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1 Pan-STARRS Library PSLib

1.1 Math Utilities
1.1.1 Sorting

A variety of sorting algorithmsexist, with a wide rangein speedfor differentsetsizes. Threeof the best
sorting algorithmsare “heapsort”, “quicksort”, and “mergesort” (see,e.g., knuth, sedgevick, press). These
threesortingalgorithmsall runin atime of O(nlog n) ontheaverage put have differentworse-caseuntimes.
Implementation®f all threesortingalgorithmsaredescribedn referencesbove andin variousplacesonline
(e.g.,http://Iwww.iti.fh-flenshurg.de/lang/algorithmen/sortieren/algoen. htifihe linux gsort  functionusesa
heapsorif it canallocateasufiiciently largetemporarybuffer, andotherwiseresortso aquicksortin-place.The
GSL functiongsl_heapsort usesthe heapsoralgorithm. Both of theseimplemenationsequirea pointer
to thecomparisorfunction,which mayresultin aslower codethanif thecomparisorweredonewithin thesort

function.

For PSLib, the sorting functionsshall be implementedvia the systemqsort . The function psSort shall
returnthe sortedresultof the input array without over-writing theinput array The function psSortindex
shallreturnanintegerindex to the sequencef theinput arraywithout overwriting the input array Giventhe
following line of code:

out = psSortindex (NULL,&in);}

theelement®f thearrayout arein thesequencen.arr[out->arr[0]] toin.arr[out->arr[in.n

-1 .

1.1.2 Smoothing: Boxcar and Gaussian

Smoothingmay occasionallybe perfomedon data.We presenthe algorithmsfor two typical versions:boxcar
andGaussiarsmoothing.In bothsmoothingechniquesgivenaseriesof datavaluesf;, the smoothedsaluesy;
aredeterminedy calculatinga linearcombinationbasedon the input datapoint andits neares N neighbors
in theform:

N
9i = Z Cnfi 1)
n=—N

wherethe valuesof ¢, determinethe filter type. For boxcarsmoothingthe valuesc,, are constantand must
beequalto 1/(2N + 1) to maintainthe zerothmomentof the data(caremustbe taken at the endsof the data
rangeto reducethe valueof ¢, asfewer input datapointsmay be used).For Gaussiarsmoothing the crucial
parametels o, the standarddeviation. The value of NV shouldbe chosento be large enoughto samplethe
Gaussian)N = 50, andthevaluesof ¢,, arethenjustthe Gaussiarcurve:

2)
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1.1.3 Statistics

Thegeneraktatistic§unctionpsStats performsavarietyof statisticalcalculationsonacollectionof floating
point numbers.Thesestatisticsinclude both samplevalues,in which the formal statisticis calculatedfor the
completesample,and robust values,in which the statisticis estimatedon the basisof an assumptiorof an
underlyingpopulation.While morereliablein generaltherobustestimatorsnaybe somevhatslower thanthe
samplestatisic,sotheir usemay vary dependingon the contet. In addition,certainsigma-clippedsaluesare
definedasanintermediatechoicebetweerthe sampleandrobustestimators.

1.1.3.1 SampleStatistics

We definethefollowing statisticalterms,assuminghereis a setof dataelementse;.

Mean

Themeanis definedas: N
_ 1

Median

The medianis definedasthe value for which 50% of the datavaluesarelarger and 50% are smaller For a
sample,the valuesare sortedand the medianis given by the value of the middle element,if the numberof
valuesis odd,andby the averageof thetwo middlevaluesif the numberof valuesis even. This medianshould
beavoidedfor samplesvhicharelarge(e.g.,N > 10* elementspsthebasicrobustmedianis quickerandmore
accurate.

Upper and Lower Quatrtiles

The upperand lower quartiles(U: and L.) arefirst and last quarterequvalentsto the median. The upper
guartileis the valuefor which 25% of theélataarelargerand 75% aresmaller Thelower quartileis the value
for which 75% of the dataarelargerand25% aresmaller For a sample the valuesaresortedandthe quartiles
aregiven by the valuesof elementsV/4 and3N/4. For the purposeof a sampleupperandlower quartile, it
is sufiicient to provide the closestinteger entry to thesevalues. The samplequartilesshouldbe avoidedfor
samplesvhicharelarge (e.g.,NV > 10* elementshstherobustquartilesarequicker andmoreaccurate.
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Standard Deviation

The standardieviation of the samples givenby:

(4)

o — ﬁ S (@i — )2 — % (Z(m - :c)) (5)

1.1.3.2 Clipped Statistics

The clippedstatisticsare usedto determinethe meanand standarddeviation of a distribution in the presence
of outliers. The clippedstatisticsare quicker thanthe completerobust statisticalestimatorsandmorereliable
thanthe samplestatistics. The clipped statisticsalgorithm produceshe clipped meanand clipped standard
deviation. The algorithmhas2 parameters:V, the numberof iterationsand k, the multiplying factor of the
standardleviation usedto excludeoutliers. Typical valuesfor both NV andk are3. Thealgorithmis asfollows:

1. Computethe samplemedian.The numberof datapointsmustbe limited to 10000;theinput datasemust
berandomlysubsampledf moredatapointsareused.

Computethe samplestandardieviation.

Usethe samplemedianasthefirst estimatorof themean,z.

Usethe samplestandardieviation asthefirst estimatorof thetrue standardieviation, o.

o & 0N

Repeathefollowing N times:

(a) Excludeall valuesz; for which |z; — z| > ko.

(b) Computethe meanandstandardieviation of thesub-sample.
(c) Usethenew meanfor z.

(d) Usethenew standarddeviationsfor o.

6. Thelastcalculatedvalueof z is theclippedmean.

7. Thelastcalculatedvalueof ¢ is the clippedstandardieviation.

IPPADD 3 Septembed, 2004



Pan-STARRSImageProcessindPipeline PSDC-430-006-06

1.1.3.3 Robust Statistics

The robust versionof the statisticsprovides estimatorsof basic statisticalconceptswhich are reliable even
for datasampleswith significantcontamination.A typical caseis the situationin which the dataof interest
represent primary populationof interestwith a single-\aluedmeanand standarddeviation anda secondary
populationof datawith a substantiallydifferentdistribution. For example animageof anuncrovdednight-time
field may consistof a sparsecollectionof starsandan overall backgroundevel. The majority of pixels have
thebackgroundralue,with somevariancedueto noisesourcesbput mary aresignificantlyhigher(contributed
by stars)or significantlylower (deadpixels). If we wantto measuréhe meanof thebackgroundarobustmean
is necessargpstheoutlierswill stronglybiasthe samplestatistics.

Therohuststatisticsarecalculatedoy constructinga histogramof the valuesandperformingthe measurements
on the histogram. The choiceof a bin sizerequiressomecare. If the dataareinteger valued,the naturalbin
sizeis aninteger Otherwise the bin shouldbe a fraction of anestimateof the standarddeviation. Usethe 30
clipped standarddeviation asan estimatorof the standarddeviation. The bin sizeshallbe setat o./10. The
remainingstepsof thealgorithmareasfollows:

e Constructhe histogramwith the specifiedbin size.

