trial-averaged efficiency is greater than 0.9. The two left hand panels
show the average runtime 7,,. Over the full range of Ay, the runtime decreases exponentially,
ranging between ~ 1 — 25 seconds for the GC algorithm. The MC algorithm runtime requires
roughly twice the runtime of the GC algorithm, with a slight dependence on o,. The right hand

panels of Figure 3.16 show the average runtime 7, which includes iterative process of source
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coordinate replacement (Section 3.4.2). When including the source replacement procedure, the
runtime scales by roughly an order of magnitude over the full range of o,. This scaling is largely
due to the decrease in overall efficiency as o, increases. As o, increases, the chance of deadlock

increases, and so the required number of iterations of the path generator increase.
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Figure 3.16 — Mean runtimes from the Table 3.2 simulation set. Only results where mean effi-
ciency > 0.9 are included. The left two panels show the mean runtime for a single converging
run of the path generator (7,,,). For the GC algorithm, a step size of 1 deg requires ~1 second to
compute paths for a grid of 547 positioners, a step size of 0.05 requires ~20 seconds. The MC
algorithm requires roughly twice the runtime of the GC algorithm and exhibits a slight dependence
on crowding. The right two panels show the cumulative runtime 75, which includes the iterative
procedure of source coordinate replacement. 7y, is strongly influenced by crowding.
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Table 3.3 —. Selected Results from Simulation 2

algorithm  ocp, (mm) Ay (deg) mean 7,4 (s€C)* Ty (sec)® mean fold time (sec)® mean efficiency

GC 1.50 1.00 1.10 2.10 12.32 0.9980
GC 2.50 0.25 4.34 14.67 12.55 0.9918
GC 3.50 0.10 11.32 107.11 13.17 0.9688
MC 1.50 1.00 2.14 2.55 22.94 0.9997
MC 2.50 0.25 8.74 14.71 24.29 0.9987
MC 3.50 0.10 24.04 105.82 27.90 0.9925

“runtime of single path generator pass

bruntime of multiple path generator pass with source replacement

“half of the expected duration of robot motion during reconfiguration

The trends indicated in Figures 3.16 and 3.15 provide the information we need to select decent
Ay settings for each algorithm over a range of o,. Table 3.3 contains a summary of results for
each algorithm under some reasonable parameter choices. The table contains runtime, fold time,
and efficiency metrics over the full range of 0., providing a concise summary of the performance
of the algorithms we have tested over a range of parameter space.

In nightly operations, SDSS-V FPS path computations 7, will typically require only few sec-
onds, even when choosing a conservative o., = 2.5 mm. Should a sudden RFP reconfiguration be
desired, the overhead due to path planning computations will be negligible when compared to the
duration of robot motion. The computational speed of these algorithms provides SDSS-V with a
nimble observing system that suffers almost no additional overhead when unscheduled reconfigu-

rations are requested at a moment’s notice.

3.4.6 Runtime and Efficiency vs. Grid Size

In this section we provide a brief analysis of how algorithmic performance scales with number
of positioners. We use relatively few trials (6000), and choose a mid-range crowding level of

ocp = 2.5 mm. The complete set of simulation parameters are described in Table 3.4. The results



Table 3.4 —. Simulation 3 - varied grid size.
Parameter Values
nrobots {37,91,169, ...,2269, 2611, 2977}
n trials * 6000
l, (mm) 7.4
lg (mm) 15
0 ' (deg) random, right-armed
~D
6 (deg) (10,170)
pitch (mm) 1, +1s =224
Ag (deg) 0.1
max steps  1000°/Ay
Ocp (mm) 2.5
greed 0.9
phobia 0.3
algorithm {GC,MC}
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atrials split evenly amongst the varied grid sizes
and algorithm type

here will give a general feel for behavior in grids more massive than the typical 547 robot array we

have focused on thus far.

Figure 3.17 plots the mean efficiency against grid size for the simulations described in Table
3.4. The shaded region around each line represents the 95% confidence interval of the mean. For
grids larger than the SDSS-V array, the efficiency remains relatively constant. For smaller grids, a
direct comparison of efficiency vs grid size should be taken with a grain of salt for two reasons: (1)
smaller grids have a larger fraction of positioners without neighbors, and (2) efficiency is computed
relative to the total number of positioners in a trial, where smaller grids contain fewer positioners.

Despite this, we see that efficiency is not strongly affected by total number of positioners.

Figure 3.18 plots the mean 7, and 7, Tuntimes for each algorithm at various grid sizes for the
simulation set described in Table 3.4. For each line in the plot, a 95% confidence interval of the
mean is indicated by the shaded region. Runtime 7, increases linearly with grid size for both MC

and GC algorithms, as is typical for distributed control algorithms. Runtime 7, does not show a
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Figure 3.17 — A comparison of mean efficiency between MC and GC algorithms at various grid
sizes using the parameters set in Table 3.4. Shaded regions indicate a 95% confidence interval of
the mean. Efficiencies for smaller grids are computed from smaller samples of positioners, and
thus are more variable than efficiencies measured from large grids. For grids larger than SDSS-V’s
(> 500 positioners), efficiency is not strongly affected by the total number of positioners in a grid.

tight linear response, as larger grids will experience a higher frequency of deadlock events, and

thus require a higher number of source replacement iterations to solve a grid.

3.5 Deployment Considerations

We have made an effort to present generic routines that may be directly applied to many of today’s

RFP instruments via configurable parameters (pitch, 1,, 13, ocp, etc). To remain hardware-agnostic,
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Figure 3.18 — A comparison of mean runtimes between MC and GC algorithms at various grid

sizes using the parameters set in Table 3.4. Shaded regions indicate a 95% confidence interval of
the mean.

we have inherently assumed grids of “ideal” positioners, where the ideal positioner: (1) possesses
infinite acceleration, (2) has sufficient on-board resources to follow an arbitrarily complex path, (3)
has no positional uncertainty along a trajectory, and (4) never malfunctions. When deploying the
path generator in a realistic setting, points (1)-(4) above need to be considered carefully, and the
optimal handling of these constraints may vary from one positioner design to another. This section
outlines specific strategies for addressing these issues for SDSS-V positioners, though we suspect

they will be relevant for most other positioner designs and interfaces.

First we address points (1) and (2): a path post-processing strategy to account for the accelera-
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tion limits and finite on-board memory of an SDSS-V positioner. The raw paths output by kai ju
intrinsically wiggle: when robot arms encounter each other they switch direction of motion fre-
quently. Applying a running-average filter to the velocity profiles for each axis sufficiently damps
these wiggles to adhere to the acceleration limits of the hardware. SDSS-V positioners accept a
maximum of 1024 points per alpha or beta axis to define a trajectory, where a point is described
by an (angle, time) tuple. The embedded program of the SDSS-V positioner linearly interpolates
between the supplied points. We simplify the velocity-smoothed paths using the Ramer-Douglas-
Peucker algorithm (Ramer, 1972), which reduces the total number of points required to describe
a path. In the regime of small o, a significant fraction of positioners are free to simply move at
constant velocity to their destination without ever encountering a neighbor. In these situations we
find that many paths (especially GC paths with no random motion) are specified by only a hand-
ful of points. This can be quickly realized from the left panel of Figure 3.5, where more than a
few positioners have enough space to fold without interference. As o, increases, the probability
of interactions increases, and the paths necessarily become more complex. We are generally able
to represent the most complex paths in less than 250 points after velocity-smoothing and point-
simplification. After a simplified path is computed, kai ju is used to verify it (with a slightly
reduced o.},) to ensure that no collisions were created in the post-processing procedure. As a con-
sequence, path smoothing and simplification will require some amount of the overall o, budget.

To address point (3) we must choose o, large enough to account for the uncertainty of a robot’s
position along a path. The dominant source of positional uncertainty is due to slight imperfections
in the manufacture and assembly of a robot’s gearbox. This manifests as a nonlinear relationship
between a positioner’s commanded angular velocity and the true angular velocity, where a posi-
tioner’s true velocity will oscillate about the expected velocity by a small amount in a repeatable
way. Kronig et al. (2020a) provide a comprehensive analysis of all the various sources of mechan-
ical error in an SDSS-V positioner.

Collecting points (1)-(3) the selection of o, must be the summation of three factors:

Ocb = Oarm 1 Osmooth + O (312)
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Oarm 18 the physical half-width of the beta arm (1.5 mm for SDSS-V). ogmnooth 1S an extra buffer
required for path smoothing and simplification. We’ve found that ogp0tn ~ 0.03 mm is sufficient
for ensuring collision-free trajectories after path smoothing at small step sizes (A6 ~ 0.1). o,
is the maximum lateral uncertainty of the beta arm’s absolute position due to mechanical errors.
Algorithmic performance increases as o, shrinks, so this will encourage finding tight bounds on

o, for an SDSS-V RFP.

An a priori choice of o, can be informed directly from the SDSS-V positioner mechanical re-
quirements where bounds on four independent sources of angular error are specified: nonlinearity,
hysteresis, fiber torque, and dynamic control error. When these bounds are constructively summed
the maximum permissible angular error is £1.50 and £1.48 deg for the alpha and beta axes. o, is
maximized at the fiber-end tip of the beta arm when the positioner is at full extension (03 = 0).
A simple computation for o, can be constructed using Equation 3.1. For simplicity, take the posi-
tioner’s base position to be b = (0,0). Take 8; = (0, 0) deg to be the expected angular coordinates
of a robot at full extension, with corresponding Cartesian fiber coordinates f, = (0,22.4) mm.
Take 6, = (1.50, 1.48) deg to be the actual angular coordinates after the maximum angular uncer-
tainties have been applied. The corresponding Cartesian fiber coordinates are f, = (22.38,0.97)

mm. The resulting lateral uncertainty can be estimated as:

oo = ||f; — 5] = 0.97 mm (3.13)

Thus, a setting of o, = 1.5+0.03+0.97 = 2.5 mm would be selected based on the summation

of toleranced errors from SDSS-V positioner requirements.

Note that the calculation of o, by Equation 3.13 represents a “worst case scenario” in which
all positioner error tolerances are maximized and summed constructively. Throughout the course
of lab testing and survey operations we have found that o, = 2 mm provides a sufficient safety
margin for SDSS-V positioners, and the complete path generation and post-processing procedure

has been successfully deployed for SDSS-V positioners for over a year of survey operations.

Finally, we comment on point (4): the case of a malfunctioning robot. Throughout the dura-
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tion of a multi-year survey operating with 1000 robots distributed between two hemispheres, it’s
plausible to assume that a robot may be required to be taken off-line for a period of time while re-
maining as fixed interfering obstacle within the grid. The anti-collision routine we have presented
can model this situation by simply setting the greed parameter to zero for any broken positioner
in any orientation. Operational robots will still be required to complete successful fold and unfold
sequences, but any off-line robot will remain fixed between subsequent target orientations. In this
sense, it will be the duty of neighbors to navigate around a static obstacle. A robot stuck in an
unfortunate (e.g. outstretched) orientation will increase the probability of deadlock in its imme-
diate area. In certain orientations, a stationary robot could require additional neighboring robots
to be taken off-line. A robot fixed in a folded orientation will have little adverse effect on path
generation. In summary, operations may proceed even in the case of stationary robots using the
anti-collision algorithm we have presented, although lower efficiencies would be expected. This
procedure has also been successfully tested and vetted in the field during SDSS-V survey opera-
tions when various malfunctioning robots where required to be taken offline for extended periods

of time.

3.6 Discussion

In addition to path routing, kai ju is an important component of higher-level algorithms that seek
to globally optimize SDSS-V survey planning, design, and overall strategy. Note that kai ju
possesses no notion of concepts like target priority. In SDSS-V certain targets (e.g. calibration
sources) may be more important than others in a field. In this work we have only presented a very
simple deadlock resolution strategy that iteratively and randomly tosses away targets until a con-
verging grid is achieved. In practice, target assignment algorithms will preferentially select targets
to throwaway only after searching for viable target replacements first. In a grid of 500 heavily
overlapping positioners, many opportunities for target swaps between positioners exist, which may
serve to eliminate either source coordinate collisions or deadlocked pairs with no loss of original
targets. Furthermore, deadlocks may be rectified via focused manipulation of an individual robot’s

greed and phobia parameters in repeated trials. The options are vast. The targeting optimiza-
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tion challenge is arguably at least as complex as the problem of safe path generation, and it’s an
active area of algorithmic development for SDSS-V that will likely see continuous improvement
throughout the survey. In the hierarchy we describe, the selective mitigation of target attrition due
to collision avoidance constraints is expected to be delegated to a higher-level piece of software
with an awareness of the bigger picture. The fast runtime and high efficiency of kai ju make this
division of duty computationally feasible, especially in the small o, regime.

SDSS-V fields span a wide range of target densities, though the majority of fields lie in the
densely populated Galactic plane. In dense fields, we plan to use the GC algorithm, which pro-
vides maximal reconfiguration speed and minimal runtime. Though the GC algorithm is slightly
less efficient, dense fields have a surplus of targets from which to select suitable replacements. For
sparser fields, where target replacement opportunities are less abundant, we plan to use the MC
algorithm to maximize targeting efficiency. With the options provided between the MC and GC
algorithms, we may balance runtime, efficiency, and reconfiguration time to maximize survey pro-
ductivity over the whole sky. Currently we are achieving overall targeting efficiencies of >99.99%
and average field-to-field robot reconfiguration times < 90 seconds for SDSS-V.

For projects outside the SDSS-V context, a quicker reconfiguration time may be important.
Our reconfiguration process requires that every RFP array transition routes through a common
folded state, where the folded state is near the edge of travel for each positioner. In this case,
the total distance traveled by a positioner between targets will usually be large when compared
to the distance between the subsequent targets. Makarem et al. (2014) modeled direct transitions
between random positioner configurations with good results in slightly overlapping RFP workspace
regimes. In heavily overlapping RFP regimes, Macktoobian et al. (2019) comment on the challenge
of fitting the durations of both path computation and robot reconfiguration within timescales that
do not introduce significant operational overheads.

The common state transition we present does provide benefits, as it decouples the dependency
of robot trajectory planning from the nightly observing sequence. As all paths are built between a
target state and a common state, transitioning between any two target states becomes trivial. This

permits all paths to be computed and vetted during the survey design phases well ahead of observa-
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tions. For SDSS-V, the runtimes we experience are suitable for on-the-fly path generation, should
the need arise. However, for a theoretically large and crowded positioner array, a completely off-
line path generator could prove necessary, and thus a common state transition would be mandatory

to ensure that program runtime is not a hindrance to observing cadence.

Improvements in reconfiguration time might be found by allowing robot movement to end at a
step prior to a completely folded state. In the SDSS-V layout, collision-less motion is guaranteed
while all positioners maintain 3 2 155 deg, where this minimum value of 3 is a level of folding
that brings the beta arm completely within a radius of half the pitch. The exact condition is given

by:

1 (gpitch)? — 12 — (5 + 0as)*
2,1, '

0p > 180° — cos™ (3.14)

RFP arrays with small overlap zones would benefit most from an earlier exit criterion like
Equation 3.14, as beta arms need only to retract a small amount before finding themselves in a
guaranteed collision-less environment. Although shortcuts between target transitions for SDSS-
V exist, the complete fold/unfold sequence we have presented is sufficiently fast to not rate-limit

SDSS-V survey pacing.

It has become increasingly popular to retrofit existing telescopes with robotically filled focal
plane arrays. In the case of SDSS-V, positioner density was ultimately limited by the fiber capacity
of the existing spectrographs. In proposed future RFP projects with purpose-built spectrographs
(e.g MegaMapper Schlegel et al. 2019), the potential multiplexing power may be limited only by
the density of positioners in the focal plane. As RFP technology continues to progress, the possi-
bility of ultra-densely packed arrays may be on the horizon. In our analysis, we have shown high
efficiencies (>0.99 for MC) in heavily-overlapping and highly-crowded arrays, where as much
as 20% of the focal plane space may be occupied by interfering robot arms (right panel, Figure
3.5). The algorithms we present can be used to inform and verify layout choices in future RFP
instrument design. Most importantly, our simulations suggest that ultra-densely packed positioner

layouts may be operationally feasible.
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The success of our collision-avoidance method is mainly attributed to the realization that
reverse-solved paths are extremely efficient. We show that even an algorithm based on a sim-
ple greedy heuristic obtains an efficient solution to a challenging problem. It may seem suspicious
that the directionality should matter at all. However, the reverse-solve strategy resembles a situ-
ation that arises in multi-agent pattern formation theory. Multi-agent pattern formation problems
are often concerned with deriving control laws that drive agents from random states to lattice-like
structures and determining where convergence can be guaranteed (Olfati-Saber, 2006). By adopt-
ing a reverse-solve direction for RFP arrays, we frame our problem in the same way, where the
initial (target) state is random, and the final (folded) state is a lattice. A lattice configuration only
requires that all positioners share the same (6,,03) coordinates. Here we have specifically se-
lected the folded lattice configuration for two reasons. The first reason: as positioners fold they are
driving toward a guaranteed collision-free environment (see Equation 3.14), and the chance of in-
teraction decreases with program step. The second reason: throughout the routine 6, will decrease
and 0 will increase as a positioner moves from a right arm orientation toward a fold. When alpha
and beta axes move in opposite directions, the overall motion of the beta arm resembles a thrust
rather than a swipe or a swing. Given the elongated shape of a beta arm, a thrust presents a smaller
cross section for interaction during motion. We suspect that other existing RFP control codes will

improve in efficiency if a reverse solution is employed, especially in heavily overlapping regimes.

The reverse-solve method is obviously beneficial when considering the geometries and kine-
matics specific to RFP arrays, though a cursory search of the robotics literature at large yields
sparse mention of reversely solved paths. In one example, Zhao et al. 2012 find a reverse-path
strategy to optimize the routing problem faced in minimally invasive surgeries. We wonder if
the concept of path-direction preference is generally extendable to path planning problems in the
context of robotic control theory and multi-agent optimization.

The landscape of survey-based astronomy is progressing rapidly, largely due to the continuing
development of highly-automated telescope and instrument systems. As the complexity of observ-
ing systems continues to increase, overall survey productivity may become limited by our ability

to design and implement effective control algorithms. This was realized in SDSS-V, where the
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effective utilization of the full suite of SDSS-V positioners was an unsolved problem prior to this
work. Ultimately, robotic path routing occupies a small part of a larger picture of overall survey
control. Optimization of target assignment, survey scheduling, and feedback from data acquisition
are all spaces in which further algorithmic development may have significant effects on the overall

productivity of current and future astronomical surveys.
3.7 Conclusion

We have presented a generic, computationally fast, and highly efficient method to determine non-
colliding paths for a two armed robotic fiber positioner system, where we measure efficiency in
terms of astronomical targets ultimately acquired under collision avoidance constraints. The RFP
design we describe has become typical in today’s growing number of robotic wide-field multi-
object spectroscopic instruments, and so our methods are applicable to a wide range of astronom-
ical surveys and instruments. We have focused our analysis on a layout in which robot arms have
heavily overlapping patrol zones, a design currently unique to the SDSS-V and MOONS instru-
ments for which the collision-avoidance problem is especially challenging. We find that efficiency
remains high even in environments significantly more crowded than the SDSS-V layout, suggesting

the feasibility of ultra-densely packed positioner arrays in future RFP designs.
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4.1 Introduction

The SDSS-V FPS is a complex instrument with thousands of moving parts that are required to
operate at high precision both spatially and temporally. Each FPS underwent an extensive lab test
and verification phase to ensure that the instrument was fully operational before shipping to the
telescope. The specific goals of the lab calibration phase were (1) obtain fiber placements accurate
enough to obtain astrophysical light in fibers once at the telescope (< 50 pm RMS), and (2) test
and tune the kai ju path generator (Chapter 3) to ensure that the robot array can seamlessly move
from configuration to configuration without colliding.

