‘”“tﬂ INTEGRAL *§E lsszlu-;\/.lU-O-:lgGZVS-cNEs
Nes SPECTROMETER Date  : 2802002

v PageNo. : ANX9-1
CENTRZ VATIUNAL D'ETUCES tPATIA:b

ANNEX9

PSD DESCRIPTION SOFTWARE




INTEGRAL Lo SP-MU-0-1062V3.ONES

‘”lwl Revision
CNES  SPECTROMETER e

CENTRZ NATIENAL JETUDES *PATIN.Zh

;0
. 28/02/02
: ANX9-2

SPI-NT-4232-4194-CESR
Ed.2 Rev.1

PSD Software Description

Jiirgen Knodlseder

April %, 2041

1 Scope

The scope of this document is to provide a description of the software that is implemented in the FSD FM subassembly
of the INTEGRAL spacecraft. 1L describes the scientific analysis algorithm and explains its implementation in the form
of 8 DSP ssmembler code. It also defines the interface between the scientific code and the functional code [called hereafter
wngl.

2 BSoftware changes

This document describes the soentific software version 1.07. The followang sections summarise the softwares chansea with
respect o precedent software versions.

2.1 Changes with respect to V1.06

+ Conform Lo annex 21, only the thres least significant Bits of the first of the four ibrary selection parameters [Byte
3 for channel 9) are used for library set selection.

# The baseline running averages are copied in the corresponding memory blocks of the eang code (using the Lib_status
field. They are now accesible in the housskeeping telemetry.

# The pulse_thresheld parameder was deleted from the library parameter block. In V106, the pulse pesk height
was required to exceed pulse threshold in order to be analysed, This test was removed

+ A condition was added [replacing the paise_threshold test) that verifies that the pulse ares s comprised within a
lower and & upper limit (minpulse and saxpulse, respectivaly). Corresponding boundary parameters were added
ta the library parameter block.

# The amaller pulse threshald parameter mazxthres was split-up into two parameters naxthraaneg and maxthrespos
that allow for different discrimination parameters for negative and positive peak spacing. 10 new parsmeters were
introduced in the library parameter hlock.

3  Formulation of the PSD algorithm

The PSD sabassernbly of the SPI telescope aboard the INTEGRAL spacecraft consists of an onboard characterisation of
detector current polses aiming in the reduction of instrumental background. The characterisation 1s done by a comparison
af a measured pulss shape with a library of reference pulse shapes thal bave been determaned during a calibration phase
|either ground or inflight calibeation). The comparison 18 based on & bel goodpess-of-fit test that determines the best
fitting linear combination of two reference pulses under the constraint that the totsl area under the measured pulse equals
the total aren under the pair of refrence pubses’ . Further, the amplitede of both pulses is constrained to be positive,
*Centre 4'Etude Spatiale des Rayonnements (CNRS/UFS). 9, avesve du Colonsl Roche, B, 4346, 31028 Tewlousa Cedex 4, FRANCE

! Tata with an unconskrained weraion aof the goodness-of-it tred have sthown no differescn in e resulting PSD efBizney, hance the pules
amea constraind can be comidered as valid.
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hence the refative amplitudes o and 1 —a of the first and the second reference pulse, respectively, lies in the interval 1o, 1)-

In arder to aveid testing all possible combinations of two refersnce pulbses, a bwo step approach has been designed, In
& first step, only & single reference pulse is fitted to e messured palss in order to determine the first order best fitting
template. [n & second step, & pair of reference pulses is fitted to the messured pulse where the pesk position [i.e. the
time-to-peak or TTF wvalue) of the primary pulse varies within £2 hing {i.e. £30 ns) around the best fitting single pulse
peak position, while the peak position of the secondary pulse runs through all available reference pulses®,

In the following, the mathematics of the fitling procediures s described and possible simplificatsons leading to an
efficient eoding are cutlined.,

3.1 Fast single pulse fitting
For a single reference pulss the ¥ goodpess-ol-fit test reduces to the evaluation of

X=x ¥ - (1

simee both f; and o are assumesd to be normalised Lo unity. o s the poise sstimate in the observed pulse, but since we
are only imterssted in the best-fiting template for & given measured pulss o s constant and hence ool of interest when
searching the minimum of y*. Equation | can be further simplified by removing the constant leading term, resulling in
a madified y* statistics

Xaa = 3 Fifi = 2fiei 2

Mote that only the term fiei depends of the messured pulse whale f f; can be pre-calculated af initialisation.

1.2 Fast double pulse fitting

Fitting of a linear combination of two reference pulses f; and g; is done by minimisation of
1 5= 3
Jr2=F}l_,ll-!.—'r.r.J’s—[l—rltrfl;i'i!lJ {3

where o 18 the nose estimate, o 5 the messured pulue 5]1.:|_:|e, and & 1= the relative puls= a.mp|:ilun:h=. called alsa the MiXing
parameter. Note that in thie formulation it is sesumed that the sress of the pulss shape & and the library templates f;
and g; have been normalised to wnity

T minimise Eq. {4}, the derivate is caloulated and set to gero. The mixing parameter o that fulfils this constraint is

then given by
o I I T N e Y L g I
Effit Em =23
T find the best fitting pair |, 9] of templates the minimam 7 i searched, Again, the best fitting pair is determined
by a pelative comparisen, hence constant terms can be omitted and the madified v7 statistics

XKoo = ¢ [~ 20fici — 21 — algic; + a®fi fi + 2ol — o) figi + 11— o) g i5)

i)

may be wsed. Using the definitions
"=—EI:E-+EI-=-—EQ.=.+EQ._¢: (6]

and

d= Zﬁrr+2_yrgr-zi_jm. i

the minimisation procedure redoces to the following scheme

¥ hax been o mbed that hizg 3% bins 4 the peak of the besl Btting single pulse is sufcient ased increasing of the search
region diees sol lesd (o an improvement of the P50 efficiency.
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+ Evaluate n
# Evaluate o = nfd
s Evaluate 7, = 5; [of = Ime; = an]

The denominstor d and 5, ¢F do net depend on &, benee may be pre-caleulated al initialisation. The last squation can
be understond by considering that

Mot = 3 [=Eafiny = By b Zugie + ol f} 4 2o e - 2ot figi + gf — Dol + 0¥l
F

Z [II-: — Bgyes + 2o (mey + fime — i —0?) + 0 (7 — 2 +!|'|?]]