Smooththe histogramby a Gaussiawith o, = 0. /4.

Find the bin with the peakvaluein the rangeLi to Ui ; thisis therobustmode,mode.

DeterminedL = (Ui - L%)/4.

Fit a Gaussiario thebinsin therangemode — dL to mode + dL.

Theresultingfit parametersretherobustmean,mean andtherobuststandardieviation, o,.

To determinethe robustmedian,constructthe cumulative histogramfrom the histogramabove. Selectthe bin
which containghe 50th percentilevalueandits two neighbors Fit a quadratido thesethreepoints. Therobust
medianvalueis the coordinateof the quadraticwhich returnsthe 50% value. For the upperandlower quartile
points,the sameprocesshouldbe used,choosingthe threebinsin thevicinity of theupperandlower quartile
points.

1.1.4 Matrix Operations

In this section we definethelinearalgebraoperationgperformedon matrices We have definedAPIs to imple-
mentthefollowing matrix functions:

e Invertamatrix;
e Calculatea matrix determinant;

e Performmatrix addition,subtractiorandmultiplication;
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e Transpose matrix; and

e Cornvertamatrixto avector

Many of theseoperationsaareimplementedusingLU decomposition We defineLU decompositiorin the fol-
lowing paragraphlmplementatiorof LU decompositioshallmake useof theGSL functiongsl_linalg_LU_decomp

1.1.4.1 LU Decomposition

We wish to decomposehe matrix A with elementsa;; into diagonalmatricesthat satisfy the relationship
A = LU whereL is alower-diagonalmatrix of theform:

11 0 0 0
Qg1 gy 0 0
az; azy asz 0

(6)

Gyl Oy Qg3 Oy

(whereall diagonalvaluesa;; = 1) andU is anupperdiagonalmatrix of the form:

B bz Bz Pua
0 Pz Pz Pu
0 0 B33 B
0 0 0 pfu

U= (7)

We canfind the valuesof «;; and j3;; by following this procedure. First, a;; = 1. For all valuesof j =
1,2,..., N, follow thenext steps:For eachvalueof i = 1,2, ..., 7, solvefor 3;; usingtherelationship:

i—1
Bij = Q45 — Z aikﬂkj (8)
k=1

Forthevaluesofi = j + 1,7 +2,..., N, solve for thevaluesof «;; with thefollowing:
1 e
iy = — | aij — > b, 9)
Bii k=1

1.1.4.2 Calculate a matrix determinant

ThedeterminantD of amatrix a;; is calculatedrom the productof the diagonalelementf the LU decompo-
sition:

D = P NUij; (10)
This shallbe calculatedusingthe GSL functiongsl_linalg_LU_det . If thematrix s large or the magni-
tudeof theelementss large, thedeterminantnayoverflow the datatype. In thesecasesthe (natural)logarithm

of the determinanimay be calculatednstead(asthe sumof the logarithmsof the diagonalelements).In this
casetheGSL functiongsl_linalg LU Indet shallbeused.
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1.1.4.3 Solvinga Linear Equation

TheLU decompositiorof a matrix may be usedto solvethematrixequationzjj.\’:1 A;j X x; = B,

Giventhe LU decompositiorof amatrixinto «;; and3;;, thetechniqueof back-substitutiomns usedto solve the
equationabove. First solve theequationLy = B:

b
y o= — (11)

11

i—1
1
i j=1

Thevaluesof y maybeusedto solve for z; usingtherelationshipl/x = b:

_ Y~
= Ban 49
1 N
Ti = F <yi— Z @'jyz‘j) (14)
" j=i+1

1.1.4.4 Invert a matrix

Inversionof a matrix usingthe LU decompositions performedby performingback-subsitutiorto solve a
seriesof linear equationsof the form Ej.v:l A;j x x; = B; wherethe valuesof B; representhe columnsof
theidentity matrix. Thesolutionvectorsz; representhe columnsof theinversematrix. This operationshallbe
implementedisingthe GSL functiongsl_linalg_LU_invert

1.1.4.5 Perform matrix addition, subtraction and multiplication

Matrix binary arithmeticoperationgiffer from imagebinary arithmeticoperationsn afundamentaivay: For
imageoperationstheresultingpixel valueis determinedy performingthe operationronthetwo corresponding
input operandpixels. For matrix operationsthe resulting elementvalue resultsfrom the operationon the
correspondingair of row andcolumfrom theinput matrices.So,for example,giventheinput matriceso;; and
Bi;, theimageandmatrix multiplicationscorrespondo:

imagqj = a4 X ﬁij (15)
N

matri)(jk = Z Qi X ﬂ]m (16)
i=1

The matrix andimageoperationdor additionandsubtractiorareidentical: the operationis performedon the
correspondinglementsn eachmatrix. Matrix divisionis not defined(to divide, theusershouldfirst invertthe
matrix, andthenmultiply). Thematrix mathfunctionpsMatrixOp shallimplementthe matrix versionof the
binaryarithmeticaloperationgor thefollowing operators=+, —, x.

IPPADD 6 Septembed, 2004



Pan-STARRSImageProcessindPipeline PSDC-430-006-06

1.1.4.6 Transposea matrix

Thetransposef a matrix is simply the reoiganizationof the matrix elementsy ’flipping’ the matrix alonga
diagonal.For non-squarenatriceswith dimensionsV x M, theresultingmatrix hasdimensionsM/ x N. The
elementof the outputmatrix 7;; is givenby

Tij = Mj; (17)

wherel;; is thematrix to betransposed.

1.1.4.7 Convert a matrix to a vector

Matrix-to-vectorconversionis only definedfor a matrix thathasa sizeof onein atleastonedimension.In that
case the elementshouldbe extracted,andplacedin a vector with carethatthe psType is definedcorrectly

—al x N matrixis corvertedto aPS_DIMEN_VECTO®Rypevector whilea N x 1 matrixis cornvertedto a
PS_DIMEN_TRANMypevector

1.1.5 Fitting
1.1.5.1 Chi-squared

Givenasetof N ordinates;;, measuredoordinatesy;, with errors,s;, anda modelfunction, f(x;), theny?
(“chi-squared”)is defined:

N-1 2

1.1.5.2 General Polynomial Fitting

Givenasetof datavaluesy; with errorso;, relatedto independendatavaluesz;, we would lik e to fit a polyno-
mial modelof N,,, free parametersf theformy = ;V:pg a;x’. Themodelis determinedby minimizing the
valueof x? (1.1.5.1),andthe minimizationis determinedy solvingfor the setof parametersy; for whichthe
partial derivativesof the y? with respecto thoseparameterarezero. The partialderivativesare

L5

80% lor:

~

) SR I 19)

Settingthe deriativesto zero,this may bereducedo the following matrix equation:

ko, .
Dlad Tat=) g (20)
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This matrix equationmay be solvedwith LU Decompositior(section1.1.4.1).