To achieve this we calibrated each componenet of the FPS for use in coordio transforms
(Chapter 2). Full-system characterization allows us to accurately predict both where a fiber will
land given a positioner’s angular coordinates, and where a robot’s beta arm is relative to a neighbor
for collision-avoidance purposes. Section 4.2 describes the initial calibration of FPS components
prior to full instrument assembly. Sections 4.3 and 4.4 describe the characterization of the Lab Test
Camera used for full-system calibration and metrology. Sections 4.5, 4.6, 4.7, and 4.8 describe the
stepwise characterization of fiducials, GFAs, robots, and science fibers. In Section 4.9 we discuss

outcomes and limitations of the lab characterization phase for the SDSS-V FPS units.

4.2 Initial Robot, Fiducial, and GFA Metrology

Metrology, calibration, and verification of individual FPS components (robots, GFAs, fiducials,
science fibers) was performed at various stages throughout the FPS instrument build(s). In the
earliest stage of the project, SDSS-V robots were designed, prototyped, and built in a partnership
between the ASTROBOTS group at EPFL and Micro Precision Systems (MPS) in Switzerland.
Building upon prior fiber robot experience from collaborations with DESI and MOONS, EPFL
and MPS brought expertise in precision manufacturing, robotic control (Kronig et al., 2020b), and
characterization (Kronig et al., 2020a) to SDSS-V’s robotic fiber positioners.

Before leaving Switzerland, each robot underwent a rigorous quality assurance and character-

ization routine. This was performed on an optical bench using a CMOS camera with an ultra-low
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distortion lens (Fujinon HF3520-12M; TV distortion 0.01%). A temporary optical fiber was in-
stalled into the beta arm of each robot and backlit with an integrating sphere, and the fiber centroid
locations were measured by the camera. The camera was calibrated against a precision optical
target placed in the plane of the fiber faces to model the camera distortion. The scale of the test
bench camera was 22 pym/pixel. Figure 4.1 shows a rendering of the optical test bench setup, which
is uses two cameras and simultaneously measured seven robots per camera. Robots were moved
~1000 times during the initial calibration and characterization process, sampling many points over
its full range of motion. This SDSS-V robot calibration and verification procedure is summarized
in Grossen et al. (2020). Each robot met the SDSS-V FPS requirement: a robot’s first (blind) move
RMS error is less than 50 um and this error drops to 5 pm after one or two corrective moves are

applied using camera feedback.

Figure 4.1 — The optical test bench setup for SDSS-V robot characterization and verification prior
to robot delivery and integration into the FPS. Temporary fibers were installed in each robot and
illuminated using an integrating sphere. Back lit fiber centroids were measured using a distortion
calibrated camera. Each camera simultaneously measures 7 robots.

Outcomes from initial test bench calibration are (1) a tailored model for kinematics specific to
each robot, and (2) alpha and beta angle zeropoints are measured relative to hard stops and flashed
to the on-board memory in robot’s firmware. Unfortunately, after removing the robot from the test
stand and removing the fiber from the robot, the calibrated kinematic model is no longer valid.

Thus, robot calibration must be repeated and updated after science fiber bundles are installed in
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the robots and the robots are installed in the FPS. The most important outcome from the test bench
calibration is verification that each robot mechanically functions at the required precision, and the
bench measured alpha/beta zeropoints will provide a very good starting guess for fitting a new
calibration model.

The calibration of robots in the FPS proceeds in an analogous fashion to that of the test bench
but at a much larger scale, measuring all 500 robots simultaneously. The general procedure is:
move robots around their workspaces, measure the centroid of a back lit fiber on a CCD, convert
that centroid from pixels to physical locations in millimeters, and finally fit a kinematic model to
each robot. Perhaps the biggest challenge of this task is obtaining an accurate pixel to millimeter
transform that sufficiently accounts for any (unknown, but likely present) field distortions. During
test bench characterization in Switzerland, a high precision checkerboard target was used for cam-
era calibration. In the case of full-wok calibration, we will employ a grid of fixed fiducial fibers to
develop the camera transform.

Sixty fiducial fibers are embedded in and around the SDSS-V robot array to provide static ab-
solute reference points for full-wok imaging and metrology. Twelve of these fiducials are installed
into GFA assemblies (two fiducials per GFA) and forty eight fiducials are installed directly into
the wok mounting plate. Figure 4.2 plots the locations for all fiducials around the wok, indicating
which fiducials are directly associated with GFA assemblies. GFA fiducials were measured relative
to guide camera pixels using a CNC machine and a point source microscope. Prior to robot inte-
gration, wok fiducials were installed into both the APO and LCO FPS units, and the xy locations of
the fiducial fibers were optically measured with a CMM. The maximum expected errors for GFA
and wok fiducial measurements were 2 ym and 8 pm respectively. Further detail on the fiducial

fiber metrology campaigns is provided by Engelman et al. (2022).

4.3 Lab Test Camera

When the fiducial measurement campaigns were complete, both FPS units were returned to the
lab at The Ohio State University (OSU). Robot integration began immediately for the APO FPS.
Meanwhile the LCO FPS and was set up in front of the Lab Test Camera (LTC) to provide a head
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Figure 4.2 — Locations of fiducials, robots, and GFAs in wok coordinates. The twelve fiducials
associated with GFAs were not measured with a CMM. The remaining 48 fiducials were measured
with a CMM.

start on development of pixel to mm camera transform for later use in full-wok calibration. At
this stage the LCO FPS was mostly empty, containing only the forty eight CMM measured wok
fiducials and few robots for initial motion testing and calibration strategy development.

The LTC uses a Finger Lakes Instrumentation MLL50100 8K x 6K CCD with 6 yum pixels, and
it delivers a pixel scale of 110 um/pixel. The CCD body is mated to a custom lens doublet and 640
nm narrow band filter for background rejection (CHROMA ZET642/20x). Figure 4.3 shows the
LTC camera assembly. The LTC is mounted on a vibration isolated optical bench, and it is pointed
at the wok which is tipped to horizon in its handling cart. This arrangement is shown in Figure 4.4.
A spot diagram for the LTC is shown in the Figure 4.5. In this figure, five spots are shown moving

from on axis to 81, 162, 243, and 324 mm off axis. 324 mm is the radii of the outer fiducial ring
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on the wok. The LTC was designed to deliver FWHM spot size < 3 pixels across the field, but

significant coma was expected when measuring far off the optical axis.

Narrowband
Lens Aperture Filter
Doublet  Stop

Figure 4.4 — LTC pointed at the FPS in its han-

Figure 4.3 — Lab test camera assembly. dling cart.

Alignment between the LTC and the sparsely-populated LCO wok was performed by eyeball.
The fiber array was centered as closely as possible on the CCD by iterative nudging of the FPS
and the LTC. The wok surface was placed at a distance from the LTC such that the fiducial array
completely filled the smaller axis of the chip to maximize the resolution of the imaging system.
Visual inspection of PSFs across the field was used to attempt to minimize the obliquity of the
camera with respect to the wok surface although the LTC was relatively insensitive to focus.

For LTC imaging, fiducial fibers were back illuminated using a 639 nm LED (ThorLabs LED630E)
filled using an integrating sphere mounted to the FPS. Both PSF intensity and image quality were
seen to drop at larger field radii. The left hand panel in Figure 4.6 shows four postage-stamp
cutouts of PSFs moving from the center of the wok to the edge. Rightward panels show the same
centroids clipped at decreasing CCD count levels. Each box in the figure is a 30 x 30 pixel cutout
around a fiducial. Fiducial signal varied among fibers at similar radii, and a 1.2 second exposure
time was found to avoid saturation in the brightest fiducials in the field. The outermost radius (324
mm) corresponds to the outer ring of fiducials. Roughly 60% of the fiducials and 65% of the robots
lie within a radius of 224 mm.

Centroid extractions and measurements were performed using sep (Barbary, 2018), a Python

implementation of Source Extractor routines (Bertin and Arnouts, 1996). Raw images were column-
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Figure 4.5 — Zemax spot diagram for LTC. Pixel size is 6 um so each grid displayed in the spot
diagram corresponds to a 6 x 6 cutout in pixel space.

wise median subtracted to estimate and remove image bias and background (about 1,000 counts).
Any remaining background was estimated and subtracted using a sep . Background 2D model.
A flat field correction was not attempted. Sources were extracted from the processed frames using
sep.extract with a detection threshold of 3.50 where o is the RMS of the background. Lastly,
detections were filtered by size (npix > 100) to remove false detections due to hot pixels, etc. This
produced a clean list of bona-fide fiber PSF detections for each frame. Peak counts typically mea-
sured between 5,000 and 40,000 above the background, and counts (as visible in the leftmost panel

of Figure 4.6) generally decreased with wok radius.
4.4 Lab Test Camera Transform

The LTC transform converts the location of a centroid in pixels from the CCD frame to a location
in millimeters in the wok coordinate frame. It is the combination of a similarity transform and a
Zhao-Burge polynomial correction, both of which are described in turn. A sufficiently accurate

LTC transform will be required for lab calibration of a fully populated FPS system in SDSS-V.
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Figure 4.6 — Lab Test Camera PSF examples from four fiducial fibers in the LCO wok at different
wok radii. Each box is a 30 x 30 pixel cutout from a background-subtracted LTC image. Boxes
are stacked vertically by increasing wok radius. Image strips left to right are the same data with
decreasing count thresholds to show different slices of PSF shape. Image quality degrades at wok
radius increases, and this qualitatively matches the expected optical performance of the LTC system
as shown in Figure 4.5.

The transform will be fit using two sets of 2D points {w;} and {p;}, which represent CMM xy
measurements in millimeters and LTC xy measurements in pixels for each fiducial : = 1,2, ... n.
4.4.1 Similarity Transform

We define a similarity transformation as

cosf) —sind
S(p,s,0,t) =s P+t (4.1
sinf  cos6
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were s € R is a scaling factor, f € R is a rotation, t is an Xy translation. We find the best fit

similarity transform parameters {s, 6, t} by solving the minimization problem

1 n
min — Z |lw; — S(pi,s,0,t)|° 4.2)
i=1

s,0t n —
A widely-used solution to Equation 4.2 is a least squares method derived by Umeyama (1991),
which is implemented in the skimage.transform package' for Python. We fit a similar-
ity transform to fiducial centroid measurements from an LTC image. Given best fit parameters

{s*,0%,t*} the xy residual {r;} for each fiducial is

w. = S(p;, s, 0%, t%) (4.3)

ri=Ww;, — W, 4.4)

Figure 4.7 plots residual vector arrows {r;} as a function of wok position for the forty eight
fiducials installed in the sparsely-populated LCO wok. In this view arrow bases mark the expected
locations for fiducials {w;}, and arrow heads mark the measured location for fiducials after ap-
plying a similarity transform to LTC centroids. Figure 4.8 shows a histogram of the magnitude of
the residuals (length of vectors shown in Figure 4.7). A few outer-radius fiducials show relatively
large offsets from their known positions, but for nearly all of the robot field the similarity trasform
alone will predict a physical wok position to ~0.5 mm. The larger residuals on the right edge of
the field might hint at a lens imperfection or misalignment in the LTC camera. The residuals shown

in Figure 4.7 are the pattern we will fit using Zhao-Burge polynomials.

'"https://scikit-image.org/docs/stable/api/skimage.transform.html#skimage.
transform.SimilarityTransform


https://scikit-image.org/docs/stable/api/skimage.transform.html#skimage.transform.SimilarityTransform
https://scikit-image.org/docs/stable/api/skimage.transform.html#skimage.transform.SimilarityTransform
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Figure 4.7 — Quiver plot showing fiducial measurement vector residuals after a similarity trans-
form fit is applied to an LTC image of the LCO FPS unit. Arrow tips indicate the predicted locations
(w!’s), arrow bases indicate the expected locations (w;’s). Fiducials on the right edge of the field
see a stronger distortion, which may indicate LTC lens misalignment.

4.4.2  Zhao-Burge Polynomial Correction

Zernike polynomials are a set of orthogonal scalar functions defined on the unit disk, and these
polynomials often arise in the fields of optics and astronomy (and beyond). Zernikes and their
gradients are frequently used for modeling distortions and aberrations over a circular region (Noll,
1976). Recent work by Andersen (2018) describes Zernikes, Zernike gradients, and their appli-
cations, and provides a pseudocode? to compute Zernike gradients in Cartesian coordinates which
is often useful. Zhao and Burge (2007) and Zhao and Burge (2008) construct a set of orthogonal

vector polynomials built from Zernike gradients which form a nice basis for mapping distortions,

nttps://opticapublishing.figshare.com/ndownloader/files/10943375
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Figure 4.8 — Histogram of residuals from Figure 4.7. Outliers in the histogram correspond to the
three outer fiducials along the right hand edge of the field.

such as the one we encounter in Figure 4.7. The DESI Collaboration has implemented Zhao-Burge

polynomials in Python® and the code is freely available for broad use under their BSD 3-Clause

license®.

As described in their work, the Zhao-Burge 2D vector polynomials are organized into two sets:
S polynomials and T polynomials. These two sets overlap so care must be taken when selecting
a basis for modeling distortions. The S and T vector functions are only defined on the domain of

the unit disk, so our xy inputs require a re-normalization. For this we choose to normalize by the

outermost fiducial:

warax = max{||wil, [wy,.... [[wy[[} ~ 324 mm (4.5)
/
wi=—1 (4.6)
WMmAX

The 2D distortion model built from m Zhao-Burge terms is:

3https://github.com/desihub/desimeter/blob/0.6.7/py/desimeter/transform/
zhaoburge.py

“https://github.com/desihub/desimeter/blob/0.6.7/LICENSE.rst


https://github.com/desihub/desimeter/blob/0.6.7/py/desimeter/transform/zhaoburge.py
https://github.com/desihub/desimeter/blob/0.6.7/py/desimeter/transform/zhaoburge.py
 https://github.com/desihub/desimeter/blob/0.6.7/LICENSE.rst
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D(w,&) = ¢;Z;(w/Warax), (4.7)
j=1

where qu represents a polynomial of either type (S or T)), and ¢ is a vector of m coefficients.
Coefficients ¢ are found by least squares approximation: we construct an equation X¢ = y with
closed form solution & = (X7 X))~ X 7. Using the unit circle normalized fiducial locations (ws)

and the measured distortion (r;’s), this minimization problem is written as

1

Zi(wh)-x Zy(wl)-x n(wh) - % r-X
hwh) % Zo(w) % Z,(Wh) - 3 r X
: " :
Ziwh) % Zy(wl) % _)mwT x| | e r, X
_}1( 1;) _;2( :.L) _»( :) 2 _ ’ (48)
Zi(wy) -y Za(wy) -y m(Wi) -y ry -y
Ay By o Tawd) 3| |en] s
Zi(wl)-y Zo(wi)-y o Zm(w])-9) T, Y|

where x and y are unit vectors that isolate the x and y components of r;’s and 2j’s.

We use leave-one out cross validation (LOOCYV) to decide which Zhao-Burge polynomials to
include for LTC distortion modeling. LOOCYV provides a good way to estimate unbiased errors
in modeling, which will help protect against overfitting. The procedure for this is as follows. For
each fiducial 7 = 1,2, ... n: (1) fit a model (Equation 4.8) that excludes the :’th row (w; and r;).
(2) Use this model (Equation 4.7) to predict the distortion r’; from w;. (3) Record the prediction

error for fiducial 7 as

e, =r; —I. (4.9)

(2

The LOOCYV RMS error for a model is
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1 n ) 2
CRMS = (E;Hein ) . (4.10)

Of the models we experimented with during early LTC imaging of the LCO FPS, the Zhao-
Burge polynomal basis {52, 53, 54, §5, 56, §7, 58, 511, ng0, 7:7, fg} produced the lowest observed
LOOCYV RMS error: egys ~ 9 pm. We selected this as the Zhao-Burge basis for LTC modeling.
Figure 4.9 plots the Zhao-Burge polynomial correction model alongside the distortion pattern that

was used for model training.
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Figure 4.9 — Fiducial distortion data from Figure 4.7 is plotted alongside the best fit model of
Zhao-Burge vector polynomials used to explain the distortion for the LCO FPS.

With the similarity and Zhao-Burge transforms defined, the complete LTC transform that maps

pixels to wok frame millimeters is written as

L(p) = S(p,s*,0",t") + D(S(p, s*,0",t%),c"), 4.11)
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where model parameters {s*, 0*,t*, ¢} are fit for each LTC image from fiducial spots. Figure
4.10 shows prediction error of fiducial location after a full model is applied to an LTC image.
Figure 4.11 plots a histogram of the error magnitudes (length of vectors) shown in Figure 4.10.
Each image will produce a unique transform, and we use repeat imaging to understand the stability
of our model. For this we compiled fiducial measurement errors from 137 LTC images spanning 7
hours of LTC imaging in the lab. The resulting histogram of errors is shown in Figure 4.12, which
shows an RMS prediction error of 8 m. Recall from Section 4.2 that CMM measurements (which
we use to train our transform) are trustworty to ~8 um, so the LTC transform is operating about
as well as one could hope, and the full range of observed measurement errors was acceptable for
what we needed to accomplish during the lab calibration stage for the APO and LCO FPS units.

The work presented in this section was based on imaging of the LCO FPS in the OSU lab after
the fiducial CMM campaign and prior to robot integration. The fiducial locations were well fit,
suggesting that we found a reasonable camera distortion calibration technique. The next section
addresses fiducial locations after robot installation, where we saw a degredation in fiducial fitting.

This suggests that fiducials moved as work was done around them.
4.5 Fiducial Characterization

After the fiducial CMM campaign, robots and GFAs were installed into the FPS around the pre-
viously installed fiducials. When integration was complete the fully-populated FPS was set up in
front of the LTC for imaging. The first set of measurements we required were physical locations on
the wok (mm) for the newly installed GFA fiducials. During this process we also found the need to
re-assign the locations of several fiducials that either (1) most likely moved or (2) were physically
replaced due to irreparable fiber breakage.

The APO FPS was the first unit completed. In fact, APO FPS robot integration was done
twice. We noted after initial integration that external wires for robot motor control could physically
interfere with wires from a neighboring robot. After repeated robot moves, this eventually led to
significant wire breakage which resulted in immovable robots. The issue only became evident

when operating the instrument at scale (statistics!), as earlier motion tests from smaller sets of
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Figure 4.10 — Quiver plot showing fiducial measurement errors after distortion model is applied
to a single LTC image for the LCO FPS.
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Figure 4.11 — Histogram of fiducial measurement errors after distortion model is applied to a

single LTC image for the LCO FPS.
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Figure 4.12 — Histogram of fiducial measurement errors after distortion model is applied to 137
LTC images for the LCO FPS.

tightly packed robots never indicated a problem. Fortunately this problem had a straightforward
(but arduous) solution: re-solder broken wires and swaddle all wires tightly such that interference
with a neighboring robot is physically impossible. This required the removal and remediation of all
500 APO robots, followed by a complete re-installation. Fortunately, LCO robots were remediated

prior to FPS integration.