57 [of - 2mes — 2an + o)

E- [g,’ - dguey — dan + nn]

T

Z [#7 = 2gie: = an] (8]

Note thet o = nfd, i.c od = &,

4  PSD software interface definition

The PSD cnboard software consists of twoe major packages:
o the functional eoftware {engh
® the scientific sofiware [scienca)

The functional softwars [.lmvi.d.u all code that handles the PSD inleclaces [debew.—ln-r signa]u, telscommands and kouse-
keeping via LSL, analysis telernetry via HSL, Veto aignal, DFEE ideotifier and time-tag). It provides the main loop of
the PSD subassembly, allows for the configurational contrel of the system, identifies the detector sagnals Lo be analysed,
accumulates detector pulse shapes and schedules them for scientific analysis, gathers scientific snalysis results and puts
them ioio the telemetry, and collects statistics on the PSD performance

The scientific software provides all code thet anslyses s measured pulse shape in order Lo discniminate single-site
interactions from multiple-gite events. Additionally, it hendles the uplosdable library templates and the wriling of the
EEPROMs. The interface between ang and science is done via four subroutine calla:

s analinit : initialises the scientific analysis package

» anal : seientific analysis routine called for each event

« addlibrary @ adds a library template to memory

» correlate : pre-calculates library dependent constants

In the following, the interfaces betwesn eng and the four scientific subroutines are defined in detail. Within the
subroutines, all DSP32C registers except of 14 and ri8 may be nsed. ri4 is a stack pointer that my be ased by any code
fragment for temporary parsmeder storage while 18 holds the retuen address of the subroutine calls. Dhuring addl ibrary
and correlate errors may occar due to improperly specified parameters (owt of boundary, ete. ). These errors are signalled
wia an error code to the user (see section 9.3). Note, that multiple errors may occur during the execution of eerrelate
where the actual error code that is accessible vin the hossekesping command Oxl3 is the last error that occorred

4,1 analinit

This subtouting is called ab power-up or reset [TBC) of the PSD system. It should perform actions that are only needed
cnge during the code execation, Consequently, caleulations done in this routine cannot depend on configurable pararmetors.
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4.2 anal

This subroutine is called omee for esch messured pulse shape that should be analysed by the PSD subassembly, All
information concerning the pulse shape i stored by eng in a structure of 260 Bytes length. The pulse shape itself is
encoded as 86 146 bit integers, preceded by 4 18 hit words that contain

« the event identifier, including the detectar mumber

o amull word Jset to 0]

e the PSD informetion word, initislly set to the PSD energy value

» the P50 energy valoe {ised for energy disceimbnation by the eng software

A pointer stored in the variable rawevent poants Lo the first 16 bit integer of the pulse shape {and NOT to the beginning
af ihe 2508 Byie structurs)

The result of the scientific P50 analysis s banded back to the eng software via the PSD} information word, Only
the most :si;niﬁ.r.mr. bat {bat 15) of this word will be interpreded by the eng software (and all other software aboard of
SPL/INTEGRAL) in order to update FSD sebection statistics. ‘The 15 remaining bits {hit 14 - bit () contain the result of
the scientific analysis in a compressed format (see section 5.7.%) and will only be apalysed on ground.

4.3 addlibrary

This subroutine is called after a complete set of library upload commands have teen peceived by the PSD subassombly
{configuration commands Dxlb-0x11}. The data interface between eng and science is implemented vin a data structure
that consists of the ollowing fislds:

s libloaddetector : 16-bit word that holds the detector number

# libleadcurve ; I-hit word that bolds the template curve number

& libleadset © 16-bit word that holds the hibrary set mumber

» libleadlength « [6-bit word thet holds the number of 32-bit words that shoold be upleaded

= libvleaddazs : G4 32-hit words to upload

Library date sre floated by addlibrary and then copied to EEFROM via the EEFROM burning routine sserite that
s also part of the scientific software package.

Curve number 2535 (or Oxif] is a special curve that bolds P50 algorithm parameters as spectfied in section 7. Thess
parameters are checked and also stored in EEPROM together with some derived parameiers.

4.4 correlate
This subroutine is called at the following sccasions:
a after initialisation of the system (after analinit)
# after a change of the library selection and control ssttings (any of the configuration commands 0x07, 0x08, Ox09)

Thiz routine pre-calculates terms used for the scientific analysis that are nol dependent of the messured pilses, such &8
normalised templates, inoper products betwesn and among templates, and the denominators used for fast double pulse
fitting, These terms are calculated from the library templates in EEFROM and stored in BAM for fast memory access
(henee EEPROM is nod accessed during indaridual puls= ana|}':|5:l. Since each detector has its own library, each detector
aksa hins its own precaloulabed arrays.
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5 PSD algorithm implementation

As illustrated in the abowe section, the calculatsons required for the pulse shape discrimination can be separated in
pre-calculated terms and terms that have 1o be calculated for each pulse. This separation minimises the prmml“ Lime
required for each pulse but demands a considerable amount of memory for the storage of pre-caloulated valees, Pre-
caleulated Lerms depund D.I1.|_5' an Lhe li.bmq- Leum p|a[eu and on the number of bins in a beqnp]a.le. 1.'|:u-._'f are calcalated
during & cpll to correlate. The remaining terms that depend on the messured pulse are calculated during scientific
analysis {call to anal).

The scientific PSD algorithm consists of six sections {labelled step 0-3):

I : algorithm parameter initialisation

| pulse preparation

2 ; pulse filtering

1 : caleulation ol inner p.ru-sll.n.'l.u and amgﬂu '|:-|.|.|u ﬁlilng

4 ¢ double pulse fitting

b | pulse shape discrimination
All 6 steps are coded as separate subrouatines and may be replaced inflight by memory uploads. In the fllowing, these 6
steps are described bn detail. Alerwards, the algonthm implementation of the remaining subroutines = given
5.1 B8TEP 0 : Algorithm parameter initialisation

The following tasks are performed in the specified osder:

6.1.1  Pulse parameter extraction

The basic parametors, i@ the deteckor number and the pulse energy as determined by the PSD ADC, are extracted from
the event daka structure. The detector number of stored in the algorithm variable detector, the PED ADH ENETEY i
sorled 1o psd_snergy. The detector number i verified on validity (mumber between 0-18) and the pulse is rejected if an
invalid detector numbser 1s found. Pulse analysis s only continued af a valid library is available for the requested detector

This is signalled by the corresponding Byte im the 1ib_valid array =4 to 1.

