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ABSTRACT

The Sloan Digital Sky Survey V (SDSS-V) is an all-sky spectroscopic survey of >6 million objects, designed to
decode the history of the Milky Way, reveal the inner working of the stars, investigate the origin of solar systems,
and track the growth of supermassive black holes across the Universe. Here we describe the mathematical frame-
work behind the SDSS-V robotic Focal Plane System (FPS), specifically the coordinate systems and transforms
used to propagate locations of targets from astronomical catalogs to coordinates on a robotically positioned fiber
or guide camera. This framework provides the backbone for the design and operations of SDSS-V’s MOS surveys.
All coordinate systems and transformations between them are provided in SDSS-V’s coordio software package.

1. INTRODUCTION

For decades the Sloan Digital Sky Survey (SDSS') has collected multi-object spectroscopy (MOS) using a plug
plate system. This system required the manual plugging of plug plates by day and the manual swapping of
plug plates between science exposures by night. Since SDSS operations began circa 2000, ~5.6 million unique
astronomical sources have been spectroscopically observed using plug plates.

SDSS-V? is the fifth iteration of SDSS MOS surveys, and new instrumentation has brought huge shifts in
the way SDSS operates.®> Two Focal Plane Systems (FPS?) have been built to replace SDSS plug plates with
robotically-positioned fibers. These new instruments reconfigure fibers on short time scales and drastically reduce
observational overheads when compared to plug plate operations. SDSS-V’s FPS instruments will more than
double the number of targets observed in SDSS history over the course of a five year survey.

The first FPS was recently commissioned at Apache Point Observatory’s 2.5m Sloan Telescope,® and the
second instrument has just been shipped to Las Campanas Observatory’s 2.5m du Pont Telescope.® 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. The top panel in Figure 1 shows the unpopulated wok prior to assembly, and the bottom panel shows a
solid model rendering of the fully populated wok. The overlaid yellow axes indicate the fundamental coordinate
system for the FPS instrument (wok coordinates).

The primary focus of this work is 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 GFA chip will proceed along analogous lines. Figure 2



shows the stack of coordinate systems and conversions we have defined for this task, and the mathematics for
the complete traversal this stack are detailed in Sections 2 - 8.

Accurate metrology is a prerequisite for accurate coordinate transforms. We need 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. Much effort has been devoted to making these measurements using combinations of microscopy, full-
wok imaging, lab calibration, and on-sky calibration. Our understanding of the instrument continues to evolve,
and we currently estimate that the various elements in the wok are known to ~10 ym. Fiber positioning has
continued to improve at APO largely due to improvements in our ability to measure where a fiber is.

At the telescope back illuminated fiducial and metrology fibers are measured with a Fiber Viewing Camera
(FVC). FVC measurements are used to iteratively correct a robot’s (6n,03) orientation after a blind move. The
FVC transform is still being tweaked at APO, and is yet undefined for LCO. The derivation of the FVC transform
is complicated enough to deserve a dedicated paper, and it is not discussed further beyond the mention it receives
here. Ref. 7 provides an overview of the SDSS-V FVC design.

The complete suite of FPS transforms (in both forward and reverse directions) have been implemented in
SDSS-V’s coordio* software package. coordio is written in Python and Python-wrapped C/C++. It provides
a common backbone for many other SDSS-V software products including those concerned with survey design
and target assignment’, robot path planning,® and nightly operations*. coordio makes use of SOFAS routines
for certain astronomical calculations.

SOFA astronomical standard routines
given earth location, time

observed [alt,az] deg

spherical trigonometry

given a field center
L

field [0, ¢] deg
referenced to telescope boresight, +RA
and +Dec directions

radial distortion model

focal plane [z,] mm
referenced to field center
and +RA +Dec directions

guider-informed scale factor 2D distortion model

position angle Opa of observation

wok [z, y] mm

referenced to wok vertex

rigid body transform

tangent element [z, y] mm
referenced to tangent elements’ central axis

2 arm kinematics CCD bin factor
given fiber’s beta arm coords and pizel size

guide [z, y] pixels
referenced to corner of guide CCD

positioner [0, 0] deg

orientation of robot arms

beta arm [z, y] mm

fiber location in non-rotating frame
Figure 1: Top panel: the bare wok Figure 2: The coordinate transformation stack for the
mounting plate. Bottom panel: solid SDSS-V FPS. Coordinate systems are boxed nodes,
model rendering of instrument after and edges represent a transform between coordinate
robots, fiducials, and GFAs have been systems. The transform between fiber view and wok
mounted in the wok. Wok coordinate coordinates (dashed) continues to evolve and not dis-
axes are indicated in yellow. cussed in this manuscript.