This information is relevant here because the fiducials in the APO wok had probably moved
after they were measured with the CMM. The first look at fiducial measurement errors seen by
the LTC for the APO FPS are shown as a quiver plot in Figure 4.13 and the histogram in Figure
4.14. The measurement errors were significantly higher than we expected given our results from
Section 4.4. Five fiducials in particular with errors > 100 pum appeared as clear outliers. For these
five fiducials, the error appears largely as a y displacement in the wok xy frame. This direction
happens to align with the two fasteners that hold the fiducial to the wok plate, and at least one
fiducial fastener was known to be loosened during the bulk robot removal for the APO FPS, which
would cause a fiber displacement along this direction. The forest of fiducials and robots is a dense
place and the tools for forestation require steady hands in cramped environments. It’s highly likely

that most fiducials had been touched or bumped at some point during integration, removal, and
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re-integration at a level that we would detect with LTC imaging. In the end we judged that the five
fiducials with measurement errors > 100 um were large enough outliers that we should reset their

“official” positions (w;’s; Section 4.4) based on LTC imaging rather than CMM measurements.
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Figure 4.13 — Initial measurement errors for APO fiducials after robot integration. Errors were
larger than expected, and five fiducials measured > 100 pum from their expected location.

To characterize the new APO fiducials we fit a distortion model to an LTC image excluding
fiducials deemed as outliers. We use that distortion model to infer a new wok location for outlier
fiducials and the new GFA fiducials. Figure 4.15 shows the fiduicals used to fit the APO distortion
model, and the location of new fiducials that were measured. The final locations for new fiducials
were determined by averaging measurements over dozens LTC exposures. After updating locations
of fiducials, the LOOCYV distortion model error (Equation 4.10) for the APO FPS was egyrs ~ 25
pm, a significant degredation compared to the results seen Section 4.4.

About six months after the APO FPS left the lab for the telescope, the LCO FPS was fully
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Figure 4.14 — Initial measurement errors for APO fiducials after robot integration. Five fiducials
measured > 100 pm from their expected location.

integrated and ready for lab calibration. The calibration results were much more consistent with
expectation (we didn’t find very large displacements in fiducial locations). This is perhaps due to
the increased skill the hardware team had developed over the course of working with the APO unit,
and the fact that it was only integrated once. However, the LCO unit suffered from fiducial fiber
breakage during robot integration. In truth, the APO unit also experienced fiducial fiber breakage
but they were easily fixed with fiber-splice equipment. The fiducial fiber breakages we saw in the
LCO wok happened near the fiducial body which made them hard or impossible to mend. In the
LCO unit one fiducial was replaced, while two broken fiducials were left in place for the duration
of lab calibration.

Figures 4.16 and 4.17 show fiducial measurement errors as a quiver plot and histogram after
our first look at the integrated LCO FPS with the LTC. In the first plot the fiducial that was replaced
is indicated with a circle and the two broken fiducials are indicated with an x. Clearly these initial
measurement errors are much more in line with what we expected from our initial LTC analysis
from Section 4.4. New locations for the replaced fiducial and the GFA fiducials were measured
in the same way as described for the APO FPS. Figure 4.18 shows where these new fiducials

were distributed across the field. The LOOCYV distortion model error after fiducial updates was
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Figure 4.15 — Example of distortion model and the fiducial data used to fit it. Red circles indicate
measurements around the field for new fiducials. These were either fiducials that significantly
moved or fiducials associated with GFAs.

erms ~ 13 pm for the LCO FPS.
4.6 GFA Characterization

Using the new fiducial measurements from the proceeding section, we next characterize the loca-
tion and rotation of the GFA CCD in wok coordinates. Precise knowledge of each GFA CCD’s
location and rotation within the wok space is a critical component for guiding star or quasar light
into science fibers during on-sky calibration and commissioning. The GFA location wgra is the
center of the CCD in wok coordinates, and the rotation is specified by the unit vector iGFA which
points along the x-axis of the CCD. Knowledge of these two quantities for each GFA is a prerequi-
site for computing which pixels guide stars should land on for field acquisition and guiding during

science observations.
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Figure 4.16 — Initial measurement errors for LCO fiducials after robot integration. Errors were
smaller than seen with the APO system. One fiducial was replaced (circled), and the two broken
fiducials are indicated by X’s.

Each GFA assembly has a left and right fiducial. Figure 4.19 shows the relationship of these
fiducials with respect to the CCD. Figure 4.20 shows the orientation of GFA units around the wok.
This figure provides a visualization of the wgpa and iGFA quantities we want to measure for each
GFA.

A product of the initial fiducial metrology campaign (Section 4.2, Engelman et al. (2022)) was
the location of the left and right fiducials in CNC coordinates and transform from GFA coordinates

(Para, pixels) to CNC coordinates (millimeters). The CNC transform is written like

Cpp C c
Clpara) = | | pam+ | |, (4.12)
Cyz  Cyy Cy

with a unique set of coefficients {c,, ¢zy, Cys, Cyy, Ca, ¢y } that Engelman et al. (2022) provided
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Figure 4.17 — Initial measurement errors for LCO fiducials after robot integration. The outlier at
~40 pm was a replaced fiducial and thus expected to measure poorly.

for each GFA unit.

A transform from the CNC frame to the wok frame is built from two pairs of matched points:
the left and right GFA fiducials measured in the CNC frame, and the left and right GFA fiducials
measured by the LTC in the wok frame. We fit a similarity transform (Equations 4.1 and 4.2) using
these pairs of points to learn the translation t*, rotation 6%, and scale s* that maps CNC coordinates

to wok coordinates. Combining these two transforms, the conversion from GFA pixels to wok

coordinates is

G(para) = S(C(para), s™, 07, t7). (4.13)

With this we can measure wgpa and iGFA using two points from the CCD: the chip center
T T
Po = [1024,5 1024,5] and the midpoint of the chip’s right edge p,. = [2048 1024.5| for an

unbinned and 1-indexed pixel grid.
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Figure 4.18 — Example of distortion model and the fiducial used data to fit it. The red circles
indicates the fiducial that was replaced and the GFA fiducials. The red x’s indicate broken fiducials.

waera = G (Po)

igra =

Figure 4.19 — Top down view of a
GFA assembly showing relationship
of left and right fiducials with respect
to the CCD.

(4.14)

G(Pﬂ;) — WGFA

|G(P+z) — Waral

(4.15)
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Figure 4.20 — Characterized quantities wgra and iGFA which define CCD location and rotation.
Each GFA has a left and right associated fiducial.

By choosing scale as a free parameter in the procedure above, we are allowing for a perfect fit
between CNC and wok coordinates. Any two points can be exactly related to any two other points
by a translation, rotation, and scale. However, there is some information in the best fit scale s*
parameter, as it describes how much we had the stretch one system to match another. Reviewing
these measurements from both APO and LCO units, the most discrepant scale factor we saw was
5*=1.00123 and nearly all the data fell in the range 0.9995 < s* < 0.9999. For context a scale
of s* = 1.00123 will create a 200 pm discrepancy in a distance measurement between two GFA

fiducials separated by 167 mm. A scale of s* = 0.9995 will create a 70 ym discrepancy. Similarly
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to the fiducials installed in the wok, it is possible that GFA fiducials moved minimally during during
handling. To a lesser degree, the temperature of the aluminum GFA fixture might also matter. A
temperature difference AT = 5° C would account for ~20 um of fiducial distance discrepancies
between measurements. More generally, tracking and correcting temperature-dependent trends is
important for the FPS units during nightly operations because the aluminum wok expands and
contracts as the temperature varies. We measure and adjust for a changing instrument scale using
GFA feedback, which is described further in the next chapter.

As a last note, all of these GFA fiducial measurements landed at the edge of the LTC field
where our distortion model has the fewest number of points to constrain it. Although the Zhao-
Burge polynomials should be well behaved at the domain edges, it’s likely our distortion model
predicts things less well out there.

In the end total discrepancies for nearly all fiducial to fiducial distances amounted to a frac-
tion of a fiber diameter, and we considered these measurements sufficient for the lab stage of the
FPS calibration. Ultimately locations and rotations for GFAs would be updated during on-sky cal-
ibration based on Gaia astrometry, but to get any light from astronomical sources down science
fibers to begin on sky calibration it is critical that GFA locations are characterized as accurately as

possible before going on sky.

4.7 Robot Characterization

Robot characterization requires determining the location and orientation of each robot installed
in the wok. To accomplish this we use the LTC to measure a back-illuminated metrology fiber
installed into each robot. Metrology fibers are backlit using the same system as fiducial fiber
illumination, so metrology fibers and fiducials fibers are always illuminated together. Robot char-
acterization is important for maximizing blind move accuracy when positioning a fiber, but this
characterization also creates an accurate model for the full positioner array which is important
for (1) path planning and collision avoidance during robot reconfiguration, and (2) science target
assignment which requires spatial awareness of robot locations and workspaces across the focal

plane. Sayres et al. (2021) describe the challenges of SDSS-V robot reconfiguration due to their
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heavily overlapping robot geometries, and Blanton et al. (2022, in prep) describe methods used for

target to robot assignment in SDSS-V.

patrol zone O Metrology fiber
alpha arm @ APOGEE fiber
beta arm O BOSS fiber

Yw (mm)

5 mm

Xy (;nm)

Figure 4.21 — Diagram illustrating kine-
matics of an SDSS-V robot. The com-
manded arm angles acyp and Sevp are
sent to and executed by the robot. The ex-
pected location of the metrology fiber in
the wok frame given acyp and Beyp will
depend on six fixed parameters that must
be fit for each robot. These parameters are
the robot’s center (x,,, ¥, ), the alpha/beta
angular offsets (aa, £a), the alpha arm
length [, and the metrology fiber radius

BV

A robot is characterized by measuring six parameters:

(zw, yw) The the robot’s x and y center location in wok coordinates (mm).

(aa, Ba) The angular offsets between the robot’s internal «, 8 angular zeropoints and the “true”

«, (3 zeropoints in the wok frame.

l, The length of the robot’s alpha arm (mm).

ry The distance between the beta axis of rotation and the metrology fiber (mm).

These six parameters are shown in Figure 4.21 for a robot that has been “commanded” to

an alpha angle acyp and beta angle Scyp. Given commanded arm angles (cyp, Somp)s the

kinematic model that describes the location of a metrology fiber in wok coordinates is:
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cos(a’) cos(o/ + )| | la T
R(aCMDa5CMDJO{A7/8A7ZOL7TM7I’LU’:U’LU> — + ) (416)
sin(o)  sin(e + 5') | |rm Yo
where we define
, T
o = oA + acMmp — § (417)
B = Ba+ Bemp (4.18)

as the alpha and beta angles measured in the wok frame. Note that o/ = 0 points the alpha arm
in the direction of Z in wok coordinates, 5’ = 0 places the metrology fiber on the outer edge of its
patrol zone, and 3 = 180° places the metrology fiber on the inner edge of its patrol zone.

Data to fit these parameters were collected by imaging a robot’s metrology fiber at m ~ 50
random (acyvp, Seovmp) configurations. At each configuration: an LTC image was taken, an LTC
transform was fit, and the location of the robot’s metrology fiber was measured in wok coordinates.

The minimization problem to solve for a robot’s {aa, Sa, la, T, Tw, Y } parameters is written as

1 & , .
min — L(p;) — R0, Benins Ay Bas las Tars Tus Yoo ) ||, 4.19
oA A e T ZZI IZ(p;) (atmp» Benp: @as Ba M Yu) |l (4.19)

where p; is the metrology fiber centroid on the CCD and L(p;) is the LTC transform that
converts pixels to millimeters as described in Section 4.4. The minimization problem in Equation
4.19 was solved numerically using Powell’s method (Powell, 1964) which is implemented in the
scipy.optimize’ package for Python. Powell’s method requires an initial guess for each

parameter. For this we use the nominal design values for robot location and arm lengths, and we

Shttps://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize. fmin_
powell.html


https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.fmin_powell.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.fmin_powell.html
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chose ap = fa = 0.

Robot calibration was performed in two stages. In the first stage the beta arm’s angular range
of motion limited to Scyp € [155, 180] degrees, with alpha angle motion allowed over the full
range of acvp € [0,360) degrees. This kept all robots near their “folded” configuration where a
physical collision between neighboring robots is impossible, and collision-avoidance routines were
not necessary. This results in a robot only probing a small fraction (a thin annulus) of its workspace.
Figure 4.22 shows the results before (left panel) and after (right panel) stage 1 calibration. Quiver
arrows show the xy wok offset between expected position of a metrology fiber (Equation 4.16)
and LTC measured position of a metrology fiber (Equation 4.11). The RMS error after stage 1

calibration was 12 ym.

Before Stage 1 Calibration After Stage 1 Calibration

60 yum 60 um
RMS: 109 um 300 4 RMS: 12 ym

300 4

2009

200 4

100 4

y (mm)
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=100 4 =100 4

=200 1 =200 1

=300 4 =300 4

X (mm) X (mm)

Figure 4.22 — Quiver plot showing fiber positioning error before and after stage 1 calibration.
Roughly 50 random configurations were measured to characterize each robot. In stage 1 robot beta
arm motion was limited between 155 and 180 degrees to avoid robot collisions. This results in each
robot only sampling a thin annulus of the available workspace. This provided a rough calibration
as a starting point for stage 2.

After stage 1 calibration, the best fit parameters for each robot were applied in coordio
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(Sayres et al., 2022) and the robot path generation code kai ju® (Sayres et al., 2021). In this next
stage of calibration the complete range of beta arm motion (Gcup € [0, 180] degrees) was permitted
to obtain full-workspace sampling for each the robot. kai ju routines were used to compute
collision-free paths between subsequent random robot configurations throughout the calibration
sequence. This both tested our ability to reconfigure a full array of robots and collected calibration
data using the same strategy that we use for moving between science configurations. After the
second stage of calibration, the calibrated robot parameters were re-fit and updated in kai ju.
Figure 4.23 shows fiber positioning errors before and after stage 2 calibration. The RMS fiber
positioning error was measured to be 25 pm after stage 2. The increase in RMS with respect to
stage 1 calibration is expected as the robots were allowed to sample their full workspaces rather

than a thin sliver.

Before Stage 2 Calibration After Stage 2 Calibration

60 yum
300 4 RMS: 25 um

\ \ 60 yum
300 4 RMS: 151 um

2004 200 4

100 4 100 4

y (mm)
B

—100 4 —100 4

=200 1 =200 1

—300 4 =300 4

X (mm) X (mm)

Figure 4.23 — Quiver plot showing fiber positioning error before and after stage 2 calibration.
Roughly 50 configurations were measured to characterize each robot. Robots randomly sampled
their full workspace using kai ju collision avoidance routines to move from configuration to con-
figuration.

The stage 2 calibration results are summarized in Figure 4.24, which shows an empirical CDF

Shttps://github.com/sdss/kaiju
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for blind positioning error for each robot in light purple traces, and for all robots as a bold orange
trace. After applying stage 2 calibration parameters to each robot, 50% of measurements saw fiber
positioning errors < 16 um and 97% of measurements saw fiber positioning errors < 50 pm. Some

additional percentiles for fiber positioning errors are provided in Table 4.1.

0.8
Figure 4.24 — Empirical CDF for blind
move fiber positioning error from stage 2
calibrated robots. Data shown here are
from ~50 random moves for 500 robots.
Faint traces correspond to an individual
robot, while the bold orange trace summa-
rizes all robots.

0.6

0.4 4

Cumulative Distribution Function

0.2 A

single robot
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0.0 -

20 40 60 80 100 120
fiber position error (xm)

Figure 4.24 also indicates a hand-full of outliers: some robots see significantly larger fiber posi-
tion errors than the rest of the population. These outliers could be due to either measurement errors
(eg, faint or false metrology fiber detections) or unpredictable robot motion. The occasional large
error vectors seen in the right hand panels of Figures 4.22 and 4.23 are likely measurement errors,
but they don’t explain the consistently worse behavior observed in some robots seen in Figure 4.24.
We found (with the APO FPS) that throughout the course of early survey operations robots with
the highest lab calibration errors began to increasingly throw internal motion faults until ultimately
we were forced to disable them. It’s likely that poor lab calibration results indicate a compro-
mised unit that will eventually stop working. This was taken into account when deciding which
robots to replace in the lab during LCO FPS calibration. Despite a few under-performing robots,
we were happy with the robot lab calibration results which showed robots generally performing
at the SDSS-V blind move specification (< 50 pm) while successfully avoiding each other during

reconfigurations.
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Table 4.1 —. Percentiles for blind move fiber positioning error after stage 2 lab calibration.

Percentile  error (um)

50 16
90 35
95 43
97 50
99 68

4.8 Science Fiber Characterization

Each robot carries three fibers: a metrology fiber, a BOSS fiber, and an APOGEE fiber. During
survey operations, we will measure and adjust locations of metrology fibers using camera feedback
for each field configuration. Ultimately care about positioning a science fiber. Accurate science
fiber positioning requires knowledge of where a science fiber is relative to the metrology fiber. We
specify all fiber locations in the (non-rotating) beta arm frame (mm). The origin of the beta arm
frame is the center of beta rotation and the +x axis passes through the metrology fiber’s center. A
picture of this coordinate system is shown in Figure 4.25. The location of the metrology fiber in this
coordinate system is already known: it is measured in the robot characterization stage described in
the previous section. This section describes our strategy to measure science fibers relative to the

known metrology fiber location.

Immediately after robots were received, fiber bundles called “robotails” were installed into the
beta arm of each robot. At the beta arm interface, a robotail consists of three 120 ;sm diameter fibers
(metrology, APOGEE, BOSS) packed inside a single ferrule. The three fibers form an equilateral
triangle. Fiber to fiber spacing is fairly well constrained within the ferrule, but the rotation of
the fiber triad with respect to the beta arm is hard to control during manufacturing and assembly.
Figure 4.26 shows a microscope image of a robotail ferrule installed in a robot’s beta arm. In
this example image the fiber triangle is rotated slightly clockwise with respect to the beta frame’s

x axis. To learn exactly where science fibers land in the beta frame, we have back lit them and
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Figure 4.25 — The non-rotating beta arm coordinate system in which fiber locations are specified.
The frame origin is located at the center of beta arm rotation. By construction, the metrology fiber
location lands on the beta frame +x axis and r,; (the metrology fiber radius) is measured during
robot characterization. The locations for APOGEE and BOSS fibers are measured and defined in

this coordinate system.

measured their locations using the LTC.

Science fibers were back lit from where they exit the FPS. BOSS fibers terminate in the BOSS
slithead and APOGEE fibers terminate in the the “gang connector” port at the bottom of the instru-

ment. Both of these are indicated in Figure 4.27. BOSS fibers were illuminated with a white light

12.5

15.0

Figure 4.26 — Microscope image of the
three fiber ferrule installed in a beta arm.
The x axis of the beta frame is shown as
a dashed line passing through the center
of the metrology fiber. This image pro-
vides an example of a slight clockwise
rotation of the fiber triad with respect to
the beta arm coordinate system.