1.1.6 Non-linear Minimization
1.1.6.1 Levenberg-Marquardt Method

In the Levenbeg-MarquardtMethod(LMM; seeNR §15.5),we make aguessattheinput parametersgvaluate
thefunction of interest,vary the parameter®y a particularchoicebasedon the gradient,evaluatethe function
agpin, andadjustthe parameterandthe parametewrarientbasedn theresults.

Givensomeconstant/independeralues,c;, we would like to find the parameters,, of the function f(c;; ax.)
which minimizethefunction. We startwith asetof parameteguesses;,.. We calculatehegradients, andthe
Hessiammatrix «; , atthis parameteselectionasfollows:

g = Y 21)
Qg
N Of (i) 0f (e:)
Gk = G ou (22)

We now definethe new parameteguesdor a,, basedon the gradientandHessiarby defining A, ;, asa variant
ona; asfollows:

Ajr = aju(J#K) (23)
Ajr = 1+ Nax (j=F) (24)

andsolwe the systemof equationgepresentedy:
Ajray, = f3; (25)

wherea), represent®ur new attemptat a parameteguess.We usethis parametesetto evaluatethe function.
If the new value of the functionis lower thanthe previous guesswe acceptthis nenv setof parameterand
decrease\ by afactorof 10, otherwisewe keepthe old set,andincreasehe valueof A by a factorof 10. We
repeathis procesauntil thevalueof thefunctionchangedy muchlessthanthetolerance Theresultingvalues
of a;, arethebest-fitparametergor the system.

Thecovariancematrix, C; j, whichis theinverseof the matrix o 5, allows simplecalculationof the confidence
limits of theparameters.

1.1.6.2 Powell’s method

Pawvell’smethods atypeof “Direction Set” methodsn multi-dimensiongor findingalocalminimum. Givena
startingpoint (the“bestguess’for theminimum)anda setof directionvectors,adirectionsetmethodadvances
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in thedirectionof thevectors,determines new directionvectorby somemethod,andproceedsn this manner
until the advancesalongthe vectorsaresmallerthansomepre-definedolerance.Suchdirectionsetmethods,
including Powell’s QuadraticallyConvergentmethodarediscussedn NR§10.5.

We will usefor our algorithmthe modified versionof Powell’s QuadraticallyConvergent Method, which is
describedelow, adaptedrom NR.

1. Givena functionin N dimensionsto minimize, f, and a bestguessfor the minimum, point P in N
dimensionstake aninitial setof N vectors,;;, to betheunit vectors.

2. Setpoint@ = P.
3. For eachdimensionin turn, move () only in thedirectionv; to minimizethefunctionof interest.
4. Setvectoru = () — P.
5. Move @ only in thedirectionu
6. Replacehevectoralongwhich thelargestminimizationwasmade v; ,,.x, With u, exceptundereitherof
thefollowing circumstances:
o If foP > fp, thenthereis nopointin keepingthenew vector because¢hereis no furtherminimiza-
tion to bemadein thatdirection.
o If 2(fp — 2f0 + for)[(fr — fo) — Amax]® > (fp — fopr)?*Amax, theneitherthe decreasén the
functionwasnotdueto ary singledirection,or we arecloseto the minimum.
wherefp = f(P), fo = f(Q), for = f(2Q — P), andA,,.x > 0 is themagnitudeof the minimization
madealongv; max-
7. SetPto Q.

8. Returnto step3 until the changein this lastmove is lessthansomespecifiedtolerance pr a maximum
numberof iterationshasbeenreached.

In regardsto minimizing the functiononly in a particulardirection,we shalladopt,asNR recommendsyrack-
etingthe minimumbeforeapplyingBrent's method [which will be specifiedin detall later].

1.1.7 Polynomials

We will employ Chebyshe polynomials(NR §5.8) to approximatdunctions:

n

fl@) =" cTi(x) (26)

=0

Thesehave somedesirableeatures:
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e They areboundedon —1 < z < 1, with the maximaand minima over this rangebeing1 and —1,
respectiely;

¢ Truncationof the higherordertermsleavesonewith the mostaccuratdower-orderpolynomialrepresen-
tationof the desiredfunction.

Thefirst few Chebyshe polynomialsare:

To(x) = 1 (27)
Ti(z) = =z (28)
Ty(r) = 22% -1 (29)
T3(x) = 42° —3x (30)
Ty(z) = 8a* —82? +1 (31)

(32)

Chebyshe polynomialsfollow therecurrenceelation:

Tn+1 = 22T, — T (33)

Practically Chebyshe polynomialsshouldbe evaluatedusingClenshav’s recurrencdormula(NR §5.5):

dj = 2[1]dj+1 - dj+2 + Cj (34)
f(I) = I * d1 — d2 + 1/200 (35)
(36)

It shallbetheresponsibilityof the userto corvertthedomaininto therange—1 < x < 1.

1.1.7.1 Multi-dimensional polynomials

Multi-dimensionalpolynomialsshall be composeddf multiplicationsof 1D Chebyshe polynomials,with the
coeficientsstoredin tensorsof theappropriateank.

1.1.8 (Fast)Fourier Transforms

(Fast)FourierTransformgFFTs)shallbeimplementedisingthe Fastest Fourier Transformin the West (FFTW)
library.

1.1.8.1 FFTW Plans

FFTW requiresthe userto createa “plan” for eachtransformsize,thetime to createwhichis afunctionof the
desiredspeedof the transform— fastertransformsfor a given size (andmachine)may be performedif more
timeis spenttestingplans.
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In thePan-STARRSIPR we will wantto performFFTsonimagesof commonsizes(e.g.512 x 512) regularly.
This meansthat we would gain from determiningan FFTW plan for eachof thesecommonsizes. FFTW
providesa binary, fftw-wisdom  which may be usedto generateand save “wisdom”. The location of the
wisdom file will be specifiedasa configurationvariablefor the IPP (defaulting to /etc/fftw/wisdom ).
Thewisdom shouldbereadin uponinitialisationof the PSLib FFT functionsandsasedat the conclusion.

1.1.8.2 Function mapping

Theforwardandreversetransformscall the correspondindg-FTW functionto planthetransform:

PSLibfunction Major FFTW call
psFFTForward() fitw_plan_dft_r2c_2d()
psFFTReverse() fftw_plan_dft_c2r_2d()

Theseplansshouldbe formulatedusingthe FFTW_ESTIMATHlag, which will allow FFTW to default to a
minimal planningtime if the wisdomhasnot beenloaded. Transformsshouldbe performedout of placeto
avoid theneedto padtheinputarrayto hold the output.