*https://github.com/sdss/coordio
Thttps://github.com/sdss/robostrategy
thttps://github.com/sdss/jaeger
Shttps://www.iausofa.org/
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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 boresight), and (3) a specific
fiber on a robot. Both target and boresight ICRS coordinates are converted to observed (Alt, Az) coordinates
using SOFA’s iauAtco13 routine which handles refraction, proper motion, parallax, Earth orientation, nutation,
etc. The relevant inputs and outputs of this calculation are shown in Table 1. Figure 3 shows an example of
target and boresight coordinates in the observed coordinate system.

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 x
rh  relative humidity
temp temperature
Outputs
Alt  Altitude angle positive above the horizon
Az Azimuthal angle measured eastward from north

Figure 3: The observed (Alt, Az) coordinate
Table 1: iauAtcol3 inputs and outputs system. NCP is north celestial pole.

3. OBSERVED (ALT, AZ) TO FIELD (¢rc, 0rc) 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. Opc 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:

0p = —Azp + 27 (1)

on =T Al @)
[ cos(3 +0p) sin(5+6g) 0

M, = |—sin(5 +60p) cos(§ +0p) 0 (3)
0 0 1
1 0 0

My = [0 cos(¢p) sin(¢p) (4)

|0 —sin(¢p) cos

(
(
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Mp = MsMyM; (6)




The parallactic angle ¢ in Equation 5 is computed using SOFA’s iaulHd2pa routine. Figure 4 plots the series
of coordinate system rotations M7, Ms, and Mj3. Figure 5 shows the end result of the coordinate system rotation
when viewed along the boresight direction: 4y’ points along +Dec and +x’ points along +RA.

Finally, to convert a target from observed to field coordinates:

Or = —Azt + 27 (8)
b = g ~ Altr (9)
[ ] cos(Or) sin(or)
yr | = |sin(67) sin(¢pr) (10)
27 | cos(¢r)
2] T
yr| = Mp |yr (11)
_z}_ 27

{qu} _ { arccos(4.) } (12)

Orc arctan 2(y/, z7)

Figure 5: M3M,M; rotation viewed along the boresight direction.

4. FIELD (érc, Opc) TO FOCAL PLANE (Xrpc, Yppc) COORDINATES

Focal plane coordinates are 2D Cartesian with units of mm. +x points along +RA and +y points along +Dec.
Figure 6 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 ¢p¢ is related to the outgoing focal



plane angle ¢ p by an odd-order polynomial. The conversion from field coordinates to focal plane coordinates
is given by:

Pppe = codrc + c1dho + 20%c + 3050 + cadhe (13)
TrppCc| . oy cos(frc)
[ym] — Resin(r — dppc) [Sin(gm)} (14)

Polynomial coefficients and focal plane surface radii were determined by least squares fits to ZEMAX ray traces
for each telescope at several wavelengths of interest. These parameters are tabulated in Table 2. Polynomial
coefficients were calculated for ¢pc and ¢ p in degrees. The model is only valid for ¢pc < 1.5° at APO and
drc < 1.1° at LCO.

Telescope Boresight @

yrc (+DEC)

yepc (+DEC)

Figure 6: The geometric relationship between field and focal plane coordinates. The focal plane angle ¢ pc 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.

Table 2: Focal Plane Distortion Model Parameters

site A (wm) R (mm) Co €1 o c3 4
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  6.09825¢-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 0
LCO  0.54 9938 1.89824 1.31773e-02 1.04445e-04  5.77341e-05 0
LCO 0.6231 9743 1.93618 1.33536e-02 9.17031e-05  6.58945e-05 0




5. FOCAL PLANE (Xppc, Yrrc) TO WOK (Xwok, Ywox) 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 1). Technically, the wok coordinate axes are defined by the grid of xy
fiducial locations for which precise CMM measurements were obtained.