100

LED strip and diffuser mounted in front of the BOSS slithead. APOGEE fibers were illuminated
with an integrating sphere installed in the gang connector port. The integrating sphere was filled
with the same red LED light (639 nm) that is used to illuminate metrology and fiducial fibers. The
left side of Figure 4.27 shows the LED strip illuminating the BOSS fibers, the right side of the
image shows the integrating sphere installed in the APOGEE gang connector port. Illumination
intensity for BOSS and APOGEE backlighting systems was tuned to match the intensity seen from
the fiducial and metrology backlighting system. Qualitatively, the PSFs from BOSS, APOGEE,

and metrology/fiducial fibers all appeared similar during LTC measurement.

s ) o N
LED Strip Illumination 4

Integrating Sphere Illumination
o /

Figure 4.27 — View of FPS showing where science fibers exit the instrument. APOGEE fibers exit
through a gang connector port on the underside of the instrument. BOSS fibers exit through the slit-
head. Both the slithead and gang connector port were illuminated for science fiber measurements
in the lab.

Robots were moved to 40 random configurations to collect data for science fiber measurement.
At each random configuration we took three sets of LTC images while the robots remain in fixed
positions:
e Set 1 Five LTC images with fiducial and metrology fibers illuminated.
e Set 2 Five LTC images with only APOGEE fibers illuminated.

e Set 3 Five LTC images with only BOSS fibers illuminated.



101

Using Set 1, 2, and 3 at each configuration 7 we measure:

° v‘vf‘f The location of the metrology fiber in wok coordinates for robot i (an average over Set 1).

In each image, the LTC transform (Equation 4.11) is fit from fiducial spots to provide wok
coordinate estimation.

° (&’ij, B’ij) The measured alpha and beta arm angles (Equations 4.17 and 4.18) for robot ¢ (an
average over Set 1).

° Z_Lj The mean LTC transform, an average of similarity and Zhao-Burge parameters/coefficients
from Set 1.’

° p}-jA The location of the APOGEE fiber in LTC pixels for robot ¢ (an average over Set 2).

° p’ijB The location of the BOSS fiber in LTC pixels for robot ¢ (an average over Set 3).

At each configuration 5 we compute the metrology to science fiber offset in wok coordinates

(APOGEE and BOSS) for robot ¢

dw,” = w — L;(pi"). (4.20)

The LTC transform L; must be estimated and applied to (rather than fit from) science fiber
measurement images because they lack the fiducial spots necessary for building a transform. Ide-
ally science fibers, metrology fibers, and fiducial fibers would all be measured in the same image.
In practice this was difficult due to the very close spacing between science and metrology fibers.
Metrology and fiducial fibers are routed to the same illumination system, so we were unable to illu-
minate fiducial fibers without also illuminating metrology fibers (which land very close to science
fibers). PSFs between metrology fibers and science fibers were clearly resolved over most of the
LTC field but would bleed together at the field edges where the image quality degrades. This led to
variable results when applying automatic centroid extraction routines to images in which all fibers
were illuminated together, so we adopted a measurement strategy that only illuminated a single

fiber on each robot at a time.

"We utilize this average transform for science fiber spots because fiducial spots are not illuminated during science
fiber back illumination.
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The procedure described above requires the measurement of a robot’s alpha and beta angles.
Framing the problem specifically: given the wok coordinate for robot’s metrology fiber (w), what
are the robot’s alpha and beta angles (o/, 8')? Inverse kinematic problems like this are of general
interest in robotic control. There is no solution to this problem if w lands outside the robot’s
fiber patrol zone, there is one solution if w lands exactly on a patrol zone’s outer or inner edge
(8" = 0 or g/ = 180°), and there are two solutions for w within the patrol zone. These two
solutions correspond to “left armed” robots and “right armed” robots. In FPS operations we limit
0 < B’ < 180° which means we need only consider the right armed robot solution. An algorithm
(2RIK) providing the inverse kinematic solution for 2D robot arms is available online®. Here we
show the mathematical steps of 2RIK algorithm applied SDSS-V robots governed by Equation

4.16, and we assume that the metrology fiber location w lies within the fiber patrol zone:

Loy

t=w— 4.21)
Yuw
2 _ 12 _ .2
Cy = HtH loz "M (422)
QZQTM
6 = arctan 2(t,, t) (4.23)
B = arccos(cy) (4.24)
o' =60 — arctan 2(ry sin(8'), lo + ras cos(5'))). (4.25)

The metrology to science fiber offset vector (Equation 4.20) is rotated from wok coordinates
into the beta arm coordinate system using the measured alpha/beta angles for each robot ¢ from

configuration j

COS (O_é;j + 67{]) sin (O_‘;j + Bz/]) dw?lB

dpiE —
’ —sin (a}, + B};) cos(al, +f) ’

(4.26)

8https://motion.cs.illinois.edu/RoboticSystems/InverseKinematics.html
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The left hand panel in Figure 4.28 shows APOGEE and BOSS fiber offsets measured in the
beta arm frame from every configuration (db;;’s) for the 298 robots that carry both types of science

fiber. The right hand panel shows the same data after averaging over all 40 configurations:
T
db)’? = =3 " apl”. 4.27
(db)"” = 5 2_) i (427)

It is clear from the left hand panel that BOSS fiber location measurements show very high variance
with respect to the tightly-clustered APOGEE fiber measurements. This variance was found to
be largely explained by an LTC scale difference when comparing BOSS and APOGEE/metrology

fiber measurements.

This relative scale effect is shown in Figure 4.29. For this figure, we separately consider the
mean wok location of the metrology fiber and the mean wok location of BOSS fiber. These mean
positions were simple averages across all 40 configurations. Because robots were moved randomly
around their workspaces, the mean location for any robot’s fiber should roughly correspond to the
robot’s center. The arrows in this figure represent the difference between a robot’s center according
to BOSS or metrology fiber estimates. The radial component of the quiver pattern shown in Figure
4.29 was least-squares fit with a scale factor s* = 1.0007. The results of this fit are shown in Figure

4.30. We apply this scale factor as a correction to Equation 4.20 for BOSS fiber measurements:

dw; = w) — s"L;(p)). (4.28)

Figure 4.31 repeats the visualization shown in in Figure 4.28 using the modified LTC scale
for BOSS fibers in Equation 4.28. With this image scale correction the variance in BOSS dxy
fiber measurement is greatly reduced, and the spatial distribution of BOSS fiber measurements
more closely resembles a translated and rotated version of the APOGEE fiber distribution. This
is what we expect given the tri-fiber ferrule design when the rotation of the fiber triplet is not
well constrained during fiber integration into the beta arm. Although greatly improved, BOSS

fiber measurement scatter remains noticeably larger than APOGEE fiber measurements and so we
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Figure 4.28 — Measured locations of science fiber offset relative to metrology fibers in the beta
arm coordinate system for the 298 robots with both APOGEE and BOSS fibers. APOGEE fibers
plotted in orange, BOSS fibers are plotted in purple. The left panel includes measurements from
each robot in each configuration. The right panel shows the offset for each robot after averaging
over all 40 configurations. BOSS fiber measurements show high variance relative to APOGEE

fiber measurements.

attribute a higher uncertainty to BOSS fiber position measurements.

Fiber offset measurements are translated by the metrology fiber location to set science fiber

locations (b“!?) in the beta arm coordinate system (Figure 4.25). For each robot i
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Figure 4.29 — Left panel: quiver plot indicating a scale difference between metrology fiber mea-

surements and BOSS fiber measurements. Right panel: the radial error component plotted as a
function of wok radius.

ri
bMZ = [ M| 4 (dp)P (4.29)

With science fiber locations characterized we can write down the forward kinematic equations

that describe the location of a science fiber in wok coordinates (w) given alpha and beta angles

(o, 3')

, (4.30)

where
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Figure 4.30 — Same as Figure 4.29 but after fitting and applying a scale factor to BOSS fiber
measurement errors. The radial stretching observed in the original pattern has been removed.
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A satisfactory explanation for the discrepancy between BOSS and APOGEE fiber measure-

ments was never found. The LTC uses a narrow band filter, so a chromatic distortion cannot

explain the observed differences between the white light illuminated BOSS fibers and the red light

illuminated APOGEE/metrology fibers. Both APOGEE and metrology fibers were illuminated
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Figure 4.31 — Same as Figure 4.28 after BOSS fiber locations were adjusted by a scale correction
factor. Variance in BOSS fiber measurements is greatly reduced, though it still remains higher than
seen in APOGEE fiber measurements.

with integration spheres, while BOSS fibers were not. Perhaps the mechanism of light injection

led to a (mostly scale) discrepancy between the two types of science fiber measurements.

For the APO FPS (the first unit completed), this discrepancy was not realized until the instru-
ment was on sky for science commissioning. At this time we observed good throughput from
APOGEE fibers and very poor throughput in BOSS fibers, and this was eventually recognized
as the result from poor BOSS fiber location estimation during lab calibration. The BOSS fiber

position errors were eventually corrected at APO using on-sky calibration sequences which are de-
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scribed in later sections of this work. Months later during lab characterization of the LCO FPS, we
anticipated this issue and collected significantly more science fiber measurement data to analyze
and correct the differences between APOGEE and BOSS fibers. At the time of this writing LCO
on-sky commissioning is ongoing, but initial BOSS fiber positions for the the LCO FPS appear

more accurate when compared to our initial starting point for APO.

4.9 Discussion

The lab calibration stage for both APO and LCO FPS units was a crucial period for the project.
Nearly all components of the instrument systems had been tested and exercised independently, but
this was the first time the instrument was used in a way resembling normal telescope operations.
This time period was very fast paced with pressure to get the instruments to the telescopes and on
sky as soon as possible, and the lab calibration stage lasted less than two weeks for each instrument.
Throughout the lab calibration campaign, continuous modifications were made to the instrument:
poorly functioning robots were discovered and replaced, power and communication issues were
discovered and resolved, fiducial fibers were repaired, etc. Most of these issues only manifested
after the full array of 500 robots were in place and exercised over dozens of reconfigurations.
Problems at the ~1% level are rarely detected during piecewise component testing, but they show
up with high frequency when using the full array. This full scale shakedown period was important
to accomplish prior to shipping the instrument, as problems could be diagnosed and remedied much
more efficiently in a lab setting.

In addition to hardware and electronic issues, software challenges arose and were addressed
during the lab testing periods for both FPS units. Control and analysis software saw rapid develop-
ment, debugging, and optimization. Robust strategies to automatically match centroids on a CCD
to a specific fiducial or robot fiber were developed and tested. Procedures to configure robots and
recover from motion errors were designed and implemented. Parameters for robot path generation
and execution were explored and optimized. Real time monitoring of instrument metrology and
GUI displays were implemented. Throughout the lab calibration stage for FPS units, flight SDSS-

V control software was used and improved. Like the mechanical issues, this often required fixes
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to bugs that only emerged when attempting to simultaneously operate a system composed of 500
common-networked robots.

Beyond general hardware and software fixes, the primary outcomes from FPS lab characteriza-
tion were (1) ensuring that the instrument could successfully and consistently reconfigure robots,
and (2) the calibrated quantities for fiducials, GFAs, robots, and science fibers (Sections 4.5-4.8)
were measured “accurately enough” to take the instrument on sky. The definition of good enough is
somewhat vague. For on-sky work to be successful we needed to get light down at least a handful of
science fibers simultaneously as a starting point for on-sky calibration routines. If the uncertainty
in relative location of GFAs to robots/fibers was greater than few arcseconds on sky we would
risk an extremely lengthy and tedious fishing campaign to successfully latch even a single star in a
single fiber. Along this line of reasoning the better we could characterize the instrument in the lab,
the less time we would need to spend during on-sky commissioning before proceeding to general
survey operations. The lab calibration results indicated that we had pinned critical measurements
to less than a fiber width (120 pm), and this was expected to be sufficient to proceed with on-sky
instrument calibration.

Most of our measurement uncertainty fell on BOSS fiber positions. We suspect that if we had
been able to back illuminate BOSS fibers using the same system that was used for metrology and
APOGEE fibers, the lab measurements would have been greatly improved. If this was anticipated
prior to FPS assembly, a different BOSS illumination system might have been designed. This
would have required lab calibration to happen before the BOSS slithead assembly was installed
in the instrument, and would have necessitated changes in the sequencing of the instrument build.
More science fiber data was collected for the LCO FPS than the APO FPS during lab testing, and
this allowed us to model a correction for the LCO unit.

Fiber face microscopy was an extra resource available for measuring science fiber locations.
After robotails were installed into each robot, they were imaged with a microscope for quality
assurance purposes (see Figure 4.26). These images generally provided good measurements for
centroids of all three fibers, however mapping these centroids to locations in the beta arm frame

proved challenging. The fiber microscopy station was not designed nor calibrated to produce pre-
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cision measurements of this type. The magnification, illumination, and robot beta arm orienta-
tion/alignment varied significantly from image to image, and the origin of the beta arm frame was
very hard to estimate from microscopy imaging alone. For the 298 robots that carried an APOGEE
science fiber, we were able to build a transform from the microscopy image to the beta arm frame
when paired with LTC measurements of the metrology and APOGEE fibers. This allowed us to
estimate the BOSS fiber location in the beta arm frame for a subset of robots. For the remaining
302 robots we were not able to leverage fiber microscopy imaging to estimate BOSS fiber loca-
tions. This was done as a stop gap measure during FPS commissioning at APO when BOSS fiber
locations were discovered to be poorly measured (Figure 4.28), and after this procedure throughput
was seen to improve for most BOSS fibers on sky. BOSS fiber locations for the LCO unit were

more carefully characterized in the lab, and fiber face microscopy was not deemed necessary.

The movement seen in fiducials after CMM measurements was concerning, especially the
larger fiducial displacements seen in the APO FPS. In the lab and on the telescope, the fiducials
provide the means to measure fiber locations across the instrument. To achieve the fiber positioning
performance we want, our measurements need to be very accurate. A CMM fiducial measurement
campaign after the instrument was completely assembled would have led to better initial fiducial
metrology, rather than measuring fiducials first and constructing the instrument around them. Post-
assembly CMM measurements would have had the added benefit of measuring the locations for
GFA fiducials after their installation into the wok, rather than estimating their locations based on
LTC imaging. For a number of reasons this was impractical and would have required significant
deviation from the project’s schedule and budget to accomplish. The motivations for measuring
fiducials first were (1) a fiducial-only populated FPS would fit within the envelope of the CMM we
had identified for the task and the completely assembled instrument would not. (2) The fiducial-
only populated instruments were much lighter and easier to move and manipulate, and (3) the
fiducial-only populated units were much lower risk items to ship between the lab and the CMM

vendor. Minimizing the shipping and handling for the complete FPS was a priority.

Lastly, the optical distortion pattern observed by the LTC was more complex than anticipated.

Based on the optical design of the LTC lens doublet, we expected a purely radial distortion pattern.
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If more time were available for lab experimentation, imaging the wok testing different relative
locations or camera rotations between the LTC and FPS might have helped us better map LTC
distortions, and this might also have informed an optimal location on the chip to place the back
illuminated fiber field. When compared to other similar instruments, the lab characterization phase
for the FPS was somewhat minimal. For example, lab calibration for the 4MOST instrument (Win-
kler et al., 2022) included a complete optomechanical mock up of their telescope, and also utilized
a high spatial frequency metrology target to map optical distortions seen by their fiber metrology
cameras at the fiber plane. Gear like this would have certainty aided lab calibration outcomes
for our instrument. To improve upon lab calibration results, we move to on-sky calibration tech-
niques. By our estimation the results we obtained during lab calibration phase indicated that is was

reasonable to attempt on-sky work.
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Chapter 5

FIBER POSITIONING II: ALIGNING FIBERS TO ASTROPHYSICAL
SOURCES
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5.1 Introduction

After the lab characterization phase, each fully-assembled FPS was shipped to the site (APO or
LCO) and installed on the telescope to begin on-sky calibration and instrument commissioning.
The FPS at APO saw first light in December 2021, and the FPS at LCO saw first light in August
2022. SDSS-V’s goal for robotic fiber position accuracy is to consistently place an astrophysical
sources within 16.5 um of a science fiber’s center. The derivation of this fiber position tolerance
is covered in Section 5.2. A series of on-telescope calibration steps were performed to tune and
improve fiber positioning. A key tool used for fiber positioning is the Fiber View Camera, which
is described in Section 5.3. This instrument works in an analogous fashion to the Lab Test Camera
(Section 4.3), but suffers from a more complicated and time dependent distortion field. On-sky
fiber positioning was improved using “telescope dither” sequences, which are described in Section
5.4. These sequences allow us to measure and correct systematic errors in fiber placement and
telescope pointing, both of which contribute to total fiber position error. Finally in Section 5.5 we
provide an assessment of current fiber position accuracy using absolute photometric results from
standard star observations reduced using the BOSS spectroscopic pipeline. A general discussion
follows in Section 5.6 of outcomes and next steps.

For the on-sky work presented in Section 5.4 we will usually focus on data and results from
APO. Although the FPS at LCO is fully operational and collecting data, we haven’t yet imple-
mented an extensive set of corrections built from on-sky commissioning results. We currently
estimate that most fibers are achieving the 16.5 pm goal at APO, and all fibers are positioned such
that the PSF center is within the fiber aperture (< 60 ym). We expect to continue improving fiber

position error for each FPS over time.

5.2 On-sky Fiber Positioning Requirements

When positioning a science fiber, we attempt to minimize the displacement between fiber’s center
and the point spread function (PSF) of an observed object on the focal plane. We will generally

refer to this displacement as a “fiber offset”. A fiber offset of zero would collect the maximum
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amount of flux available, assuming the telescope is well collimated, focused, and guiding. Maxi-
mizing flux collection is a clear objective for a survey that wants to move fast, as signal to noise
thresholds will be reached in the quickest way possible. In practice a perfect alignment between
a fiber and an astronomical source will never be achieved, and so we must consider tolerances or
acceptable errors in fiber positioning in the context of SDSS-V’s science requirements.

The amount of flux captured from a fiber will decrease as either fiber offset or seeing increases.
At a given fiber offset, the amount of flux lost will depend on the size of the fiber, the seeing
conditions, and the telescope’s plate scale. Figure 5.1 provides a visual representation of these
effects for the telescopes at APO and LCO. Both APO and LCO fibers have a diameter of 120 pm,
which correspond to ~2 and ~1.3 arcseconds on sky. The white circles in Figure 5.1 represent
a fiber aperture, and the color contours show a PSF under 0.8 arcsecond seeing (top panels) and
1.5 arcsecond seeing (bottom panels). We use a Gaussian to represent a PSF, and the seeing is
described as the full width at half maximum (FWHM) of the Gaussian. In all panels in Figure
5.1 the PSF is displaced from the fiber center by 20 ym. The differing plate scales at APO and
LCO mean that under the same seeing conditions the PSF will fill a different amount of the fiber
aperture at the two sites. Although the PSF shape will have some field dependence throughout the
focal plane, we will generally adopt symmetric Gaussian PSFs of identical widths throughout the
focal plane for this work.