1.1.8.3 More Complicated Functions

psFFTCrossCorrelate() and psFFTConvolve()  both involve multiplication of two Fourier trans-
forms. In the former, thefirst Fouriertransformis multiplied by the complex conjucate of the second~ourier
transformto yield the Fourier transformof the cross-correlatioNR §13.2). In the latter, the two Fourier
transformsaremultiplied directly to yield the Fouriertransformof the convolution (NR §13.1).

If the elementof the discreteFouriertransformare Cy, thenthe the elementsof the power spectrumare (NR
§13.4):

Py = |Co|*/N? (37)
P, = (|G +|Cny?) /N (38)
Pxjy = |Cnp|” /N? (39)

(40)

wherej =1,2,...,(N/2-1).

Notethatwe leave theissueof “windowing” the dataup to the caller, andchooseo normaliseby 1/N?2.

1.2 Astronomy Utilities

Most of the astronomyutilities will be implementedthroughwrappingthe SLALIB Positional Astronomy
Library.

IPPADD 11 Septembed, 2004



Pan-STARRSImageProcessindPipeline PSDC-430-006-06

1.2.1 Time

Correcttime representatiors critical in astronomicakoftware. PSLibusesthe psTime structureto represent
timevalues.This structurerepresentatime whichis consistof secondsandfractionsof seconds$n atime sys-
temdefinedby thepsTimeType elementype . Two possibletime systemsarecurrentlyavailable: TAI and
UTC. Both aredefinedin termsof the referenceepoch1970-01-01T00:00:004ut with minor modifications
for leapsecondssneededThefirst represenatatioAl (InternationalAtomic Time), hassecond®f uniform
lengthandnoleapsecondsTheexactzeroreferencas 1970/01/01,00:00:10TC. Thesecondepresentatiois
UTC, which hassecond®f uniformlengthandleapsecondsasneededo adjustit to remainwithin 0.9seconds
of the Earthsrotation. It hasa zero-pointof exactly 1970/01/01,00:00:00TC.

1.2.1.1 Coordinated Universal Time (UTC)

CoordinatedJniveral Time (UTC) is a systemof time with Sl lengthsecondsut attemptgo staywithin 1sof
UT1. Thisis doneby the insertionof leapsecondvhenerer UTC-UT1 > 0.9s. By definition UTC-TAI is an
integernumberof secondsUTC wentinto effecton”1972-01-01T00:00:00andis definedasbeingTAI-UTC
= 10sonthatdate.For datesprior to 1972-01-01a fixed offsetof 10srelative to TAI will beassumed.

UTC = TAI — 10s — leapseconds (42)

Leapsecondaredeclaredy theInternationaEarthRotationandReference&SystemsService(IERS).Leapsec-
ondsonly occurin the UTC time systemand cannotbe accuratelypredicteddue to variationsin the Earth’s
rotationalperiod. To determinethe numberof leapsecondn a given UTC datea table of leapsecondasan-
noucedby theIERS mustbe consulted.This tablewill have to beupdatedeachtime anew leapseconaccurs.

For easeof conversion,UTC shouldberepresentedsthe numberof secondsincethe UNIX epochof "1970-
01-01T00:00:00".

1.2.1.2 International Atomic Time (TAI)
InternationalAtomic Time or TempsAtomique International(TAI) is a systemof time definedby the Bureau
InternationaldesPoidset MesuregBIPM) with S| lengthsecondsasmeasuredht sealevel. To corvert from

UTC to TAl addthebasedeltaof 10s andall of theaccumulatedeapseconsincel972-01-0lup until theUTC
datebeingcorverted.

TAI = UTC + 10s + leapseconds (42)

For easeof corversion, TAl shouldberepresenteasthe numberof secondsincethe UNIX epochof "1970-
01-01T00:00:00".
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1.2.1.3 Leap seconds

LeapsecondkeepUTC within 0.9sof UT1. TheoffsetbetweenTAl andUTC mustbelookedup from tables.

Jumpsn the offsetcorrespondo leapseconds.

1972 JUL 1 =JD 2441499.5 TAI-UTC= 11.0
1973 JAN 1 =JD 2441683.5 TAI-UTC= 12.0
1974 JAN 1 =JD 2442048.5 TAI-UTC= 13.0
1975 JAN 1 =JD 2442413.5 TAI-UTC= 14.0
1976 JAN 1 =JD 2442778.5 TAI-UTC= 15.0
1977 JAN 1 =JD 24431445 TAI-UTC= 16.0
1978 JAN 1 =JD 2443509.5 TAI-UTC= 17.0
1979 JAN 1 =JD 2443874.5 TAI-UTC= 18.0
1980 JAN 1 =JD 2444239.5 TAI-UTC=  19.0
1981 JUL 1 =JD 2444786.5 TAI-UTC=  20.0
1982 JUL 1 =JD 2445151.5 TAI-UTC=  21.0
1983 JUL 1 =JD 2445516.5 TAI-UTC=  22.0
1985 JUL 1 =JD 2446247.5 TAI-UTC=  23.0
1988 JAN 1 =JD 2447161.5 TAI-UTC=  24.0
1990 JAN 1 =JD 2447892.5 TAI-UTC=  25.0
1991 JAN 1 =JD 2448257.5 TAI-UTC=  26.0
1992 JUL 1 =JD 2448804.5 TAI-UTC=  27.0
1993 JUL 1 =JD 2449169.5 TAI-UTC=  28.0
1994 JUL 1 =JD 2449534.5 TAI-UTC=  29.0
1996 JAN 1 =JD 2450083.5 TAI-UTC=  30.0
1997 JUL 1 =JD 2450630.5 TAI-UTC= 31.0
1999 JAN 1 =JD 2451179.5 TAI-UTC=  32.0

S +
S +
S +
S +
S +
S +
S +
S +
S +
S +
S +
S +
S +
S +
S +
S +
S +
S +
S +
S +
S +
S +

(MID
(MID
(MJD
(MJD
(MJD
(MJD
(MJD
(MJD
(MID
(MID
(MID
(MID
(MID
(MID
(MID
(MID
(MID
(MID
(MID
(MID
(MID
(MID

41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.
41317.

e e e e e e e e e e e S S S e e S N N

XXXXXXXXXXXXXXXXXXXXXX

DO OLOHLOHLOOLOOLOOLOOOOOOnOnnn

For the presentime, it shouldbe assumedhatthis tableresideson local disk in a known location(i.e., there
is no needthat it is downloadedfrom the internetby PSLib). Later, the location of this file will be made

configurable.

This datais availablefrom ftp://maia.usno.navy.mil/ser7/tai-utc.dat

1.2.1.4 Gregoriandatesto seconds

Thebelow algorithmcorvertsfrom Gregorian-formattediatesto secondsincethe UNIX epoch.

Given year, month, day.