5.1.2  Base address determination

The base addresses of the pre-calculated arrays are determined for the requested detector and stored in variables for later
s, This allows for fast pulse fitting and goodness-of-fit testing. The following base addresses are set:

» libbase: Mormalised library templates in RAM
= lxlbase: Inner products among libeary templates
o lxxbase: Inner products betwesn library terplates
» denbase: Denominators for fast pulse fitting
In addition, the following detecior dependent quantities are retrieved:
» walpha: The 1i-bit weighting factor used to convert the second pulse amplitude into an integer value
* addbassavg: The address of the baseline average

= addbagancut! The addresa of the number of baseline outliers
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5.1.3 Head library control and parameter block

The algorithin parameters are exicscted from the library control and parameter blocks, Thess parameters are detecior
dependent and, for the pulse shape discrimination parameters, also energy dependent. The [ollowing parameters are
extracted from the library control Bock:

# o _temp bins: Mumber of bins used for fitting of templates

= n_templates: Number of templates used for fitling

It haa been tested in the correlate subroutine that these parameters fall in the valid range. Oiherwize the library would
b flagged s invalid
The following parameters are exiracted from the library parameter block:

5.

# n.start bins: Number of bins in 'start hlock'

o n_end bins: Mumber of bins in “end block'

time mid: Mean time for late/esrly peak separstion

pulse dur min: Minimum pulss duration

pulse dur_max: Maoximum pulss duration

-

pulse.saturate: Pulse saturation value

inv start bine: 1/n start hins

inw_and bins: 1/n_snd bins

thresh frac: Thrsbold fraction

-

bage this fract: Baseline svernge fraction for actual baseline

-

base_avg fract: Daseline average fraction for baseline average

base_cutlier: Hassline average outhier value

base max outlier: Maximum nomber of subsequent outliers

minbase: Minimum baseline value

maxbase. Maximum baseline value

mippulas: Minimum pulse ares walus

mazpulss Maximoam pulse area valae

2 STEP 1 : Pulse preparation

The fallowing tasks are performed in the specified order:

G.2.1 Pulse floating

The pulss js dif;itiwl with & Bit of resolution by 4 ADCs, The PSID mginmrinx software provides 90 bins for each pulse
to the schentific analysis routine, As first analysis step, these 96 Bits are converted to 98 foating point numbers (4 Byte

each] and stored in RAM. All subsequent analysis is performed on the floated values.
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5.2.2 ADC gain correction

Each of the 4 ADCs may be soltware gain corrected in order Lo compensate for differences in the hardware. For this
purpose ihe Boated pulse shape s iransformed via

pulss, = g, ¥ ramavents; + o (1]

where & = ¢ modulas 4, gu is the gain of ADC k and oy is the offset of ADC k. The gain correction and offset values are
transferred to the PSIY via the telemedry command Gxié which contains a 8-bat field for each gain and rach offset valse.
These fields can be accessed via the ad_of feets field of the engineering code and should be interpreted as 8-bit signed
integers. They are converted to Boating point values nsing

g = 1.0+ GAINSTEP = guing—sq (10

where GATN.STER = 00005 and
oy = OFFSET STEP x of faels_pir {11}

where OFFSETSTEF = 0.06. [(note that GAIN_STEF and OFFSET_STEF are specified at compile time],  All subsequent
pnalyaia is performed on the gain cormected values,

5.2.3 Absolute time-to=-peak

The absolute time-to-peak value is determined by searching the 86 bins of the pualse for the maximuam, The resulting bin
index is stored in the algorithm variahle ATTP. The seazch is broken down in 3 search blacks, called “start block™, “mid
black', and “end block”, Llsi.n.g this approach, the integral of the pulse in =ach of thess hlocks can b= caleulated in parallel.
This integral will be used later for the determination of the baseline. The number if bins im the ‘start block’ and *end
hlack” are configurable in the library parameter block using the paramefers o_start bins and n_end_bins. The number
of heie bin the “mid block® 18 Sjl't‘ll Ll_'.-

¥ SHAPERBINS — n_ start bins — o #nd bine (1)

where W SHAPE BINS is the number of bins in a pulse shape, usually 96 (specified at compile time). The pulse integral
in the three blocks are stored in integral start, istegral mid, and integral end, the todal integral is stored in the
algorithm varnable integral.

5.2.4 Rejection of saturated pulses

The maximum of the gain corrected pulse is compared to a pulss saturation value. I this value is exceeded, the pulse
is rejected s saturated pulse. The pulse saturation value is dekermined as follows: the ADC number for which the
maximum accurred 15 determined by taking the ATTF modulo 4, Le. modubo the mumber of ADCs. An integer pulse
saturation value, given by the variable pulse saturate in ihe library parameter block (typically 510), s converted by
the appropriale gain correction

£ = g * pulse gaturate o oy (1)

in order to obisin the saturation walue in the gain corrected units (this makes pulse saturation tndependent of gain
correction)
The pulse saturation valae is transferred as 8- bat unsigoned integer o Lhe IIIJE-!E,:.' parameter bl

5.2.5 Reject badly truncated pulses

Mext, a test is pesformed on ATTP Lo reject, truncated pulsts. This eliminates pulses for which ATTP = 1 and ATTP =
N SHAPE BINS — | {ususlly 95), ie. the Last bin in the palss
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.26 Baseling determination

The baseline for each pulse is determined from the integral of either the “start block” or the “end Block', stored in
integral start and integral end. Il the pulse peak occurs eacly, Le. ATIP < tinemid, then the rear baseline is wsed
for the analysis, calenlated using

baseline = integral.end ¥ inv_end. bins. (14}

Otherwize (1o Tor ATTP > timemid] the front baseline i& used For the analysis, caleulabed wsing
baseline = integral start = inv_start bins. 115

In order ta reduce the error in the baseline estimation, the baseline i1s averaged cver a number of pulses using exponential

AVEMAEINE
baseling Avg = basaline x base_this fract + basel inl,.n'rg  base avg fract, “ﬁ]

where bazeline avg (s the average baseline of the last pulses for this delector, base this fract is the fraction of the
aclual baseline used For the average, and base avg fract = 1 — base this fract is ils complement. The Ful|uwin$
schere has been adopted Lo remove sutlien from the baseline average: Any baselioe for which

abs[baseline — baseline avg] > base_sutlier (17

is considered ns potential cutlier. If such a pulse oceurs, an outlier counter is incremented, and compared to the maximam
number of allowsd subsequent outliers base max sutlier (lypically 1-2). In case that the counter has excesded the
maximuim it is highly probable that the "outlier” is indeed & real varistion of the beseline, henee it will be inclisded in the
binseline avernging. For such events, and all other non-putliers, the baseline average will be updated weing Eq. 16 and the
putlier counter will be reset to 0. In contrast, baseline outliers will ke rejected from analysis as possible pils-up and will
nod be ipcluded in baseline averaging.