Our PSF model is a 2D symmetric Gaussian profile

, 1| [z —dr\? —dy\’
Fesp(z,y,dz,dy, o, f,) = 27{02 exp (_5 [(33' . iU) + (y . ?/) ]>’ (5.1

where o is related to the seeing by the familiar relation

FWHM = 2.3550, (5.2)

and dx and dy describe the fiber offset vector. f, represents the total flux of the source. The
total flux captured (TFC) can be calculated by integrating Fpgr over the fiber’s aperture. Choosing

polar coordinates for integration with dz, dy, and ¢ in units of microns, this can be written as
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seeing: 0.8 (arcsec) seeing: 0.8 (arcsec)
fiber offset: 20 (um) fiber offset: 20 (um)
fiber diameter: 120 (xm) fiber diameter: 120 (xm)

seeing: 1.5 (arcsec)
fiber offset: 20 (um)
fiber diameter: 120 (zm)

Figure 5.1 — Comparisons between fiber size and seeing at both APO and LCO. The white circles
represent the 120 pum fiber. PSFs are modeled as 2D Gaussians, and seeing is the FHWM of the
Gaussian PSF. In all panels the fiber offset between the fiber center and PSF is 20 ym and indicated
by the arrow.

2 60
Frec(dz,dy, o, f,) = / / Fpsp(rcosf,rsinb, dx, dy, o, f,)r dr db, (5.3)
o Jo

and thus the total flux lost (TFL) is

FTFL(d.’L‘,dy,O', fo) = fO—FTpc(dx,dy,O', fo)- (54)

Figure 5.2 plots the total flux loss computed by Equation 5.4 for LCO and APO over a wide
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range of seeing and fiber offset values, where fiber offset is \/m fo is set to 1 for these
plots. APO is less sensitive to both seeing and fiber offset as fibers fill a larger area on sky with
respect to LCO.

Relative flux loss (RFL) will be a more useful metric for tolerancing fiber offsets. Relative
flux loss describes the fraction of flux lost relative to the amount of flux available given the seeing

conditions. This is given by

FTFC(d:I"7dyaO-7 fo | fO = ]')
FTpc(dl',dI',O', fo | dr = dy = O’ fo = 1>’

FRFL(dI, dy, O') =1- (55)

and plotted in Figure 5.3 over a wide range of fiber offsets and seeing values for APO and LCO.
Among SDSS-V’s array of science programs, the BHM reverberation mapping project places
the tightest constraints on fiber positioning errors. This program aims to limit spectrophotometric
variability to ~5% for repeat observations of quasars. This constraint can be directly translated

into a bound on fiber offset as a function of seeing:

FRFL(d.CE,dy,J) S 0.05. (56)

Figure 5.4 plots this inequality. Shaded regions below the respective APO and LCO curves in-
dicate where the inequality is satisfied. The maximum permitted fiber offset that satisfies Equation
5.6 across all seeing conditions is 16.5um. This limit defines our fiber positioning error budget in

SDSS-V operations.

5.3 Fiber View Camera

5.3.1 Optical Design and Ray Trace Distortion Analysis

The Fiber View Camera (FVC) performs a task at the telescope similar to LTC’s role in the lab.
The FVC measures centroids from back illuminated metrology and fiducial fibers to estimate their
absolute position in the focal plane. The FVC delivers an image scale of 120 pm/pixel. We use

FVC feedback to iteratively correct a robot’s orientation during array reconfiguration to position
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Figure 5.2 — Total flux loss over a range of fiber offset and seeing values for APO and LCO.
Curves are generated from Equation 5.4.

APO LCO
1.0 1 1.0 1
05 1.0 1.5 2.0 25 3.0
seeing (arcsec)
0.8 1 0.8
2 0.6 0.6
%
=
=
2
3
s 0.4 0.4 4
0.2 1 0.2 1
0.0 _% 0.0 1

0 20 40 60 80 100 120 0 20 40 60 80 100 120
fiber offset (um) fiber offset (um)

Figure 5.3 — Relative flux loss over a range of fiber offset and seeing values for APO and LCO.
Curves are generated from Equation 5.5.
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science fibers at higher accuracy than a typical blind robot move would accomplish. The FVC uses
the same CCD, narrowband filter, and fiducial/metrology fiber back illumintion system as described
in Section 4.3, but the optical path from FPS to the CCD is significantly more complicated than
the lab imaging system. At both APO and LCO, the FVC is mounted to a custom lens barrel, and
uses a pickoff mirror to stare at a small patch of the telescope’s primary mirror. At both telescopes,
light rays from illuminated fibers pass through a Gascoigne corrector, reflect off the telescope’s
secondary and primary mirrors before entering the FVC lens tube. Figure 5.5 shows the FVC
optical path at both APO and LCO telescopes. Details of the FVC optomechanical design are
described in Jurgenson et al. (2020).

FVC optical distortions are important to understand for accurately measuring and placing
fibers. Zemax models for both the APO and LCO FVC systems were used to perform ray trac-

ing from the FPS fiber tips to the FVC CCD to simulate distortions and test models for distortion
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Figure 5.5 — FVC optical path for both APO (left) and LCO (right).

fitting. Zemax’s ZOS-API was used to script ray traces for ~30,000 spatially uniform points across
the wok within or equal to the outer fiducial radius. The fiducial locations were explicitly included
in the simulated ray trace data. The fiducial data (60 points) were then used to fit a similarity and
Zhao-Burge transform (Section 4.4) to predict wok location from a CCD measurement. We report
errors by testing the model against the ~23,000 simulated points across the hexagonal field that
the robots patrol.

The Zemax-derived field distortion for the LCO FVC is shown in Figure 5.6. Rays are traced
from the xy wok surface in mm to the CCD surface in pixels. The left hand panel shows the
residuals after fitting applying a pixel to mm similarity transform, the right hand panel shows the
residuals after fitting and applying an additional Zhao-Burge polynomial correction (same proce-
dure as Section 4.4). Only data from the fiducial locations (open circles in left panel) were used

for fitting, and the remainder of the field was used to test the model. For this model, we used the
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same basis of Zhao-Burge polynomials as was used in the lab (Section 4.4). The model residuals

for the LCO FVC were 2 ym RMS, with a maximum error of 5 ym.

O fiducial 500 ym 5 um

300 A 300 1

200 A 200 q

100 100 A

y (mm)
(=]
:

—100 - —100 -

-200 2001

=300 =300 A

RMS: 348 yum RMS: 2 yum
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X (mm) X (mm)

Figure 5.6 — LCO FVC simulated optical distortion derived from Zemax ray traces. Left panel:
distortion field residuals after similarity transform fit. Right panel: residuals after applying Zhao-
Burge polynomial fit over the positioner field. The distortion model was fit from the 60 points at
the fiducial locations in wok coordinates.

Ray trace analysis of the APO FVC system revealed a tricky distortion pattern to model. Fig-
ure 5.7 shows the model fitting results (analogous to Figure 5.6 for LCO). For APO, we tested and
included additional Zhao-Burge terms that minimized test error. The extra Zhao-Burge polynomi-
als included in the APO FVC transform model were {gg, 512, 517, §24, flg}. Our model resulted
with an RMS test error of 15 pum across the positioner field. The RMS error is skewed high by
the large errors seen near the top of the field in Figure 5.7. The median error was 7 pm, the 80th
percentile error was 13 pm, and the maximum error was 50 ym. At LCO and APO, these ray
trace simulations informed the basis functions for FVC pixel to world transforms we would at the
telescopes.

At both telescopes, the FPS is mounted to an instrument rotator at Cassegrain focus, thus we
can rotate the fiber field with respect to the FVC CCD. The Sloan Foundation Telescope at APO

is an alt-az design, so the orientation of the FPS with respect to the FVC will depend on telescope
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Figure 5.7 — Same as Figure 5.6, but showing APO Zemax simulations.

pointing and desired field position angle. The du Pont telescope at LCO is an equatorial design, so
the rotation of the FPS with respect to the FVC will generally stay within a 30 degree rotator range.
This corresponds to the range of position angles for which SDSS-V science fields are designed. For
calibration purposes we will use the full range of rotator motion available at LCO, which is roughly

300 degrees.

5.3.2 Delivered Image Quality

Figure 5.8 shows a full field FVC image of back illuminated metrology and science fibers from both
APO (left) and LCO (right). In this figure the image scale has been adjusted to show extra contrast.
FVC images are processed and centroids are extracted using the same procedure as described
in Section 4.3. Figure 5.9 shows a random selection of 100 centroids identified in background
subtracted FVC images at APO (left panel) and LCO (right panel). Each centroid is plotted as a 10
x 10 pixel cutout, stacked into a 10 x 10 grid with no particular grid ordering. The delivered spot
size at APO is smaller than LCO, suggesting a better focused system. However at both telescopes
the PSF shape and intensity varies across the field.

To investigate field dependence of the PSF we compile data from several random robot con-
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Figure 5.8 — FVC images of back illuminated metrology and science fibers. APO is shown on the
left, LCO is shown on the right. The image scale has been modified to increase contrast in both
images.

figurations imaged at dozens of instrument rotator angles. This provides a dense sampling across
the FVC FOV. We use second moment analysis of extracted centroids as a metric for PSF spread.
Specifically we choose to look at the variance in the x (02) and y (05) CCD directions across the

FVC FOV. Figure 5.10 shows histograms for these values at APO (top panel) and LCO (bottom

2

panel). At both telescopes o2 varies slightly, but o,

shows a population of PSFs that are very
elongated along the CCD’s y axis. Spots at APO are generally rounder than spots at LCO. Figures
5.11 and 5.12 plot the same data spatially across the FVC FOV. At both APO and LCO, the PSF
y-elongation is concentrated in a band across the middle CCD roughly aligned with the CCD’s x
axis. The PSF y-elongation effect is larger at LCO than at APO.

The FVC was designed to deliver uniform diffraction limited PSFs across the field, so this
PSF non-uniformity was not anticipated. In fact this effect went unnoticed at APO until well into

commissioning where we detected a central band of low fiber throughput, and this band happened

to always align with the FVC’s CCD axes. This strongly hinted at where we should begin to
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Figure 5.9 — A random selection of 100 centroids from across the FVC field arranged into a
randomly ordered grid. APO centroids are shown in the left panel, LCO centroids are shown in the
right panel. Each centroid is a 10 x 10 pixel cutout from the original image.

investigate. The most probable explanation for PSF y-elongation is that it is due to diffraction
off one or more thin wires. Both telescopes are installed with a mid-baffle which is supported
by several thin wires that bisect the FVC FOV along the CCD’s x axis. Figure 5.13 shows baffle
locations with respect to the FVC’s optical path for both telescopes.

Related to baffling, the LCO FOV is partially vignetted along the right edge. This can be no-
ticed in Figure 5.12, where the outer ring of fiducials is not detected for x pixels > 6500. This
effect was anticipated from the optical model. Figure 5.14 provides a more obvious view of vi-
gnetting and diffraction at LCO. The left image is a raw FVC image taken with the dome lights
on and the FPS unmounted, imaging the illuminated dome floor. The right image was taken with
the dome lights on, FPS mounted, and the fiber back illumination intensity cranked to maximum
power. The dome illumination in the right image provides contrast for physical elements lying in
the optical path from the focal plane to the CCD, and reveals ghost reflections. In both views the

baffle partially vignettes the right side of the FVC image. The full area of the fiber positioner field



124

APO

BN

density

Figure 5.10 — Histogram showing PSF
' ' ' ' ' widths in x and y directions across the
FVC FOV. PSF widths are characterized
by the variance along each axis. APO re-
> | sults are shown on the top panel, LCO re-
sults on the bottom panel.

LCO

density

T J T '11“ T T T
5 10 15 20 25

centroid variance (pixels?)

is visible, but outer ring fiducials are lost. Baffle support wires are seen bisecting the FVC image

and spatially coinciding with observed PSF y-elongation.

5.3.3 Static Distortion Correction: 2D Fourier Model

Here we present our strategy to empirically measure and fit the optical distortion field seen by the
FVC. In the absence of a distortion field, we would expect the spot from a robot’s metrology fiber to
trace a perfect circle around the CCD as a function of instrument rotator angle. For each metrology
fiber, we can measure the deviation from circularity as a function of CCD position and use this to
empirically construct a mean distortion pattern across the field. Rather than being limited to the

fiducial fibers, this strategy uses spots from 500 metrology fibers in each FVC image which yields
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Figure 5.11 — PSF width as a function of FVC field position for APO. Left hand panel plots PSF
variance in CCD x direction, Right hand panel plots variance in CCD y direction.
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Figure 5.12 — PSF width as a function of FVC field position for LCO. Left hand panel plots PSF
variance in CCD x direction, Right hand panel plots variance in CCD y direction.



126

ﬁ APO Sloan Telescope LCO du Pont Telescope ﬁ

MID BAFFLE

k Focal Plane

Figure 5.13 — FVC optical path for APO (left) and LCO (right) including telescope baffles. Mid
baffle support wires are not shown, though in reality they bisect the FVC FOV.

a dense sampling across the CCD.

For this we use the same data presented in the previous section which showed a field depen-
dence on PSF shape. The data collection steps are specifically: (1) arrange the robots in a random
configuration, (2) move the instrument rotator in ~ 15 degree increments over its full range, (3)
take several FVC images at each rotator position of backlit metrology fibers. Steps 1-3 were re-
peated twice at APO and three times at LCO. Throughout each rotator scan the robot configuration

remains stationary. The data were collected with the telescope pointed at zenith.

In each image j from robot configuration k, fiducials are identified and fit with a similarity
transform (Equation 4.1) to estimate s%,, 67, and t7,. We omit the Zhao-Burge correction for
this analysis, as we aim to capture field distortions rather than fit them out at this stage. In each
FVC image, we apply the similarity transform to each metrology fiber location p;;, on the CCD to

estimate the wok coordinates w;;;, for each robot ¢, and we compute the average wok location for
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Figure 5.14 - Two FVC images from LCO with dome lights on, illuminating features in and
around the telescope. Left image shows a picture of the dome floor (FPS was not mounted). In
the right image the FPS was mounted and back illumination power was maximized (saturating the
CCD). In both views telescope baffling affects the right side of the FVC FOV. Baffle support wires
bisect the field. Ghost reflections are also present.

each metrology fiber over each configuration j as

1 n
(W)ir = - z; Wik, (5.7
J:

where n is the number of images obtained over a single rotator scan. Given the mean wok
location over a rotator scan, we compute the wok frame deviation for each robot in each FVC

image within a rotator scan

sz’jk = Wik — <W>zk (5.8)

The wok frame rotates with respect to the CCD frame throughout a rotator scan, but we seek
to measure the fixed distortion pattern in the CCD frame. As a final step we rotate and scale the
dw;;; deviation vector back into the CCD frame using the best fit rotation and scale parameters

from each image
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dpijk; _ é COS G;k sin G;k dwi (5.9

Sjk | —sin G;k cos H;k
The calculations above are applied to ~228,000 metrology fiber measurements taken at APO
and ~165,000 metrology fiber measurements taken at LCO. Figure 5.15 plots these data in the
CCD coordinate system. Quiver arrows represent dp; ;, vectors, and arrow bases are located at the
metrology fiber centroid location p;;, on the FVC CCD. APO data are plotted on the left panel, and
LCO data are plotted on the right panel. For each pattern we calculate an RMS for the measured

deviations as

RMS =\ fmean({]|dpy*}). (5.10)

which has units of pixels. This RMS may be scaled to microns using the FVC scale of 120

pm/pixel.
APO LCO
1 pixel ‘ 1 pixel
120 ym LAl
5000 5000 -
4000 4 4000 -
& 3000 & 3000
> -
2000 20001
1000 4 10001
RMS: 0.34 pixels (41 ym)
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Figure 5.15 — Empirical FVC distortion pattern generated by FVC imaging of metrology fibers at
different instrument rotator angles.

At both telescopes we see a strong distortion associated with the PSF y-elongation bands shown
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in Figures 5.11 and 5.12. Generally, centroids measured in the lower half of this band are biased
upward on the chip, and centroids measured in the upper half of this band are biased downward on
the chip. There are additional high-frequency spatially correlated distortions seen around the field
in both APO and LCO.

These mean distortion patterns are different in appearance and lower in magnitude than what
was expected from the ray trace analysis shown in Figures 5.6 and 5.7. The empirically measured
distortion RMS values are < 50 pm, where RMS values derived from ray trace analyses were ~
400 pm. Note that our rotator scan strategy to measuring this distortion field is largely insensitive
to a purely radial distortion (the expected distortion at LCO appears largely radial). Zhao-Burge
polynomials will be used in a later stage of FVC distortion mapping to account for this.

We fit a 2D Fourier model to the spatial patterns shown in Figure 5.15, and apply this model
to every FVC image at APO and LCO in pixel space to subtract off the mean measured distortion.

Our model parameters are:

e p = (z,y) location of centroid in FVC pixels

e ; integer wave number in x direction

e j integer wave number in y direction

e m maximum bound on spatial frequencies where 2 + j2 < m?

e ¢ half the Fourier series interval length in pixels.

Our model definition is:

7j=1 =0
m |vVm2—i2 .
L : ITX JTY
+ g E sin 7

Gij, (5.11)
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where coefficients ¢ = {d;;, €;;, fij, gi;} Will be solved for by constructing an ordinary least
squares problem X ¢ = ¢. For this model, we choose m = 32 and ¢ = 5000 pixels. Expanding the
sums in Equation 5.11 leads to a linear model of 3209 terms. We randomly sort our data into an
80% training and 20% testing set, resulting in a design matrix X shape of 181962 x 3209 for APO
and 131968 x 3209 for LCO. We fit the x and y distortion components separately by solving the

least squares problems

Xc, =dx (5.12)

Xé, = dy, (5.13)

where dz and d?; are the x and y components from each dp vector included in the training set.

After solving for the best fit x and y coefficients (¢, and ¢,), this FVC pixel correction model is:

P(p): f(p'xvp'Yacz’) (514)

fp-x,p-¥,G)

We apply this Fourier model to the APO and LCO datasets. The residuals after fitting are shown
in Figure 5.16. The test errors are 0.14 and 0.19 pixels RMS for APO and LCO, reducing the
measurement error by roughly a factor of two. The Fourier model clearly captures the large scale
distortions seen across the field, especially in the y-elongation band. Additionally it accurately
predicts much of the higher spatial order distortions seen in the original data. At LCO clear stripes
of higher residuals remain, and these stripes are spatially correlated with the nearly in focus baffle
support wires shown in Figure 5.14. For fibers landing in these thin stripes in the LCO FOV we
will expect less accurate fiber positioning performance. At this time we are hesitant to apply a
higher order fit, and instead wait to see if these stripes at LCO show poorer performance on sky

before acting further.
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Figure 5.16 — Residuals after fitting a 2D Fourier model to the distortion patterns shown in Figure
5.15.

