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ABSTRACT 

T h e  Danjon As t ro l abe  a t  t h e  Naval  Obse rva to ry  has heen tradi t ion-  
ally used t o  d e t e r m i n e  Universal  T i m e  and improve  t h e  s y s t e l n a t i r  
a c c u r a c y  o f  s t a r  positions. During t h e  pas t  year ,  i t  has  heen used rn  
d e t e r m i n e  l a t i t u d e  and longi tude  a t  r emote ly  s c a t t e r e d  s i t e s  fo r  
geode t i c  purposes. Ope ra t ing  this  i n s t rumen t  away frorn t h e  
Obse rva to ry  neces s i t a t ed  a mobile  suppor t  and t iming  systern r ~ r q g p d  
enough to  o p e r a t e  dependably in e v e r  chenginq. and s o m e t i m e s  
harsh, envi ronmenta l  conditions. 

This paper  descr ibes  t h e  pe r fo rmance  of t h e  a s t ro l abe  t ~ m i n g  
sys t em,  g ives  t h e  bas ic  engineering design c a n s i d ~ r a t i o n s ,  and 
descr ibes  t h e  equipment  and ins t rumenta t ion .  

INTRODUCTION 

In coopera t ion  wi th  t h e  Defense  Mapping Agency an eva lua t ion  s tudy  was made  of astrorir_lmlc.al 
observa t ions  acqui red  using a  Danjon Ast ro l abe  a t  r e f e r ~ n c e  points  in t h e  wes t e rn  1 J n i t ~ d  5tatr.s 
extens ive ly  used in t h e  pas t  f o r  astro-geodesy.  

When t h e  idea was  conce ived  of improving t h e  def lec t ion  of t h e  ver t ica l  aC spec i f i r  lor-ntrorls 
wi th  position de t e rmina t ion  by a s t ronomica l  m e a s u r e m e n t  and ex tending  t h i s  accuracy  tcr ! a r q r  
geode t i c  ne ts ,  n high-precision observa tory  i n s t rumen t  was  considered. T hp 13anjon As t ro l abe  
was  s e l e c t e d  f o r  t h i s  work because  i t s  accu racy  and mobil i ty  m a k e  it well su i t ed  tor bas ic  asLro- 
geode t i c  work. The ap t i ca l  Danjon As t ro l abe  d e t e r m i n e s  position t o  within one  m e t e r  n c r u r a r y  
and requi res  a t iming  s y s t e m  t h a t  r eco rds  t ime-of-day f o r  t iming  e v e n t s  wi th  100 m l r r o s ~ c c l n d  
precision. I t  is an observa tory  i n s t rumen t  which can  b e  t r anspo r t ed  and s e t  up overnight .  

The as t ro l abe  had been previously used a t  t h e  Naval  Obse rva to ry  on a regular basis  fol- t h ~  
de te rmina t ion  of Universal  T i m e  (UTO) and for  reducing t h e  s y s t e m a t i c  e r ro r s  in t h e  p o s ~ t i o n s  nt 
t h e  s t a r s  observed. L i k e  t h e  Photographic  Zeni th  Tube  IPZT), t h e  visually o p e r a t e d  a s t ro l abe  1s 

an e f f i c i en t  i n s t rumen t  fo r  t h e  s imul taneous  de t e rmina t ion  of t i m e  and la t i tude .  IJnlilce t h e  
PZT, t h e  a s t r o l a b e  can  obse rve  a much l a rge r  subse t  of  t h e  so-called " fundamenta l  s tars"  
s t a r s  f o r  which a c c u r a t e ,  p rec ise  and cons is ten t  positions and proper  mot inns  a r e  availat~le:.  
t h u s  yielding b e t t e r  coo rd ina t e s  in a  re la t ive ly  s h o r t  t ime .  This  is impor t an t  when movinqi frr~rrl 
one  p lace  t o  ano the r  because  a  d i f f e r en t  subse t  of t h e  fundamen ta l  s t a r  ca t a log  is s e l e c t e d  for  
e a c h  observing si te .  