At initialisation (e, in analinit] all baseline averages are set to 0.0 and the number of subsequent outliers is reset
to 0 Thersfore, 8 small number of pulses is nesded to be processed for each detector wotil the basdine averages come
to their nominal value, MNote that the adjustment ko baseline changes according to this schems is expenential with an
adjustient time-scale © proportional to base_avg fract,

Finally, the baseline level is checked against a lower and a opper limit, specified by the Lbrary parameter varinhles
minbase and maxbase. I the baseline bevel viclales one of these limits (i.e. baseline < ninbase or baseline > maxbase]
the pulss is rejected from analysis. Note thet ninbase and maxbaze depend on the gain correction,

5.2.7 Determine and chock not integral
The pulse net integral is determined using
net_integral = integral — basaline x shapebing (18]

This nel integral, which is taken over the entire range of 96 digitisation bins, Is roughly comprised between 0 and 19056
{dependent on gain correction and offset and will be wsed for further snalysia sa rough estimate of the event energy valoe.

net_integral is checked againat a lower and upper threshold (minpalee and mazpulse, respectively] in order to reject
pulses that lie outside the specified snergy rangs. Current timing measarements showed that miughly 180 ps are needed
until this discrimination happens. minpolse and mazpulse are both specified as 16 Bit unsigned integers in the lbrary
parameter hlock
6.2.8 Threshold determination
The pulse threshold is determined using

thresheld = baseline + thresk fract x pet dntegral (19}

where thresh.fract is the threshold fraction specified in the library parametor block, The pulse threshold is saved in
the algorithm varahle threshald.
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5.8 Determine energy dependent parameters

Using met intogral the energy dependent algorithm parameters are extracted from the library parameter block, Thess
are:

w dttpain: Minivourmn time-to-pesk distance for discrimination
* ditpmax: Maximum time-to-peak distance for discrimination
# marchreaneg: Maximum smaller peak threshold for negative peak spacing
« saxthreapos: Maximum smaller peak threshold for positive peak spacing

In the library parameter block, 10 different values are available for 10 different set_integral reference valwes for ench
of the parameters. The energy dependence is resolved by searching the parameter set with the pet_integral reference
value {oF eneTgy reference valur] that a.bsnlul:E:f comes closest to the measared p.,nt_:i.:nt-ng;al value, j.e.

Tty =g 0 [Ehalnet _integral — libparEnergy |} {20)

5.4 STEP 2 : Pulse filtering
The following tasks are performed in the specified order:

G4l Find pulse starttime, endtime, and durstion

The pulse staritime 15 determined by searching from the ATTFP bin down to the first bin with & pule value that falls
belaw the pulse threshold threskeld. The siartibme 15 comprised between 0 and ATTF - | and is stored in the algorithm
variable starttine,

The pulse endtime is dotermined by searching from the ATTP bin up to the first bin with a pulse value that falls below
the pulse threshold threshold, The epdtime is always comprised betwesn ATTP + 1 snd 95 (e, the baat bin) and is stopsd
in the algorithm variahle endtime.

The pulse duration s defined as

duratios = endtime — starttine (21}

abd i stored in the algorithin variable doration. It is comprised belween 2 amd 95

54.2 Verify starttime, endtime, and duration

Frulses with svartvime withio the ‘start block’ start in the baseline, henoe are rejected since they will have a bad bassline.
Pulses with endtime within the ‘end block” end in the baseline and are slso rejected. Pulsas with endtins of 85 (e the
last hin) are also rejected since they might end well below the pulse limit,

The pulst duration {duration) 36 checked against o lower ad & wpper limit, apecified in the library parameter block

by puleedur min and pulse dor max. Typacally a pulse is required bo last at least for 5 bins and ne longer than 80 hins,
Fruless owiside thess limits are rejected.

5.5 STEP 3 : Calculation of inner products and single pulse fitting
The following Lasks are pecformed in the specified order

45,1 Determine number of bins to use

The nominal number of bins to use for the pulse shape analyss is specified in tbe library control block. Typécally, 64 bins
are ssed for the analysis. However, if a pulse appears late in the 96 bins, less than the requested number of bins may be
weailable for the analysis. Thus, the number of bins used for the analysis (o tenp bins] is lmted using

p.temp.bins < man(G4, n_teap bins N SHAFE BINS — starttims). 122)
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O the other hamd, the code needs at least 6 bins for corpect execution, hemos a secomd constraint
f < n_tamp bina 21

2 amposed. [T this second constraint 18 violated the pulss is rejected aa being too short.

5.5.2 Baseline subtraction

For pulse fitling, the baseline = sublracted from the pulse using an wnrolled loop. In order to make the unrolled loop
Bexible for a varisble number of bins, the loop entry point = calculated from n temp bins. The basline subtraciion
algorithm s

pulse, = pulss, — bussline (24)

where starteime < § < n_temp bins + sLarttima

5.5.3 Pulse normalisation
As next step the net pulse integral is calculated using an unrolled loop. The integration algorithm is