5.3.4 Dynamic Distortion Correction and Measurement Repeatability

In this section we describe an additional “dynamic” distortion model which is fit from fiducial
fiber spots in each FVC image. This model is applied on top of the static-model pixel adjustment
(Equation 5.14) that is applied to every FVC measurement. This dynamic adjustment significantly
reduces the variance in metrology fiber measurement. The strategy is identical to the method de-
scribed in Section 4.4. In each FVC image fiducial spots are identified and fit with a similarity
transform and the similarity transform residuals are further fit with a Zhao-Burge (ZB) polynomial
correction. The only difference between this dynamic distortion model and the LTC transform is
that we choose an extended ZB basis of 33 polynomial terms: 5{2,28} and f{4,778,11,12,13}. Combin-

ing Equations 4.11 and 5.14 yields the FVC transform!

Fi(p) = L(P(p)). (5.15)

'The FVC transform will receive an additional static term derived from on-sky measurements. The adjusted FVC
transform is described later in Section 5.4.7 Equation 5.23.
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To investigate the image to image variance in FVC measurement we again use the data set
described in the previous two sections. At each rotator angle and robot configuration pair we
compute the average metrology fiber location for robot 7 over a set of n = 5 repeat images. We
subtract the mean value from each FVC measurement to construct an error vector. Each exposure is
5 seconds long, and time between subsequent exposures is ~20 seconds. We show three piecewise
flavors of this error vector, where each flavor represents an increasing layer of modeling. The first

flavor shows the measured displacement of a metrology fiber centroid on the CCD

5
1
epi, =120 | P(pin) = 2 > P(Pin) | (5.16)

n=1
where the factor of 120 scales the units from pixels to microns of motion in the focal plane.
The second set of error vectors are the residuals after a similarity transform is applied to metrology

fiber centroids in each frame

1 5
es;, = S(P(pzn)a S*a 9*7t*) - g ZS(P(pzn)a S*a 9*7t*)a (517)

n=1
where similarity transform parameters s*, 8*, t* are fit from fiducial spots for each image. The
final error flavor results from a similarity transform and 33 ZB term vector polynomial model fit to

the fiducial spots in each FVC image

5
1
€Z;, = Fl(Pm) - g E Fl(pm)- (5.18)
n=1

Figures 5.17 and 5.18 show the error flavor sequence from Equations 5.16-5.18 for three re-
peated images at APO and LCO. Three subsequent exposures (n = 1,2,3) are shown along
columns from left to right, and the error vector flavors ep;,,, es;,,, and ez, are plotted along panel
rows from top to bottom. At both sites the distortion pattern is seen to change shape significantly
from image to image. We attribute this shifting pattern to changing dome seeing conditions be-
tween images. The density of fiducials across the field provide a means to de-warp these distortion

patterns for each image.
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Figure 5.17 — Image to image centroid motion for metrology fiber measurements by the FVC
at APO. Columns left to right plot data obtained from three subsequent FVC images. Quiver
arrows represent the deviation from the mean measured location for metrology fibers over a set
of five FVC images. The top row shows error relative to the mean pixel for each metrology fiber
(scaled to micrometers). The middle row shows residuals after applying a similarity transform fit
to fiducials in each image. The bottom rows shows residuals after applying a similarity transform
+ Zhao-Burge polynomial fit to fiducials in each image. The distortion pattern is seen to vary
significantly from image to image. We attribute this variation to dome seeing conditions.

Figure 5.19 plots a histogram of error magnitudes (||ez;, ||, Equation 5.18), after repeating 5
image sequences for 2-3 robot configurations over dozens of rotator angles. Table 5.1 provides
percentile statistics that describe these FVC measurement error distributions. The variance in FVC

measurement is slightly higher at LCO, but at both sites we expect measurement repeatability to
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Same as Figure 5.17, but applied to sequential FVC measurements from LCO.

~10 pm or better in the focal plane with RMS errors around 4 pm.

5.3.5 FVC Loop: Robotic Fiber Positioning Feedback

134

Sections 5.3.3 and 5.3.4 describe the construction and repeatability of the FVC transform (Equation

5.15) that maps FVC pixels to millimeters in the wok frame. With this transform defined, we will

use the FVC to measure and correct the absolute orientation of robots during field reconfiguration,

a procedure we call the FVC loop.

The FVC loop requires the assignment of a science fiber (APOGEE or BOSS) for each robot to

a target wok coordinate w3. The coordinate assignment must be reachable by the intended robot
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Figure 5.19 — Histogram of FVC metrology fiber measurement errors after fitting fiducials in each
image with a similarity + ZB model. The histogram is generated using repeat images taken from
dozens of rotator angles and robot configurations at APO and LCO.

(within the robot’s annular workspace), and the set of all coordinate assignments must not create a
situation in which robot arms are collided with one another. Science fiber targets are selected from
astronomical catalogs and converted into wok coordinates via the coordinate systems and transform
stack described in Sayres et al. (2022). In addition to a valid set of target assignments, the FVC
loop requires the calibrated quantities derived in Sections 4.7 and 4.8: robot centers, angular arm

offsets, alpha arm lengths, and beta frame fiber locations.

The FVC loop steps are for each robot (1) calculate the target (v, B7) angular coordinates
such that the desired science fiber lands on w7 and command the robot to move there. (2) After the
blind move, use the FVC to measure the error in robot arm orientation (da, d/3), and command a
corrective move (ar + da, 7 + dS). (3) Use the FVC to measure the final location of the science
fiber in wok coordinates w¥.. The FVC cannot directly measure the location of a science fiber, a
science fiber’s location is computed based on a measurement of the metrology fiber and a robot’s
calibrated quantities. At stages (2) and (3) of this procedure we record the metrology fiber position
error (€; and €2) to monitor FVC loop convergence. The inputs and outputs for the FVC loop are

shown in Table 5.2, and a detailed algorithm for this procedure is provided in Section A.2.

The performance of the FVC loop at both APO and LCO is shown in the cumulative distri-
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Table 5.1 —. Percentiles for FVC single exposure measurement error of metrology fibers.
Errors are reported relative to the mean position from a five image sequence during which robots
and instrument rotator remain fixed. Statistics are compiled from dozens of sequences taken at
varied instrument rotator angles and robot configurations.

Percentile  APOerror LCO error

(pm) (pm)
50 2 3
90 4 6
95 5 7
97 5 7
99 6 11

butions of Figure 5.20. At each site 500 FVC loops were performed, corresponding to ~250,000
fiber placements. The purple curves plot the ¢; (blind move) error and the orange curves plot €5
(FVC corrected) metrology fiber position error. Dashed lines indicate LCO data, and solid lines
indicate APO data. Percentiles for €5 errors at APO and LCO are provided in Table 5.3.

We compare the €, values to the 16.5 pum fiber position error bound derived in Section 5.2.
From these FVC measurements 97.5% and 96.5% of fiber placements meet this criteria at APO
and LCO respectively. Additional iterations of FVC correction may be explored in the future as
a method to further reduce fiber positioning errors during reconfiguration, although decisions like
these need to be balanced against overall survey efficiency and the time cost of performing extra
iterations or image averaging. Currently we record FVC measured fiber position errors for each
science configuration, and allow data pipeline teams to decide whether and when to exclude certain

fibers from a specific analysis.

5.4 On-Sky Calibration

5.4.1 Section Overview

This section covers the many stages of on-sky FPS operations from target selection to data analysis

in the context of instrument commissioning. The purpose of commissioning observations is to
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Table 5.2 — . Inputs and outputs of FVC loop procedure.

Inputs
WT‘S 500 x 2 array of science target xy wok coordinates for each robot
B 500 x 2 array of calibrated xy beta arm coordinates for each robot’s APOGEE or BOSS fiber.
C 500 x 2 array of calibrated xy robot centers in wok coordinates.
7 500 x 1 array of calibrated metrology fiber radii for each robot.
l; 500 x 1 array of calibrated alpha arm lengths for each robot.
aa 500 x 1 array of calibrated alpha angle offsets for each robot.
5 A 500 x 1 array of calibrated beta angle offsets for each robot.
Outputs
€1 500 x 1 array of metrology fiber position errors after blind move for each robot as measured by the FVC.
€2 500 x 1 array of metrology fiber position errors after corrective move for each robot as measured by the FVC.
Wﬁ 500 x 2 array of final measured xy wok coordinates for robot science fibers after FVC feedback correction.

Table 5.3 —. Percentiles for €, errors from 500 FVC loops (~250,000 metrology fiber

placements) at APO and LCO.

Percentile APOey LCO €9

(pm) (pm)
50 5 5
90 10 12
95 12 15
97 15 18
98 18 22

99 31 33
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Figure 5.20 — Cumulative distribution of fiber positioning errors measured by the FVC at APO
and LCO. Curves are built from 500 FVC loops taken from each telescope. Purple curves corre-
spond to €; (blind move metrology fiber placement error) and orange curves correspond to e (fiber
placement error after FVC correction). Dashed lines represent data from LCO, solid lines represent
data from APO.

measure and maximize science fiber throughput. For this task, we construct a commissioning-
specific “survey” of bright stars, and we use the spectrographs to measure broad band photometry
for each fiber in each exposure. These measurements provide an estimate of the relative flux
loss (Equation 5.5) for each fiber over many different array configurations. Analysis of flux-in-
fiber measurements allows us to detect and correct systematic errors in fiber positioning and GFA

locations.

Commissioning-specific target selection is described in Section 5.4.2, and Section 5.4.3 sum-
marizes how spectroscopic fields are acquired and guided using the GFA cameras. Telescope dither
sequences are a special observing mode used for commissioning and on-sky calibration. These are
described in Section 5.4.4 along with quick data reduction routines that provide flux-in-fiber mea-

surements.

The first on-sky calibration step taken was an update to GFA locations in the wok. This was per-
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formed by comparing coordio predictions against Gaia-measured astrometry for many sources
in each chip, then translating and rotating each chip to minimize the coordio predictive error.
This analysis step is described in Section 5.4.5. The next step involved a search for a telescope
pointing offset that maximized flux captured over the full array. It was found that a small field
rotation brought starlight into most fibers, and this process is described in Section 5.4.6. Finally,
analysis of telescope dither sequences (Section 5.4.7) yielded two additional corrections: a global
field distortion correction, and a science fiber location correction.

For the analysis in this section, we usually work in the the fundamental coordinate system of
the instrument: wok coordinates. When converting a coordinate from sky (RA/Dec ICRS) to wok
(xy mm) we need to specify the following parameters: field center (RA/Dec of telescope pointing),
position angle of observation, wavelength of observation, focal plane scale factor, telescope site
information (latitude, longitude, altitude, humidity, pressure, temperature), and time of observa-
tion. Additionally a coordinate epoch is required if propagating proper motions is desired. The
coordio package (Chapter 2) was developed to handle transformations like this and its inverse
(converting wok coordinates to ICRS coordinates).

With coordio we can seamlessly convert to any coordinate system provided in the stack.
This is an important tool when searching for correlated errors in fiber positioning. Errors might
look uncorrelated in one coordinate system, and systematic in another. Take Figure 5.15 as an
example of this. This figure plots a distortion pattern that is constant in the CCD frame of the FVC
but varies in wok coordinates as a function of rotator angle. We choose the FVC CCD frame to

measure, fit, and correct this distortion.

5.4.2 Commissioning Target Selection

Commissioning-specific targets were drawn from the Gaia DR2 catalog (Gaia Collaboration et al.,
2018) which provides all sky coverage and (importantly for our purposes) very precise astrome-
try. The selection criteria for commissioning targets were simply (1) Gaia G magnitudes between
11 and 15 and (2) no neighboring sources within a ten arcsecond radius. Relatively bright stars

were selected to minimize exposure times during commissioning activities. Target candidates are
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filtered into “designs”. A design is defined by a field center (RA, Dec), a position angle, and a
set of target to science fiber assignments. The SDSS-V code robostrategy? (Blanton et al. in
prep) performs the fiber assignments, drawing from the pool of target selection candidates. This
code seeks to maximize the number of targets per design while simultaneously accounting for
the physical robot collision constraints inherent in the SDSS-V fiber positioner array. Addition-
ally robostrategy allocates sky fibers for use in data reduction. Designs are loaded into an
operations database at APO or LCO, making them available for observation.

An RA/Dec grid of field centers for commissioning designs was chosen to span the sky such
that a commissioning field is observable at any time of night on any day of the year at low airmass.
For each predefined field center, several designs consisting of different sets of targets are avail-
able for observation. Commissioning designs were specifically constructed as APOGEE-only or
BOSS-only designs. BOSS designs accommodate up to 500 targets, and APOGEE designs accom-
modate up to 298 targets. The number of successfully assigned targets (after robostrategy
optimizations) per design is largely a function of Galactic latitude. In sparse fields many robots
remain unassigned due to lack of bright star availability. In and around the Galactic plane the vast

majority of robots in a design will receive targets.

5.4.3 Field Acquisition and Guiding

The observation of a design is initiated through the operations software product jaeger>. When a
telescope user asks jaeger to load a specific design, the following operations happen (in parallel

where possible):
* Design information is pulled from the operations database.
* The telescope is slewed to the design’s field center and position angle and set tracking.

* Robot trajectories are computed and executed to send all positioners to their desired loca-
tions.

* The FVC loop is applied to fine tune robot positioning.

https://github.com/sdss/robostrategy
3https://github.com/sdss/jaeger


https://github.com/sdss/robostrategy
https://github.com/sdss/jaeger
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* When the telescope reaches the field, the guider is enabled.

The operations software product cherno*

manages the telescope guide loop during science
integrations. By default, cherno utilizes an offline installation of astrometry.net (Lang
et al., 2010) to provide a WCS solution for every exposure for each GFA camera. This on-site
installation of astrometry.net uses the Gaia-based 5200 series index files, and it only uses
the index files that correspond to the GFA field of view to speed up performance. During the
guide loop all six GFAs are exposed synchronously with a default exposure time of 5 seconds.
The limiting magnitude for the GFA cameras is ~ 19, and at APO astrometry.net very
rarely (if ever) fails to find a WCS solution. At LCO the GFA FOV is significantly reduced, and
it is possible for one or two cameras to fail to solve when observing very sparse fields. In these
situations cherno modes can be switched to guide on pre-selected guide stars drawn from the
Gaia catalogs. A major benefit of the ast rometry.net guider is its ability to robustly solve in
very crowded fields. Additionally cherno provides the option to guide the telescope at a fixed
offset in RA, Dec, and/or rotator angle. The ability to stability guide at an offset position from the

designated field center will be utilized to measure and correct fiber placements on-sky.

The metric that cherno attempts to minimize is guide RMS (grms), which is defined as

1
6 2
1 ; o~
grms = (6 § IWepa — WGFA||2) , (5.19)

i=1

where w, -, is the chip center in wok coordinates for GFA i determined from fiducial fiber
imaging in Section 4.6, and W', , is the coordio calculated chip center given the desired field
center and the astrometry.net WCS solution for the central pixel in GFA :. cherno min-
imizes grms by solving for the similarity transform that best maps {W, 4} to {wi,}. In this
scheme each GFA carries an equal weight in the fit. The best fit translation is converted to an
RA/Dec telescope offset and the best fit rotation is converted to an instrument rotator offset. These

translation and rotation offsets are sent to the telescope after each GFA exposure and are controlled

“https://github.com/sdss/cherno


https://github.com/sdss/cherno

142

by a PID loop. The best fit scale parameter is continuously recorded to monitor telescope plate

scale variation.

The telescope plate scale drifts throughout the night, and this effect is generally (but not per-
fectly) correlated with temperature. If not accounted for, scale variation can result in significant
loss of flux, and this is especially problematic for fibers on the periphery of the field. Previous
SDSS surveys “guided” the telescope’s plate scale by actively modifying the back focal distance
of the plug plate during science integrations. The ability to guide in scale was mandatory during
plug plate operations because plates were manufactured months in advance of observations with
poor knowledge of what the actual scale might be at time observation. With the robotic positioner
array, we can configure the robots according to near-realtime telescope scale information. This is
managed by jaeger querying cherno for the telescope plate scale at the time of robot reconfig-
uration. Potential scale errors are further mitigated by the fact that science exposures in SDSS-V
are 15 minutes, and detrimental scale variations typically occur over ~1 hour timescales. Despite
this, we are always “chasing” scale with our current observing strategy. At LCO the ability to
dynamically adjust telescope scale has been lost in SDSS-V because the hardware that modulated
back focal distance was incompatible with the FPS. At APO we retain the option to dynamically
adjust telescope scale, though we don’t currently utilize it in an effort to keep observing strategies,

procedures, and code consistent between the two sites.

Once the cherno guide loop is activated, the guider-measured field center is driven toward the
desired field center, and convergence is reached in a few guide iterations. We consider grms < 60
pm an acceptable value for starting a spectrograph exposure. This limit translates to ~ 1 arcsecond
on-sky at APO and ~ 0.7 arcseconds on-sky at LCO. At these grms values (less than a fiber radius),
target stars should be within the aperture of their designated fiber. As the guide loop continues
during the science exposure, stars should become more and more centered in fibers. The default
spectrograph exposure time for bright star commissioning designs is 300 seconds. BOSS exposures

are used in BOSS-only designs, and APOGEE exposures are used in APOGEE-only designs.
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5.4.4 Telescope Dither Sequences and Quick Data Reduction

Much of the analysis presented later in this section is largely based on “telescope dither” sequences.
For a dither sequence robots are configured once for a specific design, and that configuration is ob-
served with ~12 back to back science exposures. For each science exposure cherno deliberately
guides the telescope at a different slightly offset field center. Telescope dither offsets are chosen
randomly in RA and Dec within a 1.6 arcsecond radius of the design’s intended field center. Effort
is made to observe dither sequences in the second half of the night when the telescope has thermal-
ized to mitigate potential scale variation. Dither sequences were obtained under stable atmospheric
conditions to minimize seeing and transparency variation from exposure to exposure. A typical 12
point dither sequence requires slightly over an hour of on-sky time to complete.

After each spectrograph exposure, the raw data are automatically processed by quick reduction
pipelines on the mountain. These pipelines provide a means for fast observational feedback of data
quality by producing and analyzing sky-subtracted spectral extractions for each fiber. The quick
reduction pipelines have been slightly modified from SDSS-IV for use with the SDSS-V FPS. For
FPS commissioning purposes we are generally only concerned with total fiber throughput. To
facilitate this, quick reduction pipeline features have been added to estimate fiber photometry in
common bandpasses. For BOSS spectra, an average flux in both the SDSS ¢’ and i’ bandpasses is
reported for each fiber in each exposure. For APOGEE spectra, H band flux is reported. Units of
flux are reported in e /sec for both spectrographs. Comparing instrumental flux or magnitude to
the known magnitudes of commissioning targets will allow us to determine flux loss due to fiber

positioning errors.

5.4.5 GFA Relative Orientation Tuning

Each GFA is characterized by two quantities: wgp 4, and igp 4. The former is the location of the
chip center in wok coordinates, and the latter is the unit vector indicating the CCD x axis direction
in wok coordinates. These quantities were measured in lab using GFA-associated fiducial fibers

(Section 4.6) and are shown in Figure 4.20. In this section we use coordio and Gaia astrometry
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to update the relative positions and rotations of each GFA.

Here we elect to show results from LCO as an example of our method. GFA data were compiled
from observations of ~ 17 different designs over a span of nights. For each centroid in each GFA
frame, the WCS solution was used to query Gaia DR2 for the nearest neighboring source with
phot_g_mean_mag < 18, providing a match between a centroid on a chip and a source_id from
Gaia. This yielded ~1,500 unique Gaia sources distributed across GFAs in this particular dataset.