### Make month in range 3.14 (treat Jan & Feb as months 13.1 4 of prev year):

if ( month <= 2 )

{
year -= ( temp = ( 14 - month ) / 12 )
month += 12 * temp

}

else if ( month > 14 )

{
year += ( temp = ( month - 3 ) / 12 )
month -= 12 * temp

}

### make year positive
if ( year <0)
{

day -= 146097 * ( temp = ( 399 - year ) / 400 )

year += 400 * temp
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### add: day of month, days of previous 0-11 month period that began
### w/March, days of previous 0-399 vyear period that began w/March
### of a 400-multiple year), days of any 400-year periods befo re
### that, and 306 days to adjust from Mar 1, year O-relative to Jan
## 1, year 1l-relative
day += ( month * 367 - 1094 ) / 12 + year % 100 * 1461 / 4 +

( year / 100 * 36524 + year / 400 ) - 306

unix = ( ( day - 1) * 86400 ) - 62135596800
utc = unix - leapseconds(unix)

To gotheotherway:

unix = utc + leapseconds(utc)
day = ( unix + 62135596800 ) / 86400
temp = 0

### add 306 days to make relative to Mar 1, 0; also adjust day to be
### within  a range (1..2**28-1) where our calculations will  work
#H# with  32bit  ints

if ( day > 2**28 - 307 )

### avoid overflow if day close to maxint
temp = ( day - 146097 + 306 ) / 146097 + 1
day -= temp * 146097 - 306

else if ( ( day += 306 ) <= 0)

temp = -( -day / 146097 + 1 ) ### avoid ambiguity in C division of negat ives
day -= temp * 146097

cent = ( day * 4 - 1) / 146097 ### calc number of centurie s day is after 29 Feb of yr 0
day -= cent * 146097 / 4 ### (4 centuries = 146097 days)

year = ( day * 4 - 1) / 1461 ### calc number of years into the century,

day -= year * 1461 / 4 ### again March-based (4 yrs =" 146[01] days)

month = ( day * 12 + 1093 ) / 367 ### get the month (3..14 re present March through
day -= ( month * 367 - 1094 ) / 12 ### February of following year)
year += cent * 100 + temp * 400 ### get the real year, whic h is off by

if ( month > 12 ) ### one if month is January or February
{
year++
month -= 12

}

Output year, month, day.

(Above takenfrom DateTime.pm (C) 2003Dave Rolsky, availablefrom datetime.perl.org J)

1.2.1.5 Universal Time (UT1)

UnivseralTime is ameasuref therotationangleof the Earth. Whencorrectedor polarmotionit is referredto
asUT1. Thisis distictfrom UTO which doesnotinvolve correctiongor polarmotion. UT1 may be calculated
from UTC throughatablelookup of theappropriatevalueof UTC - UT1.
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1.2.1.6 Julian Day and Modified Julian Day

JulianDay (JD) andModified JulianDay (MJD) areboth continuoudime representationsyith onejulian day
interval having a lengthof 86400TAI secondsMJD is equalto JD - 2400000.5andhasa zeropoint equalto
thatof TAI, while JD hasazeropoint0.5off of TAl. CorversionbetweerpsTime valuesandMJD andJD are
determinedrom:

mjd
id

psTime.sec/86400.0 + psTime.usec/86400000000.0 + 40587.0;
psTime.sec/86400.0 + psTime.usec/86400000000.0 + 2440587.5;

2451545.0 JD = 51544.5 MJD is equvalentto "2000-01-01T00:00:00".

JD = MJD + 2400000.5 (43)

1.2.1.7 Terrestrial Dynamical Time (TDT)

TerrestrialDynamical Time (TDT) is definedas a fixed offset from TAI. Its only purposeas far aswe are
concerneds for its utility in obtainingthe GMST.

TDT = TAI + 32.184s (44)

1.2.1.8 TDT asJulian Centuries sinceJ2000.0

Thealgorithmfor calulatingGMST requiresTDT formatedin Juliancentruiessincethe J2000.0epoch.

_ IDrpr — 2451545.0

u 4
t 36525 (45)
1.2.1.9 UT1 asJulian CenturiessinceJ2000.0
Thealgorithmfor calulatingGMST requiresUT1 beformatedin Juliancenturiessincethe J2000.0epoch.
D — 2451545.
L JDur1 51545.0 (46)

36525

1.2.1.10 GreenwichMean Sidereal Time (GMST)

GreenwichMean SiderealTime (GMST) is caclulatedfrom UT1 and TDT. This algorithmrequiresthatboth
time inputsareexpressedsJuliancenturiessinceJ2000.0.
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Heret, is UT1 expressedn JuliancenturiessinceJ2000.0,andt is TDT expressedn Juliancenturiessince
J2000.0.

GMSTO00(t,,t) = UT1+24110.5493771 (47)
+8639877.3173760 ¢, + 307.4771600 ¢ (48)
+0.0931118 #* — 0.0000062 ¢* (49)
+0.0000013 ¢* (50)

GivesG M ST00 in seconds.

1.2.1.11 Longitude

Longitudesare often expressedn the form of decimaldegreeswhile the algorithm for calculatingGMST
outputsseconds.

1° = 240s (51)

1.2.1.12 Local Mean Sidereal Time (LMST)

Local MeanSiderealTime (LMST) is GreenwichMean SideralTime (GMST) plusthe obserer’s locationin
Eastlongitude. CalculatingLMST requiresthe input of UniversalTime (UT1), TerrestrialDynamical Time
(TDT) andalongitude(measuredeastof Greenwich).

LMST = GMST00(t,,t) + longitude (52)

GivesLM ST in seconds.

1.2.1.13 Polar Coordinates

Thepolarcoordinatesg, andy,, requiredfor SLA_AOPPAandhencethe psGrommit s), maybe calculated
throughtablelookups.

1.2.2 Astronomical Image Manipulations
1.2.2.1 Interpolation

Interpolationis neededn variousimagemanipulationoperationsjncluding rotationandresampling We have
specifieda functionto performthe interpolationusingone of several possibleinterpolationmethods defined
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below. It is importantin the discussionghat follow to rememberthat a pixel with column,rav if i, j has
coordinateat the centerof i + 0.5, 5 + 0.5 and cornerswith coardinatesfrom ¢, j toi + 1,5 + 1. Thus,the
interpolationof a coordinater, y = 5.0,4.0is avaluemidway betweerthefour pixelswith column,rav of (5,4),
(5,5),(6,4),(6,5).

NearestPixel Inter polation (PS.RESAMPLHE-LAT)

In thisinterpolation the valueof the closesipixel is returned.This is equivalentto pixel duplicationor replica-
tion.