= tesp breadrtarttims — 1
net_istegral = 3 pulse,. (25

i=pEarticisa

Mote that pet_integral now overloads the value caleulated carlier {see section 5.2 B). The difference is that in the earier
siep, the integral is taken over the =ntire diglluauun !erl.g'l.h. |I.H-l.|i|“]-' 96 bins) while now the integral is only taken over the
nurmber of bins that are used for the fitling (typically 44). In general the difference between both integrals should be small
=oce DL‘!TI:I'I.H.!I}' lh! -I-'jdiLJIJIIHJ LliJIH S.hULIIJt i.'l\.ll]_"f Lonsisl nf tﬂHLIIIE |'[u1ue'.'=r. |f SOITLE NolsE OF an ﬂ.d&!l*iﬂﬂﬁl FL‘IBE APPERrs
in the baseline the integral could be different. If net_ineegral < 0.0, the pulse is rejected (error code 12} Oiherwise,
the inverse of the integral is calculated for laker pulse normalisation using the subroutine igverse

G.0.4  Tnmer product and Chi-squared ealcalation

Inner products between the pulse shape and the templotes as well as the best fitting Chi-squared values for single
pulse fits are determined in & nested unrolled loop, The resalt of the inner product caleulation are stored in the array
innarproducts, the best Chi-squared valize is stored in chisqr best [mote that only y2_, is caloulated in the code).
The inner products are calculated using

1 avanp bt eTarvries -1

inperproducts, = —————
4 net.integral

palee; x Teaplate; e [ 26)

fealarilime

where templata, ; is bim 1 of the normalised template j. The best fitting Chi-squared is then calculated using
¥ oy=1lihx dib; — I x innerproducts; |37)

whaere 1 ibx 1iby; ia the inner preduct of template § with itself.

The best :lﬁmu i eviluated by comparison of the xﬁu:-d for all templates and stored in chisqr beast. The corresponding
template index is stored in best.ttpl, ttpl and ttp2, the corresponding scaling factor is set to 1.0 and stored in
alpha best. Thuos automatically, if no better double pulse fitting can be achieved, the result is 8 “double pulse fit' with
twor sdentical pulses.

5.6 ETEP 4 : Double pulse fitting

The follawing tasks are performed in the specified order:
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561 Determine extended search indices

Dauble pulse fitting is done on a limited number of template pairs. For the primary template (here called TTP1) all indices
are searched while for the secondary template (here called TTP2) only a lmited oumber of indices are searched defined by

mar(l, bagt ttpl = 2] < TTP2 < min(n_templates = |, bast _ttpl + 7). (28)
Hence double pulse fitling consists of two oested loops where the outer loop goes over TTP2 and the inner, partially
unrolbed loop, goes aver TTPL.
568.2 MNested loops
At the beginming of the outer loap, two terms that sre invariant to TTPL sre precaloalated, ie.
ad = likx. libyrey = innerprodnot sy, 129

and
B3 = 1ib X 1ile; — & = imnerproducka .., a0y

The double pulse neminator is then calculated in an unrolled loop using
nominatorms, ey = a0 + innerproduct sy, - 1ibd x 1ib2pp; reea (3N

with the additional constrainl noninatormsy = 0.0, This constrainl assures that the amplitude of the primary template
1= non-negative. The nominator is temporarily stored in the array nominater.
The next uarelled loop i used for the caloulation of the ‘mixing parameter” o using

QT el = LORinatoryey reps X decominatorme: pms- (32

Mote that denoninatetrmp, g #tands for the inverse of the denominator d (ses Equation T), i

ABBERINAL STy T = # 133}

The mixing parameter ia temporartly stored in the array alpha.
Finally, the best Chi-sguared is determined in & normel (pen-untolled loop) using

;(-ﬁn__. = aldl — ayrp; ey ¥ DomAnNAtOTTIE TR 34

where a3 i the TTPL-independent part pre-calculaied above. In this loop, enly ey e < 1.0 are consedered, asunng
that the amplitude of the secondary template is also non-negative, Together with the comstraint above it is this assured
that the ';rni.x:ing parameter’ o is always comprised within 1D, 'I_I:.

For each TTPZ, the best fitting parameters are stored in chisgr.best, alpha best, ttpl, and ttp2, hence at the end
af the nested laops these four vaniables contain the result of the s:inp;h: and double p1|.|s= ﬁ{t.ing. This means: of the At
using iwe pulsss did not improve upon the fit using a single pulse, both ttpl and tep2 are identical (signalling a single
puls= fith. Otherwise, ttpl and ttp2 are different

5.7 STEP & : Pulse Shape Discrimination

The following tasks are performed in the specified order:

50.7.1 Swap template indices

By definition, alpba best correspomds to the be:u:l].'u|a.be iadexed tepl. Sines alpha best = u:m‘upwis&d within [{l. ||. bt
bieth pulses are normalised such that the total area of both pulses s anity, one of the tws pubses always has an amplitude
of < 0.5 We therefore define that on cutput the pulse with the smaller amplitude (comprissd within [0, .5]) is labelled
ss tepl. Therefore, if alpha_bast > 0.5 we switch ttpl & ttp2 and set alpha best = 1.0 — alpha best.
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5.7.2 Set 16 Bits
The FSD analysis result b compreassd into & 15 Bit word using
wib = |alpha bast < walpha) x n_templates x n_templates + ttpd = o templates + tEpl < INFO_NINVAL |:35|

where
[INFO_MAXVAL — INFO MINVAL — n_templates x n_templates + 1)

1 = e
BALpA n.templates x n_tesplates = 0.5
and INFONIRVAL = 0x0010 and INFORMATVAL = 0x7Ifd. The coly peremeter in this compression schetioe i the number
aof templates used (n.templates). This parameter can be accessed in the PSD housckecping data, hemce onground
decornpression is assured.

[34]

5.7.3 Discrimination
Finally, the pulse shape discriminstion verdict is determined uaing the following logic:
# If —dttpmin < ttpl — ttp2 < dttpmax then the pulse is o single pulss
# If ttpl — ttp2 < —dttpmin and alpha best < marthresseg then the pulss is o single pulse
+ If ttpl - ttpd » dttpmax and alpha best < maxthrespos them the pulse is & single pulse
» Else. the pulss 15 a multiple
[mote that ttpl corresponds to the smaller pulse while ttp2 corresponds to the larger pulse). Single pulses are flagged
by the mosi significant Bat of the PSD) word (Bit 15) set to 0, maltiples are flagged by Bit 15 set to 1.
5.8 apalinit : Initialisation

This routine performs all necessary actions needed for the initialisation of the scientific sollware. The actions are (in the
specified order):

s Select the floating point rounding mode of the DSP

» [nitislise jump table vectors

& Imitialize call table vectors

» Evaluate the maximum number of template sets that can fit into the EEPROMs
» Calculate the offset lookap tables ussd for fast memory access