Each GFA-measured centroid 7 is converted to wok coordinates w./ using a coordio trans-
formation based on w4, and iG ra for each CCD. Astrometry from each matching Gaia source_id
i is propagated to wok coordinates w! by coordio routines using the time of observation and

design-specific parameters.

During the guide loop, all six GFAs are exposed simultaneously (with identical exposure times)
and organized into “bundles” of six images that represent the same moment in time. To remove
time-variable (guiding) errors explainable by telescope pointing, instrument rotation, or scale we
fit and apply a similarity transform that best maps measured coordinates {w>} to predicted co-
ordinates {w!} independently for each guide bundle. We call our similarity transform adjusted
coordinates {wM}. Figure 5.21 plots the {wM — w!} for each GFA across all exposures and
designs in our data set. Clearly GFA 3 and 6 show significant rotational error, some GFAs have

detectable amount of translational error.

Finally, each of the 6 patterns in Figure 5.21 are fit with a similarity transform to inform the
modification of wgr 4, and iG ra for each GFA. The results for each GFA’s fit are shown in Table

54.

Using the results from Table 5.4, new values for GFA calibration are determined by

, xt
Wera = WGFA + (5.20)

vyt

5 cost) —sind| ,

lgra=| 1GFA, (5.21)
sinf cos®
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Figure 5.21 — Quiver plot of errors between GFA-measured star locations and coordi o-predicted
star locations after telescope pointing, rotation, and scale errors are removed.

and Figure 5.22 plots the residuals after the characterization updates above are applied to each
GFA. After this on-sky characterization of GFA units, grms values were seen to drop during active
guiding due to the improvement of relative positions and orientations of GFAs with respect to one

another.

5.4.6 Initial Fiber to Sky Alignment

Finally, we describe the process of putting astronomical light down science fibers, and the tele-
scope dither methods and analysis used to improve fiber positioning. Figure 5.23 shows the first
exposure of the first commissioning design observed at APO. The figure is an image of the raw
2D APOGEE spectra, where fiber traces are stacked horizontally (with the wavelength dispersion
direction along the x axis). Vertical stripes in the data are spectral sky features. The bright horizon-

tal stripes apparent in the image correspond to fibers that are receiving flux from an astronomical
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Table 5.4 —. Best fit similarity transform parameters that explain on-sky measurement errors for
each GFA at LCO.
GFA xt yt 0
(x translation, mm)  (y translation, mm)  (rotation, deg)

1 0.011 0.005 -0.003

2 -0.001 -0.003 0.073

3 0.008 0.016 -0.350

4 0.000 0.004 0.047

5 -0.011 -0.014 -0.031

6 0.006 -0.003 0.327
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Figure 5.22 — Same as Figure 5.21 after GFA characterization has been corrected by the values in
Table 5.4.

source. In this exposure, roughly 20 of the 200 assigned fibers saw flux significantly above the
sky background. A 10% success may sound small, but in actuality it was a huge relief. Twenty

fibers with decent flux suggested that the remainder of the fibers could not be far off. We were not
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completely lost in space, and had a baseline for beginning improvements.

39940010 OBJECT 30 read
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Figure 5.23 — First light exposure of the APOGEE spectrograph on a commissioning design bright
star field. Vertical bands are sky spectral features. Horizontal bands indicate fibers receiving flux.
After spectral extraction, roughly 20 fibers were seen to have bona fide signal in this exposure.

The next stage of nightly commissioning operations consisted of several nights of human di-
rected hunting. Science exposures were taken while guiding designs at offset field centers and
rotation in hopes of finding flux in more fibers. This was generally done as a grid searches with
~1 arcsecond increments in RA and Dec, and 150 arcsecond increments in rotation. The raw spec-
tral traces (eg, Figure 5.23) were used to provide feedback between exposures on whether or not
more or less fibers were receiving flux, informing whether or not to continue moving the telescope
along a certain direction. It was witnessed that some fibers lost flux and other fibers gained flux as
the telescope was dithered around, again suggesting that we were near but not quite at alignment.
Eventually we latched on a rotator offset of 420 arcseconds that suddenly lit up nearly all fibers at
once. The raw APOGEE spectra for this frame is shown in Figure 5.24. The RA and Dec offset
for this image were zero, so the main pointing error was realized as a pure rotation at APO. Figure
5.25 plots the relationship between instrument-measured H band magnitude and expected H band
magnitude for targets in this exposure. The linear relationship is clear but with large scatter (~2-
3 magnitudes). This scatter in flux measurement indicates significant errors in fiber positioning

remain.
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Figure 5.24 — Raw APOGEE spectra for a commissioning field offset by 420 arcseconds in in-
strument rotation. Nearly all assigned fibers are receiving flux.

Figure 5.25 — Measured (instrumental)

- H band magnitude (y axis) vs expected
—4 Tl (2MASS) H band magnitude (x axis) for
' APOGEE spectra extracted from raw data
shown in Figure 5.24.
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5.4.7 Improving Fiber Positioning: Telescope Dither Analysis

After the rough pointing correction was discovered, telescope dither sequence analysis was used
to further improve fiber positioning. The dither analysis strategy was developed by the DESI
instrument team (Abareshi et al. 2022, Schlafly et al. in prep), and the DESI dither analysis code
(and consultation) was kindly shared with us (Schafly & Schlegel private communication). After
a period of early on-sky experimentation we arrived at a dither observation and analysis strategy

inspired by DESI techniques using an independent analysis code.
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Before a dither sequence, the array is configured for observing a specific design. During a
dither sequence the telescope is randomly offset within a ~1.6 arcsecond pointing radius of the
design’s field center, and a spectrograph exposure is taken at each offset pointing. This provides
a flux measurement at several different fiber locations relative to the spectroscopic target. For
analysis we convert each on-sky telescope offset to a dx and dy displacement in wok coordinates.
Figure 5.26 plots measurements from four different dither sequences taken over a few nights for the
same BOSS fiber. Each point is color scaled according to the flux measured by the spectrograph,
and each point is plotted spatially according to the telescope offset. If the fiber were well centered
on a target, dx=dy=0 would maximize the flux. For this particular fiber it is generally clear that

flux is maximized at an off-center location, indicating an error in fiber placement.

Measurements from each dither sequences are analyzed to estimate the location of the star
relative to the fiber using the fiber-integrated flux model introduced in Section 5.2. Specifically,
Frre (Equation 5.3) describes the model that predicts the flux measured in an SDSS-V fiber given
a 2D symmetric Gaussian PSF source parametrized by f, (total flux of source), ¢ (standard de-
viation of Gaussian PSF), dx (x offset from fiber to star), and dy (y offset from fiber to star).
Dither sequence observations directly sample this function, and we use this as a forward model
to fit each of the input parameters numerically using Powell’s method (implemented in Python’s

scipy.optimize). The optimization problem for each fiber is written as

min Z | Frec(pe — di, 1y — dyi, 0, fo) — fil|? (5.22)
i=1

Mz uLLy ,nyo .

for a sequence of n telescope dithers. dx; and dy; are the telescope-dither offsets in wok
coordinates, and f; is the flux measured at each dither offset. 1, and 1, indicate the xy offset from
the fiber’s desired location (dx=dy=0) to the star’s dither-measured location in wok coordinates. o

and f, are free parameters that allow for varying seeing conditions and total brightness of the star.

Figure 5.27 plots the results of this optimization procedure for the data shown in Figure 5.26.
The raw data from the previous figure are plotted over the best fit model for each dither sequence.

The best fit model parameters are listed in the lower left corner of each panel. The dashed cross
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Figure 5.26 — Examples of dither data for the same BOSS fiber across four different designs
spanning three nights. Each panel plots ~12 fiber flux measurements (SDSS i’ band) taken at
different random telescope-dithered locations. Telescope RA and Dec offsets are converted to a
displacement in mm on the wok, and dx=dy=0 represents an undithered exposure. The color scale
of the individual points indicate the flux measured in each spectrograph exposure.
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shows the estimated location of the star (u, 1t,)). We use this method to measure the xy fiber

positioning error for each fiber in each dither sequence.
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Figure 5.27 — Results of a fiber-integrated PSF fits to dither data shown in Figure 5.26. Measured

flux values are plotted on top of the best fit model for each panel. The best fit model provides an
estimate of dxy fiber offset for each fiber from a ~12 point telescope dither sequence.

The processed result of a dither sequence is a measurement that estimates the xy positioning
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error for every assigned fiber in the observed design. We obtain multiple measurements for each
science fiber by performing many dither sequences using different designs because not every fiber
is guaranteed to be assigned a target in every design. Combining measurements from multiple
designs will also ensure that each fiber will sample several different stars around its workspace. In
the analysis that follows we will focus on a set of BOSS dithers obtained at APO, although dither
observations were also conducted on APOGEE fields during commissioning. APOGEE and BOSS
dither observations have been collected for LCO, but have not yet provided consistent results (more

comments on this are provided in Section 5.6).

We analyze BOSS data from twenty dither sequences observed using ten unique designs at
APO. Data were collected over a period of seven nights. Observations of four designs were re-
peated 3 or 4 times over the span of nights, while the remaining six designs were observed only
once. This produced an average of 16 independent measurements per BOSS fiber for 493 active
fibers (several robots were offline and thus received no fiber measurement data). In total our data

set consisted of ~8000 on-sky measurements of fiber position errors.

The left panel in Figure 5.28 shows the dither-derived fiber position errors as a function of wok
location and direction. The right panel collapses the spatial data into a single histogram of fiber
position errors. The RMS fiber position error is measured to be 33 pym. Spatially correlated errors
across the positioner field are present in the quiver plot. We hypothesize that this field distortion
component is due to uncertainties in absolute fiducial locations which were indicated during lab
calibration of the APO FPS unit®. Errors in fiducial locations cause errors in the FVC transform
which would manifest as something resembling a smooth distortion across the field. Regardless of
the true source of this observed spatially-correlated bias in fiber positioning, we choose to correct
it by adding an additional static Zhao-Burge correction term to the FVC transform. For this we fit a
ZB model to the spatial error pattern shown in Figure 5.28 using the same 33 term ZB polynomial
basis for the FVC transform discussed in Section 5.3.4. This best fit ZB distortion model is shown

in Figure 5.29 and is characterized by a set of static coefficients ¢". The FVC transform in Equation

3See Section 4.5
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5.15 is modified by the addition of this static ZB correction term®

Fy(p) = Fi(p) + D(Fi(p),c"). (5.23)
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Figure 5.28 — Left panel: xy fiber postioning errors compiled from ~20 BOSS dither sequences
at APO plotted in wok coordinates. Right panel: histogram of fiber positioning error magnitudes.
The RMS fiber position error is 33 pm.

Figure 5.30 displays the dither-derived fiber position errors after removing the modeled field
distortion component. The RMS error is reduced from 33 pm to 26 pum, and the obvious spatial
correlation in fiber position errors across the field appears significantly reduced. The next system-
atic error component we seek to measure and remove in these data is related to the the physical
location of the science fiber within the beta arm of the robot.

Science fiber locations were initially characterized during lab calibration (Section 4.8), and
BOSS fiber measurements for the APO FPS unit were seen to have much higher variance when
compared to APOGEE fiber measurements. A scale factor correction improved BOSS fiber esti-

mation for the LCO unit, but the BOSS dither data presented here were taken before any attempt

7B models of the form D(w, ¢) are described in Section 4.4.2
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Figure 5.29 - Zhao-Burge polynomial
model correction fit to the error vectors in the
left panel of Figure 5.28. This wok coordi-
nate distortion correction is implemented in
the FVC transform.
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Figure 5.30 — Left panel: xy fiber postioning errors compiled from ~20 BOSS dither sequences
at APO after the ZB correction model in Figure 5.29 is applied. Right panel: histogram of fiber
positioning error magnitude. The RMS fiber position error is reduced to 26 pm and the previous
spatially correlated error has been generally removed.

at fiber location correction was made, and so provide a good example of improving science fiber

locations on sky.
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Ultimately the FVC determines where a fiber gets placed for an observation, and the FVC
loop specifically measures and corrects the position of a metrology fiber (not a science fiber). The
FVC correction will minimize effects of most errors related to robot kinematics because after the
FVC loop is completed the metrology fiber should end up extremely close to its desired location
(assuming an accurate FVC transform). For a science fiber to land at its intended position, the
assumed location of the science fiber relative to the metrology fiber has to be accurately known.

We measure the metrology-to-science fiber error by rotating every error vector shown in Figure
5.30 from the wok coordinate system into beta arm coordinate frame. For each robot ¢ in each
design j this amounts to a coordinate rotation of 6 = «;; + 3i j' (Equation 4.26). Figure 5.31
displays the result of this coordinate system rotation applied to four BOSS fibers selected for their
relatively large fiber position errors. Open orange circles show fiber-to-star offsets measured in
the wok coordinate system, filled purple circles show the same data after rotation into the beta
arm coordinate system. We observe that fiber-to-star offsets tend to cluster in the latter coordinate
system, indicating a systematic error in metrology-to-science fiber characterization. For each robot
we calculate the median xy fiber position error in the beta arm frame, and add this value to the initial
calibrated locations of BOSS science fibers.

Figure 5.32 plots the distribution of fiber position errors after applying the wok frame static
distortion model and adjusting the characterized location for each BOSS fiber. The RMS error
has been further reduced to 21 pm, and Table 5.5 lists percentiles for fiber position error in both
microns and arcseconds on sky. The distribution of fiber positioning errors as measured by dither
observations suggest that 60% of science fibers are reaching or exceeding the 16.5 pm fiber posi-
tioning goal outlined in Section 5.2, and effectively all fibers should be capturing the majority of

the available flux from astrophysical sources.
5.5 Spectrophotometric Results from the BOSS Pipeline

We assess the FPS spectrophotometric performance at APO using BOSS pipeline reductions from
version v6_0_9 of idlspec2D (Bolton et al. 2012, Dawson et al. 2012, Morrison et al. in prep)

to verify that progress seen on-sky using bright star commissioning fields is reflected in the SDSS-
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Figure 5.31 — Examples of four BOSS fibers with relatively large fiber position errors. Each
point represents an error derived from a single dither sequence. Open orange circles indicate error
vectors measured in wok coordinates. Filled purple circles plot the same errors rotated into the beta
arm frame where measurements are seen to cluster. The solid purple cross indicates the median
beta arm error in each cluster.

V survey science fields. For this we specifically consider FPS observations of the Black Hole
Mapper’s Reverberation Mapping (RM), AQMES, and SPIDERS fields (Almeida et al., 2023),

largely because these programs use an increased amount of standard star calibrators in comparison
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Table 5.5 —. Percentiles for BOSS fiber position errors from telescope dither sequences at APO
after correcting for a general distortion in wok coordinates (Figure 5.29) and corrections for each
BOSS fiber in the beta arm frame (Figure 5.31).

Percentile fiber position error
(pm) (arcsec)

50 14 0.2
60 17 0.3
75 22 0.4
90 32 0.5
95 40 0.7
99 60 1.0

1200 A

1000 -

8007 Figure 5.32 — Histogram of fiber posi-

tion errors after applying the global Zhao-
600 1 Burge distortion correction (Figure 5.29)
and beta arm offset corrections (Figure
5.31). The RMS fiber position error is 21
4001 pum. Percentiles for this error distribution
are shown in Table 5.5.

n measurements
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to other SDSS-V programs. In these fields roughly 70 of 500 fibers are allocated to standard stars.
In pipeline processing, the spatial sampling of standards across the field is used to fit and remove
smooth systematic flux variation across the focal plane, calibrating effects such as field-dependent

image quality variation. Overall the heightened number of standards and the attention to absolute
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flux calibration for these specific fields make them a valuable diagnostic for assessing throughput

variability from data obtained with the robotic fiber positioners.

For this analysis we query BOSS spectroscopic reductions from RM, AQMES, and SPIDERS
fields for standard standard star observations between MJDs 59708 and 59958. This yields 194
exposures distributed among 63 unique science fields. This selection consists of ~4700 standard
star measurements. Figure 5.33 shows the relationship between BOSS pipeline expected (7expect)
and spectroscopically measured (r,e.s) 7 band flux for these standard star observations. The over-
plotted orange line indicates the 1:1 correspondence between measured and expected flux, and the
scatter about this line shows the photometric variance present in this sample of BOSS standard star
observations. We expect that a large component of this variance is due to errors in robotic fiber
positioning.

For these data, we translate the photometric errors to a percentage

T - T
error = [rexpect mess| x 100, (5.24)
’rexpect

and show the cumulative distribution of photometric errors in Figure 5.34. The orange trace in
this figure represents data taken before MJD 59733, and the purple trace shows data taken from
that date forward. On MJD 59733 the results from the on-sky calibration methods described in
Section 5.4.7 were implemented in survey operations, and a clear improvement in fiber throughput
is apparent as a result of our recalibration strategy. The mean photometric error improved from
14.5% to 10.2%, and the median photometric error improved from 10.5% to 6.5%. Overall the
distribution of BOSS standard star flux error is consistent with our dither-derived distribution of

fiber position error (Table 5.5) based on a Gaussian PSF of width that varies with seeing conditions.

The 5% spectrophotometric requirement for RM science is in touch, but not yet achieved. Most
observations will experience spectrophotometric errors of 6-7% or better, and only 2% of standard
star observations see flux errors > 50%. This suggests that the PSF core is within the fiber aperture
for almost every fiber, and very well centered for half of the fibers. The main FPS calibration

effort moving forward is to continue improving fiber placement with a focus on the population of
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obviously de-centered fibers.

5.6 Discussion and Future Improvement

The majority of fiber position analysis has focused on BOSS fibers at APO. We have focused here
for a few reasons: (1) BOSS RM programs put the tightest tolerance on fiber position errors, (2) the
FPS carries significantly more BOSS fibers than APOGEE, providing a means for denser sampling
across the focal plane, and (3) BOSS fiber positions for the APO FPS were measured significantly
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less accurately in the lab than APOGEE fiber positions. This was immediately confirmed on sky
when BOSS throughput variability was significantly higher than APOGEE throughput variability.
As of yet we have made no update to APOGEE fiber positions largely because current throughput
is meeting science requirements. This suggests that lab calibration of APOGEE fibers was a gen-
eral success. APOGEE throughput has benefited from the distortion correction made to the FVC
(Equation 5.23) based on telescope dither campaigns and analysis. We expect both APOGEE and
BOSS fiber positioning can be further improved at APO and LCO.

So far we have not mentioned any on-sky calibration results from LCO, and we offer some
brief discussion points on this topic here. Initial throughput for both APOGEE and BOSS fibers
at LCO was significantly improved with respect to where we started on-sky work at APO. Much
of this “headstart” was a result of our previous experience characterizing the first instrument in
the lab and on sky. Specifically of note, BOSS fiber positions appear much more accurate based
on reduced throughput variation when compared to our initial experience at APO. Obtaining full
spectroscopic reductions from both APOGEE and BOSS pipelines has been a challenge due to

various unforeseen problems with both hardware and software at LCO. Many of these issues are
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now resolved and science verification has begun. Several sets of dither observations have been
taken at LCO, but as of February 2023 the results do not seem wholly consistent and no fiber
position corrections have been attempted. We hope that an improved analysis routines will reduce
the measurement scatter at both LCO and APO providing a means for further improvement for
robotic fiber positioning.