Bilinear Inter polation (PS.RESAMPLEBILINEAR )

In this interpolation the valueat the coordinates calculatedusinglinearinterpolationin two dimensiongrom
thefour nearesheighborpixels. Thebilinearinterpolationvalueatacoordinater, y depend®nthefour nearest
neighbormixelsandthefractionaldistancef x, fy of thegivencoordinategrom the centersof thosefour pixels.
Consideffour neighboringpixelsatcolumn,rav of 4, j, i+ 1, j,4,j + 1, and: + 1, 7 + 1 with pixel valuesl; o,
Vio, Vo, Vii. Thevalueatz, y is givenby:

V= Vool = fa) + Viefo) (L= fy) + (Voa(1 = fo) + Vinfa) fy
This expressions moreefficiently evaluatedby factoringandcalculatingthe expresionas:
e = Voo + (Vio — Voo)fe
V=ra+ (Voa+ (Via—Vou)fo — 1) fy

Note thatthe valuesof f, and f, requiresomecare. Givena coordinater, y, the valueof f, is calculatedas
f= —0.5—1int(f, —0.5). Forexample wheninterpolatng thevalueat(5.8.5.2) therelevantneighborpixelsare
(5,4),(6,4),(5,5),(6,5) andthe fractionalcoordinatevaluesf,, f, = 0.3,0.7. Theresultingcoordinatewould
be containedwithin the pixel at column,rav (5,5).

Sinc Inter polation (PS. RESAMPLESINC)

Lagrange Inter polation (PS. RESAMPLE.AGRANGE

1.2.2.2 Image Cuts and Slices

Several functionsspecify operationsvhich manipulatea collectionof pixels to returna statisticon the pixel
collection. In the simplestcase,theseare trivial to define: if the boundariesof the region of interestare
specifiedalong integral pixel coordinatesthenthe pixels usedto measurethe statisticare always an exact

integer. This is the casefor the function psimageSlice  which requiresa startingcoordinatewhich is an
integer anda width in both dimensionswhich is aninteger For the caseof the functionspsimageCut and
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psimageRadialCut , the situationis a bit more subtle. In both of thesecasesthe region is unlikely to
containonly whole pixelsandsomechoicesmustbe made.

Oneposibility whichwe rejectis to identify the fractionalpixelswhich areoverlappedoy the region of interest
and add that fraction of the pixel's flux when calculatingthe statistic of interest. This is computationally
intensive, andnot necessarilyvell definedfor all statistics.

In PSLib,we insteaddentify the pixelsoverlappedy theregion, usethe completesetof pixel values treating
all pixelsequally andrenormalizeasneeded.To performthis, theregion of interestis laid on top of theimage
pixels. Any pixelswhich overlaptheregion areidentifiedaspartof theinput sample.The statistic(ie, sample
mean robustmode etc),is thencalculatednthis collectionof pixels. If theoutputstatisticis anaveragevalue,
the measured/alueis reported.If the outputstatisticis a sumvalue (sumof counts,sumof pixels), thenthe
valueis renormalizedby the ratio of pixels usedin the calculationto the pixel areaof the region of interest.
For example,if the sumwithin a radial apertureis requestedthe circle of the specifiedradiusand centeris

placedonthepixel grid. Any pixelswhichtouchthecircle arethenplacedin alist to be analysedThe statistic
of interestis the measuredor this collectionof pixels. In the caseof a circularaperturewhich is centeredat

the coordinate(2,2) and hasa radiusof 2, the numberof pixels which aretouchedby the circle is 16, while

thetotal pixel areaof thecircle is 12.57squarepixels. In this case the pixel sumis renormalizedoy theratio

(12.57/16.00).

Radial Cuts

Consideran imagewith pixels x;, y; anda referencecoordinater.., y.. We wantto constructa radial cut by
measuringstatisticsfor pixelsin a sequencef radialannuliir, < r < r.. For eachannuluswe needto select
the pixelswhichfall within thisanrulus. The coordinate®f the centerof pixel i, j arei + 0.5, j + 0.5. A given
pixel hasa distancefrom the referencecoordinateof dX = . — i — 0.5,dY = y. — 7 — 0.5. The pixelsto
be usedfor a given radial annulusare all of thosepixels for which r, < /dX? 4+ dY? < r.. Thisis more
efficiently calculatedby comparingthe squareof the radii anddistances.All pixels which satisfythe above
conditionareincludedin a specificannularadius.All averagequantitiesarecalculateddirectly from the pixel
ensemblestatistics.

Arbitrary Linear Cuts

Selectthe pixelswhich lie alongaline following stepsof 1 pixel length:

dX = xe - xs;

dy = ye - ys;

L = hypot (dX, dY);

dX = dX / L;

dy = dY / L;

REALLOCATE(xvec[0].elements, float, MAX (L, 1))
REALLOCATE(yvec[0].elements, float, MAX (L, 1));

L;
L;

xvec[0].Nelements
yvec[0].Nelements

V = (float *)buf[0].matrix.buffer;
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for (i =0; i <L; i++) {
Xi = xs + i*dX - 0.5
yi =ys + i*dY - 0.5;
xvec[0].elements]i]
yvec|0].elements]i]

i;
V[xi  + Nx*vi];

1.2.2.3 Image Rotation
Imagerotationcanbeperformedn two possiblevaysunderdifferentcircumstancesgdentifiedin thefollowing
discussion.

In the simplestcase therotationangleis aninteger multiple of 90 degrees(r/2 rad). In thesecasestheinput
andoutputpixels have a one-to-onemapping. If the inputimagehasdimensionsof N,, N,, thenthe output
imagewill have dimensionsf either N, N, (for evenmultiplesof 90 degrees)or N, N, (for oddmultiples).

If theangleof therotationis nota multiple of 90, thenthe outputpixelsnecessarilyesultfrom theinterpolation
of severalinput pixels. In this case for aninputimageof dimensionsV,, IV, androtationangled, the output
imagehasdimensionsLz = | N, cos 0| + | N, sinf| andLy = |N, sin 6| + | N, cos 6|, eachdimensiorrounded
upto the nearestntegerasneededEvery pixel in the outputimageis in generalderivedfrom aninterpolation
over 4 neighboringpixels. The coordinateof a pixel in the outputimage(i, j) correspondso a fractionalpixel

coordinatgx, y) in theinputimageaccordingo:

x = (i—1,) *cost+ (j — jo) *sinf
y = (ip— 1) *sinf + (j — j,) * cos @

wherethe offset coordinate(i,, j,) dependson the sign of the sine of the angled. If the sign of thatsineis
positive, the offsetcoordinates (/V, sin 6,0), otherwiseit is (0,— NV, sin 0).