= Fesel baseline averages for all detectors to 0.0

Jump vectors are calcalated for the following routines

¢ Jaddlibrary : Entry point of the addlibrary routin:

s Joorrelate - Entry point of the correlate routine

& Jpasterrer © Entry point of the posterror routine

The pesterror routine 18 a subroutine that is used locally Lo post am error message into the househesping vamables, It
15 called al varous places in addlibrary and correlate.
Call vectors are calenlated for the following routines

* Canal_stapd Entry point of step 0 af a.ﬂil_\'!iﬁ routine

» Canal stepl @ Entry point of step [ of analysis routine
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» Canal step? : Entry point of atep £ of analysks routine
» Capal step? : Entry point of step 3} of analysis routine
# Canal_atepd | Entry point of step 4 of analysis routine
» Canal stepb ! Entry point of step b of snalyais roatine
# Cosurite . Entry point of the eewrite routine

» Ccaleoffnet | Entry point of the calesffeet routine

The eeurite roatine is a subrowtine that is wsed becally to write to the EEPROMs:. It is called in addl ibrary when a
new hibrary vector is added. The calcoffset routine is a subroutine that is used locally to calculate the offset loskup
tables msed for fast memory access. It is callsd in analinit.

The maximum naimber of lemplate sels @ evaluated from

SIZEOFLIBMEN ;
n.texpsete = frunc ( ) 37

STZEOFSET

where SIZEOFLIBKEN is the size of the available EEFROM memory in Bytes and SIZEOFSET is the size of a template sel
in Bytes. Both parameters are determined at compile times and wsually are SIZEOFLTEMEN = G24288 {= 512 kBytes) and

SIZEOFSET = M.DETS x SIZEOFLIE = 1504 (48}

with
SIZEOFLIE = 4 x (M_TFLS + 1) = M_TENF_BINS = 0984 (1L

and M DETS = 16, H_TPLS = 58, and M_TENP_BINS = 64. Hence, us-u,u.“.:.- 2 template seds may remde 1 the EEPROMs
calcofTaat cploulates the following offset tables {in the given order):

* off 1102 = 4 x N.TEMF BINS » ifp

» off 1ib 3 = 4 » N.TPLS = N.TENF BIRS x {4
# off 1EE 3 = SIZEOFLIB x iy,

* off 1EE4 = STTEOFSET ¥ fn

w off 121 2 =4 = M.TPLS = ¥4

® off 1332 = 4 x N.TFLS x 4,

o off 1zx 3 = 4 = H.TPLE = H.TPLS x 24,

# off 1ib p = LIRPARSIZE = i,

where i) i the template index, running from {0 to B_TPLS — | {useally 037}, and ig s the detector index, ranning from
0 to M.DETS — [ (usually 0-18). LIBPARSIZE is the size of a library parameter block and amounts to 152 Bytes

off 1ib2 and of £ 1463 are used to sccesa a library vector in RAM using the template index i and the detector
iadex fa,, respectively, The offset of a library template vector with respect to the library bass address is caleulated using

cifset = off 1ib J[i.ﬂ] + aff 11b,a[|.4’r|.|. {40

of T 1EE_3 and off 1EE_4 are used to access & libeary vector in EEPROM wsing the detector index ég. amd the st index
toer, Fespectively, The offset of a library template vector with rspect to the library base address is caleulated using

pifset = of f _'I.EE_S[fd-,:] + Dii_'I.EEAH,"]. H]]

GEf 1x1.2 i used to access the inner products among library templates using the detecbor index 15y, The address of a
library template veetor is calculated using

1xlbase = lib x lib + oi:f_'l_:lih.“.]. Hﬂ]
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off lxx 2 and off Lxx 3 are used lo acoess the inner products between library templates in RAM using the template
imdhent #p; and the detector index i4.., respectively. The offert of a inner product wector with respect Lo Libl x 1163 is
calenlated using

offset = off 1xx 2] + off 1xx 3[is]. (4

of f_1ib_p is used to access the library parameter block wsing the detecior index iy, The address of a library paramaeter
black is caloulated usimg
parbase = 1ib parass + off 116 plis.) 144}

3.8 correlate : Pre-calculation

Pre-calcalations are done for all 19 detectors and consist of [in the specified order)
# Helection [and verification] of the specified template set nsing the configuration command parameter
e Extraction {and wverification] of the number of bins used for fitting (n_temp bine)
# Copying of the library parametor block from EEPROM to RAM and verificstion of the parameters
& Setting of the Hbrary validity fag (iF all verification were awccessful )
# Evaluation of walpha
# Copying of templates from EEFROM to RAM, mormalising them to unily on the way
+ Evaluation of the inner products between and among temnplates (Libx 1ib and 1ibl z 1ib2]
= Evsluation of the inverse of ithe depominator {denopinator
Library templates for the selected library set are copied from EEPROM to RAM. During this copy, the templates are
normalised Lo gRity by SR!H}"II:IE the condition

o tamp bing—1

0= % cesplate g [45}
I=d
where n_tenp bins corresponds Lo the parameler speafied in the configuration command [typically 64)
The following arrays are precaloulated and stored in BAM:
For TTP1 = 0 to s _templatas — |

an-p._hlul-l
likx 1ibey = L TeRplAte; ¥ Template, rp, (46
1=0

For TIP1 =0 o &_templates — | apd TTP2 = 0 to p_templates — |

B_cabp _wins =1
Libi X 1ib3e e = z CAmPLALS, oy X TORPLALE, oo 147)

=

For TTPL =0 4o B.IPLS — | and TTP2 =0 to B.IPLS = |

18
it Librrey + Lib 2 Librppy = 2 ® 1101 X 11020p; 1 148)

dencainatolys 1 =
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5.10 addlibrary : Library upload

Library upload [inte EEPROM) is straight forward. On entry, the control fislds 1ibloaddetector, 1iblaadcars,
libloadset, and libloadlengthk are checked on valwdity. If one of the parameters falls cut of the allowed FREEE, the
roubine returns with an error code without writing to EEPROM. Il all parameters are valid, the base address of the
library vector in EEPROM is caleulated wsing

address = LiBEE + of f_1EE_4[1ibleadset] + of f 1EE_3[1ibleaddetector] + off 1ib I[1ibloadcurva). {449}

Il Libloadcurwe = 2045 the library veclor is interpreted as algorithm parameter block. In this case the base address is
caleulated using

address = LibEE + of £ 1EE 4[libloadset] + off 1EE 3[libloaddetector] + off 1ib 2[H_TPLS), {60)

iz the library parameter block is stored as last template in the EEPROM (this last template is not directly accessible
using libloadcurve = M.IPLS, hence confusion between a library template and o parameter block is nwrirlol:i].