Our main tools for deducing and correcting fiber position errors are FVC measurements and
dither analysis measurements, and both of these come with an associated measurement uncertainty.
Techniques for reducing measurement scatter in each of these tools is a continuing area of research
and development.

The FVC pixel scale is 120 pm/pixel and the goal for fiber placement error is ~10 pm or
roughly 1/10 of a pixel. To accurately measure and adjust fiber positions during the FVC loop we
would like centroid measurement uncertainties that are comfortably below this limit, ideally the
ballpark of 1/20 of a pixel. High precision centroid methods typically require an accurate model
of the PSF. Unfortunately, as shown in Figures 5.9, 5.11, and 5.12 our PSFs are non-round and
significantly vary in shape across the field. We expect that PSF quality and spatial variation could
be improved if telescope baffle support wires that bisect the FVC FOV were removed. These are
assumed to produce the observed PSF elongation band across the middle of the CCD due to diffrac-
tion. Additionally applying effort to precisely focusing the FVC may further improve PSFs, only
a small amount of effort was spent focusing the FVC during on-site instrument commissioning.

Averaging over multiple FVC exposures is another option for reducing FVC measurement scat-
ter, although this comes at the cost of decreased observing cadence. SDSS-V survey requirements
state that a maximum of 5 minutes for field-to-field reconfiguration is allowable to achieve survey
goals within the duration of the project. At this time a full field reconfiguration takes 5-6 minutes to
complete, and a portion of this time is used for the FVC loop. The FVC currently uses ~20 seconds
to expose and process a single frame, and three exposures are required in the FVC loop. Averaging
each FVC measurement over three exposures would add a 2 minute overhead to each SDSS-V field
visited, and averaging over five exposures would add a 4 minute overhead, etc. Adding additional

time to field reconfiguration sequence is not a long-term sustainable solution unless that time can
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be saved elsewhere in the process’.

We expect that the variance seen in dither analysis results (eg Figure 5.31) can be improved by
moving to a more sophisticated flux model. Feedback from guider exposures can be used to better
constrain and adjust for many of the time-varying parameters that will affect flux measurement
throughout a dither sequence including: telescope pointing and stability, atmospheric transparency,
telescope plate scale, and seeing. Additionally, modifying our PSF model to incorporate the known
radial dependence on PSF shape is also under active investigation. We have already begun to test
some of these modifications in our dither analysis and modeling code, and are optimistic for future
results.

Continuing to improve fiber positioning is not just a priority for BOSS RM fields. It is impor-
tant for every science program in the SDSS-V. Although no other programs specify a spectropho-
tometric requirement, they do require photons! With fractional losses of flux due to fiber position
errors, repeated exposures become necessary for achieving signal to noise thresholds. Repeating
exposures is a major loss of survey efficiency and could result in a significant downscope in the
SDSS-V survey plan if fiber positioning does not continue to improve. In this sense the work is not
done, but we’re off to a good start. Science quality data is now flowing from the FPS instruments

at APO and LCO, and our major task now is to make it flow faster and more efficiently.

7 Active progress is being pursued here by pipeline teams investigating necessity of certain spectrograph calibration
frames that are currently being taken at each field. If calibrations were removed this would draw total reconfiguration
time into the 4 minute range.
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Chapter 6
CONCLUSIONS



164

SDSS-V builds on a heritage of evolution and cooperation between instrument, infrastructure,
science, and data teams to obtain and deliver a wide and diverse set of data products to the as-
tronomical community. Operationally, SDSS has seen major changes with the inclusion of the
FPS instruments, and various teams continue to tackle the many challenges inherent in organizing,
optimizing, and deploying a successful SDSS survey operating in a completely new mode. The
work presented here details several major operational challenges and solutions related to SDSS-
V’s adoption of a robotic fiber positioner for multi-object wide field spectroscopy.

SDSS has just completed its eighteenth data release (Almeida et al., 2023) which contains tar-
geting information for the SDSS-V survey. Normal survey operations at APO are now underway,
and normal survey operations at LCO are rapidly approaching after a period of instrument com-
missioning and science verification. SDSS-V is one of the first few robotically-positioned MOS
surveys in operation today.

Several other robotic MOS instruments and surveys of comparable scale and scope to SDSS-V
are nearing deployment. Many of these contemporary projects are facing challenges analogous
to those presented in this work, and cross-project solutions are already emerging. This is clearly
evident from the SDSS-V perspective where advice from the DESI team directly informed and
improved our on-sky calibration strategy. Another example of a shared solution in this space is the
adoption of SDSS-V’s kai ju path planning methods for the MOONS instrument, which uses a
robot design and layout that is similar to the SDSS-V FPS (Beard et al., 2022).

Looking ahead, this work can directly inform next generation of robotic MOS designs and
operations. This decade will see a massive increase in available photometric data from surveys
like Gaia and LSST. Spectroscopic followup for any meaningful fraction of available sources from
these surveys will require MOS instruments with an order of magnitude more fibers on larger
telescopes packed into tighter arrangements. Software frameworks like coordio and kai ju can
be used to explore the ranges of feasible robot designs and layouts in terms of both targeting and
operational efficiency. Lessons and techniques learned from instrument metrology and calibration
efforts both in-lab and on-sky from today’s robotic arrays will provide critical inputs for the next

generation of robotic MOS instrument design.
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A.1 KAIJU Algorithm

A pseudocode implementation of the anti-collision algorithm to generate a reverse path for an RFP
array follows below, favoring clarity over computational efficiency. The routine assumes that a
few functions are defined. dot(vl, v2) and norm(v1) return the dot product and Euclidean norm
for input vectors v1, v2. rand() returns a uniform random value between 0O and 1. shuffle(array)
randomizes the order of elements in the input array. Vector subtraction and scalar multiplication is

defined in the normal linear algebra sense.

1 #

2 # runtime parameters
3 #

4

5 # note that setting greed=1 and phobia=0 results in the GC algorithm

7 alphaArmLen < length of alpha arm, lo

8 betaArmLen < length of beta arm, lg

9 collisionBuffer < buffer that describes the collision envelope, o¢p

10 dTheta <« maximum angular step size for a positioner axis perturbation, Ay
11 maxlIter < maximum iterations to perform

12 greed <« desired greed setting between 0 and 1

13 phobia < desired phobia setting between 0 and 1

14 maxDispl < (alphaArmLen + betaArmLen)s=sin(2«dTheta) # Equation 7

16 # build the list of axis perturbations from dTheta
17 perturbArray < []

18 foreach dAlpha in [-dTheta, 0, dTheta]:

19 foreach dBeta in [-dTheta, O, dTheta]:

20 perturbArray .append ([ dAlpha, dBeta])

21

22

23 #

24 # structure definitions

25 #

26

27 struct Robot:

28 # holds relevant coordinates and neighbors for a given positioner
29 X < x coordinate of positioner base position, =z
30 y < y coordinate of positioner base position, yp

~C
31 alphaCurr < current alpha angle, 6,



32

33

34

35

36

37

38

39

40

41

42

43

44

45

47

48

49

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

~C
betaCurr < current beta angle, 95

~D
alphaDest < 10 # alpha angle destination, 6

[e3

~D
betaDest « 170 # beta angle destination, 6Og

neighbors <« list of

struct Vector3:

#

simply , a 3—-vector

<“—

<

x coordinate

y coordinate

Robot instances with whom I

<~ 0 # work in the z=0 focal plane

struct LineSegment:

risk collision (Equation 4)

# a container representing a line segment between two Vector3’s v0 and vl

v0 < an instance of

vl < an instance of

#

# function definitions

#

Vector3
Vector3

function dist3D_Line_to_Line(L1, L2):
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# Almost verbatim from Dan Sunday’s algorithm: http ://geomalgorithms.com/a07—-_distance . html

# this computes D;; used Equations 3, 6, and 9.

parameters: L1, L2 each a LineSegment

output: the minimum

distance between L1 and L2.

SMALLNUM < 0.00000001 # anything that avoids division overflow

u

v

w

S Y Y B M A

Ll.vl - L1.vO
L2.vl - L2.v0
L1.v0 - L2.v0
dot(u,u)
dot(u,v)
dot(v,v)
dot(u,w)
dot(v,w)

akc — bxb

# always >= 0

# always >= 0

# always >= 0

# compute the line parameters of the two closest points

if (D < SMALLNUM):

SC

+~— 0.0

if (b > ¢):

# the lines are almost parallel
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77
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93

94

95
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97
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99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

tc < d /b
else:
tc <~ e / ¢
else:
sc < (bxe — ¢cxd) / D
tc < (axe — bxd) / D

# get the difference of the two closest points
dP + w + (sc % u) — (tc = v)

return norm(dP)

function betaArmSegment(robo):
# This implements Equations 1 and 2.

parameters: robo, a Robot

output: the orientation of the beta arm, a LineSegment

elbow < Vector3 ()
elbow.x < robo.x + alphaArmLenxcos(robo.alphaCurr)

elbow.y < robo.y + alphaArmLens=sin(robo.alphaCurr)

fiber < Vector3 ()

fiber.x < elbow.x + betaArmLenxcos(robo.alphaCurr + robo.betaCurr)

fiber.y < elbow.y + betaArmLen=sin(robo.alphaCurr + robo.betaCurr)

betaSeg < LineSegment ()
betaSeg.v0 < elbow

betaSeg.vl <« fiber

return betaSeg

function isCollided (robo):

parameters: robo, a Robot

output: True when input Robot is collided with a neighbor, otherwise False

segl < betaArmSegment(robo)

foreach neighbor in robo.neighbors:
seg2 < betaArmSegment(neighbor)
armSeparation < dist3D_Line_to_Line(segl, seg2)

if armSeparation <= 2xcollisionBuffer + maxDispl:

# Equation 6

200



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134
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147

148
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150

151

152

153

154

155

156
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# the two robots are collided exit now

return True

# not collided with any neighbor

return False

function computeCost(robo):
parameters: robo, a Robot

output: the cost metric (Equation 8)

dAlpha <« robo.alphaCurr — robo.alphaDest
dBeta < robo.betaCurr — robo.betaDest

return sqrt(dAlphaxdAlpha + dBetaxdBeta)

function computeEnergy(robo):
parameters: robo, a Robot

output: the energy metric (Equation 9)

energy < 0

segl < betaArmSegment(robo)

foreach neighbor in robo.neighbors:
seg2 < betaArmSegment(neighbor)
armSeparation < dist3D_Line_to_Line(segl, seg2)

energy < energy + l/(armSeparationsarmSeparation)

return energy

function neighborEncroachment(robo):
parameters: robo, a Robot

output: True when a neighboring robot is encroaching, otherwise False (Equation 10)

segl < betaArmSegment(robo)

foreach neighbor in robo.neighbors:
seg2 < betaArmSegment(neighbor)
armSeparation < dist3D_Line_to_Line(segl, seg2)
if armSeparation <= 2xcollisionBuffer + 3+maxDispl: # Equation 10
# this neighbor is getting close

return True

# no neighbors nearby
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198

199

return False

function perturbRobot(robo):
parameters: robo, a Robot

output: modify state of input Robot

# if the positioner is at destination ,

if computeCost(robo) == 0 and neighborEncroachment(robo) == False:

return

# save the current state of the robot’s position

alphaCurr < robo.alphaCurr

betaCurr < robo.betaCurr

# placeholders for minimization search
bestAlpha < robo.alphaCurr

bestBeta < robo.betaCurr

bestScore « lel6 # a large value to be minimized

# select the metric to minimize (cost

minimizeEnergy < rand() < phobia

# randomize order in which perturbations are

shuffle (perturbArray)

foreach dAlpha, dBeta in perturbArray:
nextAlpha < currAlpha + dAlpha

nextBeta < currBeta + dBeta

# don’t allow out of range moves
if nextAlpha < 0:
nextAlpha < 0
if nextAlpha > 360:
nextAlpha < 359.999
if nextBeta < 0:
nextBeta < 0
if nextBeta > 360:
nextBeta < 359.999

# don’t overshoot destination coordinates

if currAlpha > robo.alphaDest and nextAlpha <= robo

and no neighbor is encroaching do not do anything

over perturbations

.alphaDest:
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236

237

238

239

240

241

nextAlpha < robo.alphaDest

if currAlpha < robo.alphaDest and nextAlpha >= robo.alphaDest:
nextAlpha <« robo.alphaDest

if currBeta > robo.betaDest and nextBeta <= robo.betaDest:
nextBeta < robo.betaDest

if currBeta < robo.betaDest and nextBeta >= robo.betaDest:

nextBeta < robo.betaDest

# set and test the new position
robo.alphaCurr < nextAlpha

robo.betaCurr < nextBeta

if isCollided (robo):
# invalid move, continue to next perturbation

continue

if minimizeEnergy :
# minimize energy metric
score < computeEnergy(robo)
else:
# minimize cost metric

score < computeCost(robo)

if score < bestScore and rand() < greed:
# new best score found
bestAlpha < nextAlpha
bestBeta < nextBeta

bestScore < score

else if score == bestScore and rand() < 0.5:
# score equally good as best seen score
# take it with a 50 percent chance
bestAlpha < nextAlpha
bestBeta < nextBeta

bestScore < score

# set the next position for this robot
robo.alphaCurr < bestAlpha
robo.betaCurr < bestBeta

return
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function arrayConverged(robotList):

parameters: robotList, a list of Robot instances

output: True when all robots have reached destination , otherwise False

foreach robo in robotList:
if computeCost(robo) > 0:
# this robot has not converged, exit here

return False

# all robots have converged

return True

function recordState(robotList):

H*

*FOR R OB

# a function to record the current positions of all Robot
# instances in the array, called throughout the routine
# the record the path of each positioner

parameters: robotList, a list of Robot instances

output: record the current state the Robot array

begin main algorithm

procedure requires a list of each Robot initialized with:
grid coordinates (Tp,Yp),
current coordinates to a set of non—colliding source coordinates,

and a list of neighboring Robot instances that risk beta arm interference

allRobots <« list of initialized Robot instances

#

record the initial state (all robots at targets)

recordState (allRobots)

#

set things in motion

looplter <« 1

while looplter < maxlIter:

foreach robo in allRobots:

perturbRobot (robo)

# record new state of robots
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284 recordState (allRobots)

285

286 # check for convergence

287 if arrayConverged(allRobots ):

288 # all robots have reached destination, exit loop
289 break

290

291 looplIter < looplter + 1

292

203 #

294 # end main algorithm

295 #

A.2 FVC Loop Algorithm

2: qu — [wy] > 500 x 2 array of target xy wok coordinates for each robot’s Apogee or BOSS fiber
32 B <+ [by] > 500 x 2 array of calibrated xy beta arm coordinates for each robot’s Apogee or BOSS fiber.
4 C« [(z8,, )] > 500 X 2 array of calibrated xy robot centers in wok coordinates.
5. M [r{‘/l > 500 x 1 array of calibrated metrology fiber radii for each robot.
6 o 3] > 500 x 1 array of calibrated alpha arm lengths for each robot
7. AA — [a”‘A} > 500 x 1 array of calibrated alpha angle offsets for each robot.
8: E A — [,BiA] > 500 x 1 array of calibrated beta angle offsets for each robot.
9:
10: Outputs:
1: €1 > 500 x 1 array of metrology fiber position errors after blind move for each robot
12: €2 > 500 x 1 array of metrology fiber position errors after corrective move for each robot using FVC feedback
13: Wg > 500 x 2 array of final measured xy wok coordinates for robot science fibers after FVC feedback correction.
14:

15:  Functions:

16: function MOVEROBOT(3, c, B) > Command robot 4’s arms to move to wok coordinate angles «, 3
17: acmp — a—aali+ 7§ > Equation 4.17
18: Bemp + B — Balil > Equation 4.18
19: Command robot 4 to move to ac psp, Bca p arm coordinates

20: return

21:  end function

22:

23: function MEASUREROBOT(%) > Measure robot ¢’s metrology fiber location in wok coordinates from an FVC image
24: pi < extracted centroid location on CCD for robot i’s metrology fiber (pixels)

25: w <+ F»(p;) > FVC Transform, Equation 5.23

26: return w
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27: end function

28:

)

9. function GETALPHABETA(Z, w, b)> Return «, 8 arm coordinates given wok coordinates w and a fiber’s beta arm coordinates b for robot 3,
return NaN if w is outside of the robot’s workspace.

30: t«+—w—CJi

|

3 if|[t]| > Ig + la[i] then

33: return NaN > wok coordinate is outside of robot patrol zone annulus, no solution

34: end if

35 if|[t]] < lg — la[i] then

36: return NaN > wok coordinate is outside of robot patrol zone annulus, no solution
37: end if .

39: 0 <+ arctan2(t[1], t[0])

40: B <+ arccos(cz)

41: o + 0 — arctan2(lg sin 8, I [i] +lgcos B)

42: B « B — arctan2(b[1], b[0])

43: return («, )

44: end function

45:

'S

6: function GETWOKXY (i, o, 5, b) > Return x, y wok coordinates given a fiber’s beta arm coordinates b and «, /3 angles for robot 7
47: lg < |b|

48: 03 « arctan2(b[1], b[0])

cosa cos(a+ f+03) Ia[i]

49: t

sina sin(a+ 8+ 03) lg
50: w <t + C[i]
51: return w

2: end function

%)

53:
54: procedure FVCLOOP > Move, measure, and correct fiber placement for all robots.
55: ar + ] > Target alpha angles for each robot.
56: Br <« ] > Target beta angles for each robot.
57: WJM ] > Target metrology fiber location for each robot in xy wok coordinates.
58:
59: for i < 0,499 do > Calculate and command initial move for every robot
60: Wi — Wi
61: bsci < Bli]
62: (a, B) <~ GETALPHABETA (%, Wsci, Dsci)
63: ar.append(a)
64: Br.append(53)
65: bmet ™1

0

66: Wmet < GETWOKXY (¢, a, B8, bmet)



67:

68:

69:

70:

73:

74:

75:

76:

77:

78:

79:

80:

81:

82:

83:

84:

85:

86:

87:

88:

89:

90:

91:

92:

WYM .append(Wpet)
MOVEROBOT(4, av, 3)

end for

€1 < ||
for i < 0,499 do
Wmet <—MEASUREROBOT(%)
e1.append(||wmer — WA [i][))
M i)
0
(a0, B) <~ GETALPHABETA(%, Wynet, bmet)

bmet

da + arli] — «
dg < prlil - B
MOVEROBOT (i, ap [i] + dev, Br[i] + dB)

end for

€2 H
W3 + ]
for i < 0,499 do
Wmet <~ MEASUREROBOT(%)
e2.append(||Wimer — WA [4]])
M 1]
bmet —
0
(a, B) +~GETALPHABETA (%, Wimet, Bmet)
bsm' < B[l]
Wsei < GETWOKXY (%, o, B, bses)
W 2 append(ws;)

end for

. end procedure

207

> Initial (blind move) metrology fiber position error for each robot.

> Measure each robot, apply corrective move

> Final metrology fiber position error for each robot.
> Final xy wok position for science fiber.

> Measure and record final state of each robot.
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