The conversion from focal plane to wok coordinates involves a rotation by @pa (the desired position angle
of observation) and a scale. Scale is measured and applied throughout the night using GFA camera feedback.
Figure 7 shows the relationship between focal plane and wok coordinates. The conversion defined as:

{xwek] _ 1 [cos(HpA) Sin(aPA)} |:$FPC] (15)

Ywok scale |—sin(fpa) COS(HPA) YrPC

scale = 1.0 =
fpy = 0.0° fpy = 1
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Figure 7:  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.

6. WOK (Xwox, Yworx) TO TANGENT (Xr¢, Yrc¢) COORDINATES

Tangent coordinates are 2D Cartesian with units of mm. FEach 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:

Xro| _ |~ T | [ |Xwok | _ |Tb (16)

yrc Y ] \ [Ywok (I
where & and ¢ are orthogonal unit vectors that specify the direction of the tangent x and y axes in wok
coordinates, and (xp, yp) 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 Z is parallel to CCD rows. Z is is ~ [1, 0]

for GFA2 and ~ [—1,0] for GFA5. The precise values for Z, §, xp, and y;, are carefully measured for each robot
and GFA installed in the wok.



7. TANGENT (Xr¢, Yr¢) TO GUIDE (Xcep, Yoop) 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 pum
pixels. The tangent to guide coordinate conversion is specified as:

1 {1000

1 |1000
=— | = 2048/2 18
Yccp bin, {13.5 yrc + / } (18)

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

8. POSITIONER (6., #35) TO TANGENT (X7¢, Yrc) COORDINATES

Positioner coordinates are specified by two angles (6q, 03). 0, is a rotation about the robot’s alpha axis, 3
is a rotation about the robot’s beta axis. The alpha and beta axes are separated by a length I, ~ 7.4 mm (a
measured quantity for each robot). Figure 8 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 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 (zg, yg) in mm. 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 9.

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

Op = arctan2(ys, x3) (19)

rE =\/T% + Y5 (20)
zre| _ [cos(8y) cos(8o +0s+0r)| |la (21)
yro | |sin(0y) sin(0n +0s+0r)| |rF
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Figure 9: The beta arm coordinate frame. Origin

is set to the center of beta arm rotation, +x points

to the metrology fiber. (x3, yg) fiber locations in

mm are specified in this frame.

ry, (mm)
Figure 8: Two arm kinematics for SDSS-V robots.
0 is the rotation of the alpha arm, 6z is the rota-
tion of the beta arm. Wok and tangent coordinate
frames are indicated by orange and blue axes. Red
axes indicate the beta arm coordinate frame.

9. DISCUSSION AND CONCLUSION

Omitting the FVC, this work 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 and mathematically in Sections 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, the reverse transform from (Alt, Az) observed coordinates to ICRS coordinates directly employs
SOFA’s iauAtoc13 routine. In Section 4, the reverse transform from (xppc, xrpc) focal plane coordinates to
(¢rc, Orc) field coordinates involves a separate set of polynomial coefficients cp-c4 to compute:

drc = codppe + dPpe + 28Ppe + csdipe + cadPpe (23)

In Section 8, it is of common interest to compute the inverse kinematics: (6, 03) positioner coordinates given
(xre, yro) tangent coordinates. Solutions to this problem only exist for (zr¢, yre) points within the robot’s
workspace. To solve this we have employed the Algorithm 2RIK which is described online. 1

A self-contained technical description of coordinate systems and their transformations has both organized
and simplified SDSS survey planning and operations code. SDSS-V’s coordio software package has implemented
coordinate transforms as described here, allowing conversions between any two coordinate systems in the stack.
coordio has become a key tool used throughout the SDSS-V survey’s growing code base. This document should
aid anyone with interest in SDSS-V codes, or perhaps inspire software designs for similar instruments.

Thttps://motion.cs.illinois.edu/RoboticSystems/InverseKinematics.html
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