A library vector ks written to EEPROM using the subroutine ssvrite. The sucesss of the EEFROM writing is tested
by comparing the entire written Block in EEFROM to the original dats in RAM. IT & failure occureed the routine returns
with an error code which is trapsmitted inte the howsekeeping data,

Before writing a likrary parameter block, the parameters are checked on validity, If any error ocourred, addlibrary
relarns with an error code withoot writing to EEPROM. If no error oocurred, some derived parameters are added [mainly
integers which are transformed 1o Boating point values). The entire parameter biock 1= then written to EEPROM using
mavrite, Thesuccess of the EEFROM writing is tested by comparang the entire written block in EEFROM ta the original
data in BAM. I & failare accarred the routine redurns with an ecror code which is transmitted into the howsskeeping
data

6 Memory Management
Faur principal memory sections can be discerned in the PSD subassembly
= ROM : bolds the resident copy of the program code
» EEPROM : holds various sets of library templates [uploadable)
+ external RAM : halds the active copy of the program cede and the pre-caloulated arrays
e internal BAM - holds the program varables

While EEPROM s only accessed by the aclence software, all other memeory resources are shared among both eng and
screnge. The following table specifies how these resources ape shared
The 2 HSL buffers can bold 100 evenis and 5 curves at maximuam.

T Library parameter block

Library paramedfers are defined by a special library parameter block that s uploaded via library upload using ihe curve
number Oxff. The lallowing table specifies the meaning of the parameter block word by word [ 16-bit words assumed):

8 15 Bit decompression scheme

The following lines show some IDL code that may be used o decompress the PSD information word (stored in PED1G.
MWt = 33 ; Humber of t-ﬂ'lpll.tﬁ# R

INFOMINVAL = 18

INFOMATVAL = 3ITET

Wi5 = PSD1E8 AND 22787
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Table 1= Memory management
memory | start | end | size | packege | speed | content

RO oroDooad | oxtdTied | 32k bath slowest, copy of program code
EEPROM A | 0x0B0000 | Oxddffid | 518k | science | slowesi library lemplaies
axt. RAM | 0zpB0000 | OxbaTiEE | 32k bath faat, aetive copy of program code
axt. RAM | 0x068000 | Oxp83fff | 4k LT fagt | event and curve buffer for HSL
ext, RAM | 0xpE8000 | Dxferdfy | 4115k | science faaat pre-calculated arrays
ext, RAM | OxBere00 | Ox@errff | 412 ang fast pragram stack
ext. AM | 0zB20000 | ox@frefs | ddk eng fast FIF( bulfer for pulses
imt. RAM 2 | Oxffed00 | Oxfiadif | 1k eng fast program variables
imt. RAM 2 | Oxffe400 | OxffaTif 1k scienca faat program variahles
int. RAM O | 0xf22000 | DxELT2e2 168 AR fast. program variahles
int. RAM 0 | 0xf£2300 | Def£f742 | 1280 | science fast prograum variahles
int. RAM 1 | oxtf£800 | oxfffeed | Ok eng fast. program variables

e e T ST S,

if (wiE LT INFOMINWAL) then begin

print, *Error-cods ',wiB

endif else begin wgt.alpha = (INFOMAIVAL - INFOMINVAL - Nt*Nt + 1) / (Mt+Nt * 0.5}
w = olb = INFQ MINVAL

tap = fiz{w/(N e+ _e})

alpha = tmp/egt alpha

ttpd = izl (e-{tmpsH t+N t})} /N t)

ttpl = fiz(u={tmpsl tsN_t) - tepleN )

9 Definitions

1 Integer variables

B-hit signed integers range in valoe from -128 to 1ET.

16-hit sigmed integers rangs 10 value from -32T68 Lo J2TET.

16-bit unsigned integers rapges in value from [ Lo 65535,

24-bit signed integers range in value from -B3BRA0S to BIBAGHT.

9.2 Times

ATTF; the hin-index {-95) of the maximum pulss value

aearttime: the hin-index of the first bin, counted downwards from ATTP, that falls below threshold

endtime: the bin-index of the first bin, counted spwards from ATTP, that falks helow threshold

duration = endtime — starttima

pulsettp = ATTP — starttime

9.3 Parameter block and error codes



1|||iﬂ~
cnes

CENTRZ NATIENAL JETUDES *PATIN.Zh

INTEGRAL

W

SPECTROMETER

SPI-MU-0-1062V 3-CNES

Issue :5
Revision : 0
Date . 28/02/02
Page No. : ANX9-18

P50 Soitware Description

! SPENT-4212-410M-CESR, Editica 2, Revesson 1, 8/4/2001

Takle I Library parsmeter block.

mdez | parameter | m=aning

daralla A.TaEplates Number of templages in library

Autalh natart bine Number of bins in start block

datalc naad_bins Namber of Bine in end hlod

atain tima mbd Bim indes of mean time

darallb pulssdur.mia Minimum pulas durstion

dadalc pules dur max Saximam pulse duralics

dataZa base avg fract Averags bsseline fraction used x 255 (D-ZEE)

dagalh base autliar Baseline outlier valuss

dazade bass max cutlder Mazamum namber of pehseguent sutlizes

datalia | mintass LEB AEnirum: baseline (1581

datadlb mintass FSH

dacade | a empky

caleda maztaza L5E Plaxkmum basslins {65115

dacadh maxbase MSH

sAntngr o Emipty

daiata miapilas L5B Mimimam pules ares [(-6515)

dacafh minpules MSHE

Aatabe o Fmpsy

dataia manpulse LB | Mazimum pubse aren {68555

datufib mazpules MAE

datese o empey

dakaTa pulms aaturacs LSE Fudss snturation vabes [(LG11]