S ince  t h e  a s t r o l a b e  would not  b e  ope ra t ing  in an  observa tory  envi ronment ,  whlch is essent ial ly :-I 

r e s ea rch  l abo ra to ry  envi ronment ,  it was necessary  t o  provide t h e  a s t ro l abe  with ri:qqed f ield 
peripheral  suppor t  equipment  which could survive under adversc  t ~ m p e r a t u r ~  arid wcathcr 
condit ions (e.g., snow, rain, e l ec t r i ca l  s t o rms ,  poor and unrel iable e l ec t r i ca l  power. b l i ~ r a r d s .  
de se r t  h e a t ,  etc.). The  f ield equipment  described here in  includes a po r t ab l e  a t o m r r  f r e q r ~ ~ % r i r j  
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s tandard  and clock, a "Datachron" chronometer  in te r faced  by means  of a Fairchi ld 4880 coupler  
unit t o  a HP9915A modular compu te r  with both a built-in magnet ic  t a p e  ca r t r i dge  drive (Option 
001) and a video, keyboard, and audio speaker  i n t e r f ace  (Option 002). An HP-IB In t e r f ace  (HP 
P a r t  No. 82937A) card  was  inser ted  i n to  one of t h e  t h r e e  avai lable I/O s lo t s  in t h e  r e a r  of t h e  
HP9915A. Additionally, an HP85 desktop computer  with an HP82939 serial  in te r face  
communicat ions card  and an Anderson-Jacobson Model AJ1234 (Mfr. code  2852) communicat ions 
modem was  used for  edi t ing and t ransmi t t ing  the  recorded a s t ro l abe  da t a  back t o  t he  Naval 
Observatory. A moto r  vehicle provided housing and t ranspor t  f o r  t h e  above  equipment; and, 
when t h e  as t ro labe  was  being t ransported t o  a new si te ,  t h e  s a m e  vehicle provided 12 VDC 
power t o  t h e  por tab le  a tomic  clock. A t  t h e  observat ion s i tes ,  t h e  mo to r  vehicle  also served  a s  a 
field operat ions c e n t e r  and a s  a dressing room fo r  t h e  observers. While on s i te ,  ex terna l  
e l ec t r i ca l  110 V A C  60 H z  power was provided by extension cables  only t o  t h e  mo to r  vehicle. 
E l ec t r i c  power t o  all o ther  instrumentat ion,  including t h e  portable a tomic  clock and t h e  Danjon 
Astrolabe, was provided f rom a common distribution box in t h e  mo to r  vehicle. 

OBSERVATIONS AND SYSTEM DESIGN 

Basically, time-of-day d a t a  t o  0.1 millisecond accuracy  is acquired by t h e  Danjon Ast ro labe  
(Figure I) by t iming s te l la r  images  a s  t h e  s t a r ,  in i t s  diurnal s idereal  path,  crosses t h e  30' 
a lmucantar  (a small  spherical  c i rc le  cen t e red  on t h e  zeni th  and having a radius of 30' of arc). 
Normally, t h r e e  groups of s t a r s  a r e  observed every  night. Each  group consis ts  of about  30 s t a r s  
with magnitudes be tween 3.0 end 6.5, whose a lmucantar  t rans i t s  a r e  uniformly, or nearly so, 
dis tr ibuted in az imuth  among t h e  four  az imu th  quadrants.  By forming t h e  t i m e  d i f fe rence  
between t h e  observed time-of-day of a lmucantar  passage and t h e  ca lcu la ted  time-of-day based 
upon t h e  positions of t h e  s t a r s  a s  found in a precision a s t rome t r i c  s t a r  ca ta log  such a s  t h e  FK4, 
i t  i s  possible t o  de t e rmine  t h e  observed zeni th  d is tances  fo r  each  s t a r  a t  t h e  t i m e  of i t s  passage 
through t h e  almucantar .  By combining t h e  observed zeni th  d is tances  in t h e  s a m e  manner  t h a t  a 
marine s ex t an t  navigator  combines intersect ing LOP'S (Lines of Position) t o  de t e rmine  a 
position "fixt', t h e  as t ro labe  de termines  an astronomical  "fix" and t h e  associated astronomical  
la t i tude,  longitude, and re f rac t ion  cor rec t ion  a r e  de te rmined  with high precision. 

When a s te l la r  a lmucan ta r  passage is observed, a motor-driven mic rome te r  car r iage  causes  
e lec t r ica l  con tac t s  t o  open and close twelve  t imes,  t hus  causing 24 e lec t r ica l  signals t o  b e  
genera ted  and whose time-of-day occu r r ence  must  b e  recorded by a chronometer .  During t h e  
observation interval,  i.e., t h e  t i m e  interval  during which t h e  e l ec t r i ca l  c o n t a c t  signals a r e  being 
genera ted ,  t h e  s t a r  may  move  a s  much a s  312 seconds  of a r e  in al t i tude.  A speed  reducer  varies  
t h e  speed with which t h e  s t a r  is t r acked  in a manner proportional t o  t h e  s ine of t h e  azimuth;  
and t h e  observer  needs only t o  m a k e  sl ight  different ial  ad jus tments  in t h e  speed  with which t h e  
s t a r  is t r acked  t o  main ta in  t h e  opt ica l  null condition of t h e  s t a r  images  in t h e  eyepiece. In this  
manner,  t h e  observer  cont ro ls  t h e  occurrence  of t h e  c o n t a c t  t iming signals. T h e  observer  has 
only two variables t o  reckon with: (I) t h e  instant  at which t o  begin t h e  observing sequence,  and 
(2) having s t a r t e d  t h e  observation, t o  different ial ly adjust  t h e  speed  a t  which t h e  t iming con tac t  
signals occur  s o  a s  t o  f i r s t  ach ieve  and then  maintain t h e  opt ica l  null condition of t h e  s t a r  
images  in t h e  te lescope  eyepiece. 