1.2.3 CelestialCoordinate Conversions

Changedetweensphericalcoordinatesystemgie, Ecliptic, Galactic,andICRS, or Celestial,coordinates)s
equivalentto arotationin 3D. Giventwo coordinatesystem, § and¢, 6 which differ by only a rotation,the
transformatiorbetweerthesetwo systemsaredefinedby thefollowing threeparameters:

¢ o, : thelongitudeof thetargetsystempolein the sourcesystem
¢ J, : thelatitutdeof thetargetsystempolein the sourcesystem.

e ¢, : thelongitudeof theascendingnodein thetargetsystem

Notethatd,, thelatitudeof the sourcesystempolein thetargetsystemjs equalto 6, by symmetry

Therelevanttrigonometricrelationshipsare:

sinf = sindcosd, — cosdsind,sin(a — ;) (53)
cosfsin(¢ — ¢,) = cosdcosd,sin(a — a,) +sindsind, (54)
cosfcos(p — ¢,) = cosdcos(a— a,) (55)
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andfor theinversetransformationsthe equvalentrelationshipsare:

sind = sinfcosd, — cosBsind,sin(¢ — ¢,) (56)
cosdsin(a — o) = cosfcosd,sin(p — ¢,) + sinfsind, (57)
cosdcos(a —ay) = cosfcos(p— ¢,) (58)

Sinced andé have domainsof —7 /2, /2, thevalueof theseanglesarefoundby applyingthearcsinto thesine
of theseangleg¢ = arcsin sin ¢) whichis alwayssingle-\aluedanddefined.Thevalueof o — oy, maybefound
fromatan2(y,x) ,wherey = cosdsin(a — o) andz = cos d cos(a — a,); andsimilarly for ¢ — ¢,,.

1.2.3.1 Galacticto ICRS

Theappropriatevalues,from the Hipparcosand Tycho Cataloguesire:

a, = 282.85948° (59)
5, = 62.87175° (60)
¢, = 32.93192° (61)

(62)

1.2.3.2 Ecliptic to ICRS

Theappropriatevalues,from Zombeck are:

a, = 0° (63)
5, = 23°27'8".26 — 46".845T — 0".0059 T + 0".00181 T* (64)
¢p = 0° (65)

whereT is thetime in Juliancenturiessince1900.

1.2.3.3 Precession

Theappropriatevalues,from Elixir, are:

a, = 90°— (0°.6406161 T + 0°.0000839 T + 0°.0000050 T*) (66)
5, = 0°.5567530T —0°.0001185 72 — 0°.0000116 T* (67)
¢, = 90°+0°.6406161 T + 0°.0003041 7% + 0°.0000051 T (68)

whereT" is (MJID,..— MJD,,)/36525 is the differencebetweerthetwo epochsin Juliancenturies.
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1.2.3.4 Suggestedestcases

(e, 0) = (0°,0°) transformgto Galacticcoordinateg/, b) = (96.337272°, —60.188553°), and Ecliptic coordi-
nates(\, 5) = (0°,0°).

(e, 0) = (0°,90°) transformgo Galacticcoordinatesgl, b) = (122.93192°, 27.12825°), andEcliptic coordinates
atJ2000.0l.e., 7 = 1), (A, 3) = (90°, 66.560719°).

(o, 0) = (180°,30°) transformgo Galacticcoordinateg/, b) = (195.639488°, 78.353806°), andEcliptic coor
dinatesat J2100.00.e., T = 2), (A, 3) = (167.072470°, 27.308813°).

For eachof theabove inputcoordinatesprecessingrom J2100to J1900givesthefollowing outputcoordinates:
(357.437°, —1.113°), (358.719°, 88.886°) and(177.423°, 31.113°).

1.2.4 Projections

We implementthreetypesof projections:zenithal, cylindrical and pseudocylindrical, eachrequiringslightly
differenthandling. Our representationarebasedon the treatmentf projectionspresentedy Greisen& Cal-
abretta(1995,ADASS, 4, 233). In all of theseprojectionswe arecorvertingfrom asphericacoordinatev, 6 to
alinear(2-D) coordinater,, y,. The projectionis definedby the projectiontype, the projectioncenter(c,, 9,)
andthetheplatescalesn thez, andy, directions(p,, p,).

In the structure, psProjection , the projectiontype is definedby the elementtype , the projectioncenter
a,, 0, is definedby the elementsR,D, andthe platescalesp,, p,, aredefinedby the elementsxs,Ys . The
platescalesareappliedindependentlyto the z andy coordinatego corvert themto the correspondingdinear
units (ie, pixels):

Tp = g (69)
Yp = PyY (70)
(71)

In thediscussion®elow, we ignorethis laststep(or first step,dependingpn the directionof the corversion).

1.2.4.1 Zenithal Projections

The zenithal projectionsare definedrelative to a setof sphericalcoordinateswith pole at the centerof the
projection(w,, 6,), andwhich thusrepresents coordinatesystemrotatedrelative to the coordinatesystemof
«, d. In thissphericakoordinatesystemthe coordinateof longitudeis labeledy, andhasdomainof —7 < ¢ <
7, While thelatitude,measuredrom the pole,is labeledd andhasdomain0 < 6§ < «. Thecoordinaterameof
¢, 0 is definedsothat¢,, thelongitudeof thetargetsystempole,is 0.0.

For an arbitraryprojectioncenter it is necessaryo convert the sphericalcoordinatego be projected(a, §) to
the projectionsphericalcoordinatesystemcoordinateq¢, #). In practice,we constructthe following useful
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trigonometricrelationshipsetweeny andf which maybeemployedin theequationof =, y below:

sinf = sindsind, + cosd cosd, cos(a — ) (72)
cosfcos¢p = sindcosd, — cosdsind, cos(a — ay) (73)
cosfsing = —cosdsin(a— ay) (74)
For theinversetransformationsthe equvalentrelationshipsare:
sind = sin#sind, + cosf cosd, cos ¢ (75)
cosdcos(a — ) = sinf cosd, — cosfsind, cos ¢ (76)
cosdsin(a —a,) = —cosfsing (77)

For zenithalprojectionsthelinearcoordinatesrerelatedto ¢, 6 by:
r = Rpsiné (78)
y = —Rgcoso (79)
andtheinverse:
Ry = a2+ (80)
¢ = arg(—y, ) (81)
Thecoordinates:, y above aredefinedto bein angularunits(ie, radians).

Fromtheserelationshipsye cancalculatex, 6 as:

a—q, = arctan(sina, cos ) (82)
0 = arcsin(sind) (83)
(84)

Notethatif (z,y) = (0,0), thena = «a,, 6 = 6.

Gnomonic

The Gnomonicprojection(*“TAN”) is a zenithalprojectionwith Ry = cot 6. The resultingrelationshipsor
(x,y) andfor sin 6, cos § are:

cos fsin ¢

r = —— (85)
sin 6
—cosfcos o
y = ————— (86)
sin 6

sinf = ¢/\/1+C2 (87)
cos = 1/4/1+4 ¢ (88)

(89)
where( = 1/Ry.
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Orthographic

The Orthographigorojection(“SIN”) is a zenithalprojectionwith Ry = cos 6. Theresultingrelationshipgor
(x,y) andfor sin 6, cos  are:

xr = cosfsing (90)

y = —cosfcoso (92)
sinf = 4/1— R? (92)
cos = Ry (93)
(94)

1.2.4.2 Cylindrical and Pseudocylindrical Projections

Thecylindrical andpseudocylindrical projectionsaredefinedrelative to a setof cylindrical coordinatesvhose
poleis coincidentwith the poleof thesphericakoordinatesTheseprojectionsareparticularlyusedfor full-sky
representationsgndareonly definedfor projectioncenterswith 6, = 0. In this sphericalcoordinatesystem,
thecoordinateof longitudeis labeledy, andhasdomainof —r < ¢ < 7, while thelatitude,measuredrom the
pole,is labeledd andhasdomain0 < 6 < 7. The projecion centerlongitude,c,, corresponds$o ¢ = 0, thus
thevalueof ¢ is determinedasa — «,, for all suchprojections.