daraTh | pulsesaverave MSE

duiaTe ¥ SEpLY

dataBa | threshfractiom LSE | Theeshold fraction ®[2°% — 1] [(-BABBG0T)
dutafh | taresh fraction MID

dutaS: | thresh fractioa MSE

LETSLEY snergy 0 L5B FPulss aren energy bim O [(LABRZS)

daiash srergy O AMEH

dasai ] emply
clmbm] B energy 8 LEE Puls ares emergy bin O {0-AEE3E)
dataldh sxergy % MER

datalBec | a Emply
dalulis BTTPain o Bliminvam peak spacing for enesgy 0 {0-265)
dazal i DTTP=in 1 Mimimam peak spacing for snergy | {-255)
dazallc : BTTPain 2 Mimimiam peak spacing for emecgy T (0-255)
datadia | OTTPain 3 Minimam prak spacing far ssergy 3 (255 )
daraith | DTTPmin 4 Mimimam peak spacing for mergy 4 (255}
datalic OTTPmin B | Mlimimum prak apacing for epergy 5 (0255}
daialla NTTPmin Mimimiem prak spacing for coergy 6 [0-255]
datadll DTTPmin T *linamuwm peak spacing lor enecgy 7 (0-355)
datulic DTTPmin B Minimien peak spacing for snargy & (0-255]
datatln UTTPmin 9 Minimum peak spackng lor snergy & [0-155)
Antalzb DTTPmas 0 Muximum prak spacing for energy @ (2255}
dmbudic ITTPmax i Maximum peak spacing for enemgy § (0-385}
datalda DT Pmax Muximam peak spacing for emergy 2 (0-255]
duta2ib ITTFRax 3 Maxlimam peak spacing for comgy 3 (0-255)
dalakie OTTFraz 4 Maximam peak spacing for emergy 4 (0-755)
dazazda [TTFmax & Maximum prak apacing for smergy % (02233
dutsidb ITTFRas 6 Maximam peali spacing for emergy & [-755]
daladie DT TFmax 7 Maximem peak apacing for emergy 7 [{Im]
daralsa DT Feax & Naximsm prak apacing for epergy & [0-333]
duiaZfh ITTFmaz @ Maximam peak spacing lor emergy © |0-255]
(-2 9E o ] enply
dutaliia maxthree O LEE Maximism smsller peak chresldd for negative peak apacing 2115 — 1) (0-K388807H
duinih anxtirsznag 0 MIT

datalh: | Baithresneg 0 MER
datafin | mazthreeneg 9 LSH | Mazimwm smaller pesk threshold for negative peak w21 = 1) [O-BIEEE0T)
datalbh | maschresnag 9 MID

datalic | manthreseeg & MEH
datadfia [ mawthresneg 0 LB | Maximwm smaller peak chreshold for positive peak spacing x(2'% — 1) {0-B38860T)
duta®h | maxtdreapas 0 MID

el maxthrespes © MEB

diatadbin marthraspea 9 L5E Aazimum smaller peak threshold for poaitive peak spacing :u;'i”' = 1} (0= BABREHTT |
daradib masthraspes § M0

datad e

17
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Table 3: For PSD 15:-bit words smaller than INFO_MIKVAL the following error codes are defined. The first column gives
the code [lowest 15 Bits of ihe FSD 16 Bit word), the second column describes the error, the third column specifies the
slate of the most significant Bat of the PSD 18 Bit word {m=multiple=1, s=single=1{l}, and the la=t colomn indicates the
gtep of the analysis routine where this error may occur {excepd of errar 12, sll error codes correspond to unique break
points in the code Aow].

code {decimal) SITor type  gtep
i) Ma walid library available m ]
b Saturated pulze o |
x Fulss arca too small m ]
1 Absolute Lime-to-peak Loo sarly = |
1 Absolute time-to- pesk too late ] 1
§ Baseline too fow § |
] Late pubse starts in hassline £ T
7 Early pulse ends in baseline ] F
|3 Pulse =nds toos late = b4
] Pulse duration too short cY 1
10 Pulse duration too long E 3
11 Invalid detector # 0
12 Pulse area bess or squal D P 1.3
13 Baseline too high £ 1
14 Baseline outlier & |
(] Pulse ares too largs m 1
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Table 4 The following error codes may be emitted by the PSD subassembly in the HK 0213 housekeeping structure. The
first. block {0x01-00006,0x80) may occur in the eng section of the code, The next three blocks may ocour in the scisnce
section of the code. The first column gives the errar cade, the second column desnbes the error type, and the third
column indicates where the error may occur. Por the seisnce errors, all codes correspond to unique break points in the
conde flow . Errors thet arise in the routines addlibrary and seurite may occur after a library upload. Ercors that arise
in the routine correlate may eccur after sending one of the configuration commands 6207, 0x08, 0=z08.

code (hexadecirmal) errisr routine
=01 Mo & Hz clock
[raclX2 Bad & Hz clock
=003 Ma HSL
(4 Bad likrary CRC
Dl Bad command
[ Bad serial
Usi il Last events
T 300 Curve pumber too small sddlibrary
Ix31 Curve mrmber too large addlibrary
32 Sst number too small addlibrary
(33 Sel number too large addlibrary
x4 Detector number too small wddlibrary
I35 Detector mumber too large addlibrary
=38 Curve length too small addlibrary
37 Curve lengih too large addlibracy
(w38 Mumber of tamplates too small addlibrary
i Number of templates too large addlibrary
xda n.start. bins too small maddlibrary
Oxib n_start bine Loo large addlibrary
(3 nomnd bins too small addlibrary
Ox3d nend bing too large wdelibrary
(e tima mid too small addlibrary
Ix time mid too large addlibrary
(x4 Faibed to write 1o EEFROM eenTile
f=d1 Het pamiber too small coprelate
{Ixd2 Set number too large correlate
{43 Too few bins used for template correlate
fdd Too many bins used for template correlate
xda Too few templaies nsed correlate
LT Too many templates used correlate
xdT Mo valid library template available cotrelate
lix48 Too rwany library templates available coprelate
Jaddl Mumber of bins in shape not 56 coprelste
Ixda Mumber of bins in scart bock too small correlate
Ok Mumber of bans in starl block too large correlate
Dxde Mumber of bins in end block too small correlate
Medd Mumber of bins in end block too large cormelals
Dxde Mean ban index too small coprelates

flxdf Mean bin index too large cotrelate