The  micrometer  of t h e  Danjon Ast ro labe  is based on s tandard  Repsold t r ans i t  micrometer  tech-  
niques. A t  each  mic rome te r  position a t  which an e lec t r ica l  con tac t  gene ra t e s  a signal, a linear 
micrometer  reading in  say t ens  of mic rome te r s  is  recorded. The  average  t i m e  of all  24 t iming 
con tac t  signals t hen  equals  t h e  t i m e  a t  which t h e  micrometer  was  loca ted  a t  t h e  average  of t h e  
24 linear micrometer  readings. By also determining t h e  linear micrometer  reading for  t h e  
position of t h e  foca l  point  of t h e  Danjon Astrolabe object ive lens, i t  is t hen  possible, f rom a 
knowledge of t h e  azimuth,  t o  de t e rmine  a cor rec t ion  t o  reduce  t h e  cent ro id  of t h e  24 t iming 
con tac t  signals t o  t h e  t i m e  corresponding t o  t h e  null passage of t h e  s tar 's  images  through t h e  
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focus of the Danjon telescope objective. I t  is necessary, i n  order t o  determine these 
corrections, t o  be able t o  record the  t ime-of-day o f  each t im ing  contac t  signal. I t  is also 
necessary to  f o r m  the f i r s t  d i f ferences o f  the times-of-day i n  order t o  set the  basic dr iv ing 
mo to r  speed, which is proport ional  t o  the  l a t i t ude  o f  t he  f i e ld  site. 

Thus, the f i e ld  t im ing  system for  the  astrolabe not  only had t o  record  t im ing  pulses tha t  arr ived 
a t  separation intervals tha t  could be as smal l  as 0.3 seconds and no greater  than 10.0 seconds, 
b u t  also had to  be able t o  f o r m  and display, on a TV monitor, the t i m e  o f  day and i t s  f i r s t  
d i f fe rence w i t h  the  previous t i m e  o f  day. The TV moni tor  shown i n  Figures 2 and 3 could be 
used inside the vehicle or outdoors next  t o  the Danjon Astrolabe. 

The transfer and readout capabil i ty, including the  necessary programming, fo r  f ie ld  operations 
o f  the astrolabe was designed by the T ime  Service Precise T ime  and T ime  In terva l  (PTTI) 
Branch o f  the Nava l  Observatory. This capabil i ty ( i l lustrated i n  Fiqurcs 2, 3 and 4) consists o f  a 
I-iP9915A computer, which served as a cont ro l  and recording unit ,  an e lectronic "Datachron" 
chronometer, and a portable cesium atomic  clock. Use o f  an a tomic  c lock might  be thought o f  
as l 'overkil l", bu t  i n  f i e ld  experience, the ab i l i t y  to avoid propagation errors and constant 
worries over c rys ta l  osci l lator behavior, proved t o  be invaluable. 

The micrometer  contac t  e lec t r ica l  signals are sent f r o m  the astrolabe t o  a "Datachron", a 
chronometer bu i l t  a t  t he  Nava l  Observatory. The Datachron operates o f f  t he  5 MHz signal f r o m  
the portable cesium clock, which also maintains the  basic f i e ld  t i m e  o f  day fo r  t he  system. The 
Datachron is manually synchronized w i t h  the  cesium clock and there are c i r cu i t s  which check 
fo r  synchronization faul ts  between the cesium and the Datachron. The portable cesium clock 
operates o f f  an HP KO2 portable power supply continuously. The HP KO2 is  operated most ly  
f r o m  an external  power source or, during periods when the vehicle carry ing the instrumentat ion 
is i n  motion, o f f  o f  the vehicle bat tery.  A special heavy duty a l ternator  was insta l led t o  insure 
tha t  the vehicle had enough power t o  operate both day and night w i thout  discharging the vehicle 
battery. The vehicle cesium clock was always kept  w i th in  10 microseconds o f  t he  U.S. Nava l  
Observatory Master Clock, UTC(USN0 MC) by means o f  portable c lock visi ts and by  visi ts f r o m  
nearby laboratory clocks w i t h  known t raceabi l i ty  t o  the  USNO MC. 