Cartesian

The Cartesiarprojection(“*CAR”) is a very simplecylindrical projectionwith the following relationshipse-
tweenz, y andg, 0:

xT = ¢ (95)
= (96)

)

Mer cator

TheMercatorprojection(*“MER?”) is a cylindrical projection.

r = ¢ (97)
= In(tan(w/4 4 60/2)) (98)
and 0 = 2arctan(e¥) — /2 (99)
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Hammer-Aitoff

The HammerAitoff projection(AIT”) is a pseudoglindrical projection,andis defined:

x = 2(Ccosfsin ? (100)
y = (sinf (101)

g ol ¢
where (T = 5 1 4 cos 6 cos 5 (102)

And in reverse:

¢ = 2arctan(2z® —1,z2) (103)
0 = arcsin(yz) (104)
where z = 11— (2/2)2—? (105)

Parabolic

TheParabolicprojection(*PAR”) is a pseudoglindrical projection,andis defined:

r = ¢(2005230—1> (106)

.0
y = 7TSID§ (107)
(108)

And in reverse:
§ = 3sin"'p (109)
x

¢ = [y (110)
where p = y/m (111)
(112)

1.2.5 Offset
Coordinateoffsetscanbe eithersphericabffsetsor linear offsets.

IPPADD 24 Septembed, 2004



Pan-STARRSImageProcessindPipeline PSDC-430-006-06

A sphericaloffsetis performedby addingthe componentof the offset, after unit corversion,to the given
position. Theresultingcoordinatesnustbe wrappedo within theallowedrange(— to «, 0 to 27).

A linear offsetis definedto be a linear offsetin a tangentprojectioncenteredon the startingcoordinatewith
y axis alignedwith the local direction or increasingDeclination. This projectionis undefinedonly for the
coordinatesexactly at the north and southpoles,in which casethe orientationis definedto have the y axis
parallelto theline of RA = 0.0. The scaleof the projectionis 1.0 (ie, 1 'pixel’ is 1 radian)andthe givenoffsets
mustthe scaledbasecdn the givenoffsetunits.

Pseudo-cod& implementtheabove for anoffset:

psSphere *psSphereSetOffset (psSphere  pos, psSphere offset) {
psPlane lin;
psSphere new;
psProjection proj;
projR = pos->r;
proj.D = pos->d;
projX = 0;
proj.Y = 0;
proj.type = PS_PROJ_TAN;
lin.x = offset.r;
lin.y = offset.d;
new = psDeproject (&lin, &proj);

return  (new);

1.2.6 TangentPlaneto Sky

Mappingsbetweerthetangentplaneandthe sky will beimplementedisingSLALIB.

To speedup thetransformationsSLALIB allows the storageof “apparent-to-obsendparameters™which will
becontainedn apsGrommit . ThepsGrommit consistof thefollowing:

geodetidatitude(radians)
sineandcosineof geodetidatitude
magnitudeof diurnalaberratiorvector
height(metres)
ambienttemperaturédegreesK)
pressurémB)

relative humidity (0-1)

wavelength(um)

© ® N o o0 b~ w0 bR

lapserate(degreesK permetre)

IPPADD 25 Septembed, 2004



Pan-STARRSImageProcessindPipeline PSDC-430-006-06

10. refractionconstants\ andB (radians)
11. longitude+ egnof equinoxes+ “sidereal A UT” (radians)

12. local apparensidereakime (radians)

Thesemaybecalculatedusingsla_ AOPPA. NotethatapsGrommit is only appropriatdor asingleexposure.

Oncethe psGrommit hasbeencalculated the functionssla_ OAPQK andsla_AOPQK corvert from the
tangeniplaneto the sky, andthe sky to thetangeniplane respectiely. (Note that“obsened”in SLALIB refers
to thetangenfplane,and“apparent’refersto the apparenpositionon the sky.)

1.2.7 The One-to-Many Problemwith Mosaic Cameras

The Pan-STARRS focal planeconsistsof several chips,sowe will oftenwantto identify which chip a source
lies on,whenwe know the coordinatesn thefocal plane.This is anexamge of the one-to-mawg problem(one
coordinatemary chipsthatit maylie on).

If this needdo berepeatedor only one(or asmallnumberof) focal planecoordinatesthenthefastesimethod
is to simply convert the focal planecoordinatego chip coordinatedor eachof the chips, and determinefor
which of thechipsthe chip coordinatesrevalid (i.e. on thechip).

Ontheotherhand,if thisneeddo berepeatedor mary sourcefocal planecoordinatesthenit is mostefficient
to corvertthe centersof eachof the chipsto coordinate®n thefocal planeandto usethedistanceof thesource
to eachof the centerdo optimisewhich chipsaretestedirst. This sazestestingmary chipsfor every source.

1.2.8 General Astronomy Functions

Theairmasss calculatedusingthe SLALIB functionsla_AIRMAS .
Theparallacticangleis calculatedusingthe SLALIB functionsla_PA .

To calculatethe parallaxfactors,get the mean-to-apparerarameers (sla_MAPPA) for a meanepochof
2000.0,and,giventhe meanpositionof interest,calculatethe apparenposition(sla_MAPQK) for a parallax
of 1.0arcsed«y, 0,), andaparallaxof 0.0 arcsed «y, dp). Thenthe parallaxfactorsin radiansare:

P, = 3,600(180°/7)(c; — ag)cos(do) (113)
P, = 3,600(180°/7)(8; — b) (114)

1.2.9 Positionsof Major Solar SystemObjects

TheSLALIB functionSLA_RDPLANeturnstheapparenpositionof a specifiedplanet,or the Moon.

To calculatehepositionof theSun,usesla_EVP to getthepositionof theearthrelativeto the Sun,andcorvert
from the cartesiarcoordinatego sphericalusingsla_DCC2S, andcalculatethe positionon the oppositeside
of thespherda — « + 12hrs andd — —9).
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1.2.10 Missing and Todo

[define SINC, LAGRANGE inter polation]

[define sunrise,sunset,sun position]
[definemoonrise,moonset,moon position, moon phasqg
[define planet functions]

[cleanup FITS 1/O issue$

[define Brent's method & minimization bracketing]

A Changelog

A.1 Changesfrom version 06to version 07

¢ Reworkeddiscussioraboutlookuptablesfor psTime .

e Moveddiscussiorof lookuptablesfor AUT, z,, andy, into the SDRS,alongwith morethoroughspeci-
fication.
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