The contac t  signals f r o m  the astrolabe are condit ioned by a low pass f i l te r ,  an opt ica l  isolator, 
and a one-shot t r igger i n  order t o  avoid jagged contac t  noise and transient oscillations. The 
condit ioned signal causes the Datachron t o  momentar i l y  lock i n to  a register, the current  t i m e  of 
day. The 12 d ig i t  (hours, minutes, seconds, and six f rac t i on  o f  a second digits) t i m e  o f  day 
locked in to  the Datachron is then t ransferred to  the Fa i r ch i l d  4880 coupler. The Fa i r ch i l d  
coupler next  in i t ia tes  a data t ransfer  of the  t i m e  o f  day over a standard IEEE-488 (HPIB) 
in ter face to  the HP9915A computer, The Fa i rch i ld  4880 instrument coupler converts the  
Datachron high speed paral le l  data output  i n to  the  standard IEEE-488 (HPIB) in ter face format.  
This conversion o f  the Datachron e lec t r ica l  w i r ing  and t im ing  in ter face t o  the IEEE-488 (HPIB) 
standard in ter face s impl i f ied  the connection between the Datachron and the HP9915A 
computer. The transfers f r o m  the Datachron t o  the HP9915A are high speed; and any need fo r  
stacked data buf fe r ing  o f  closely spaced t im ing  signals is eliminated. 

1 he HP9915A has a 16K by te  memory. I t  can be expanded t o  32K bytes maximum. Of  the 16K 
bytes, approximately 2.5K bytes are used by manufacturer  software, inc luding the  i n te r face  
routines. The language i n  which the programming was wr i t t en  is BASIC. The appl icat ion 
program uses 2.5K bytes and was burned in to  EPROM memory t o  avoid problems t h a t  may arise 
when programs have to be f ie ld  loaded f r o m  magnetic certr idges under severe temperature 
conditions and the  harsher e lec t r ica l  power environment encountered i n  the  field. The EPROM 
program is l isted, along w i t h  a running commentary i n  Appendix A. The running commentary 
includes a descript ion o f  t he  IEEE-488 cant ro l  and data messages used across the  HPIB bus. The 
cont ro l  message sequences implemented over the HPIR bus were care fu l ly  designed to  al low 
high speed t ransfer  o f  the  Datachron TOD data t o  the  HP 9915A. 
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Whenever the t iming signals (or "ticks") f rom the astrolabe stop for more than 10 seconds, the 
HP991SA writes the t iming data ( in the form of an array containing up t o  70 times-of-events) 
onto a magnetic tape cartridge. The 10 second pause i n  the signals f rom the astrolabe is 
interpreted by the HP9915A BASIC program as indicating that  observations fo r  a part icular star 
are complete and that the time-of-event data may now be wr i t ten to the magnetic tape 
cartridge. While the HP9915A was wri t ing the time-of-event data for  a star on the magnetic 
tape cartridge, a pair o f  audio beeps, the f i rs t  a t  a high tone, the second at  a lower tone, were 
issued to  the observer a t  the Danjon Astrolabe. A f te r  the time-of-event data had been recorded 
and the HP9915A system enabled to again accept astrolabe t iming signals, another pair of audio 
beeps, the f i rs t  beep at  a low tone, the second a t  a higher tone, was issued t o  the observer t o  l e t  
him know that the system was now ready to accept t iming signals for the next star. 

Normally, only 24 t ime t icks are recorded per star. Because temperature and humidity changes, 
contact bounce, and contact wear can cause more or less than 24 ticks, a maximum of  30 t icks 
may be recorded for  each star observed. As many as 90 stars were observed each night and 
recorded on the magnetic cartridge. A t  the end of  the night, the time-of-event data f i l e  on the 
magnetic tape cartridge was "closed" by pressing a programmer defined "END'' button and the 
cartr idge removed. 

A t  the hotel or other convenient location the t iming data on the cartridge was then combined 
wi th  hand recorded environmental and instrumental data, observer comments, and other 
messages. This was accomplished using an HP85 computer. The HP85 computer was furnished 
wi th  an Anderson-Jacobson 1200 baud telephone modem. By dialing the Naval Observatory 
t-IP1.000 computer over the switched public telephone net f rom motel  rooms and government 
phones, the data on the tape cartr idge was transfered daily to  the Naval Observatory. The data 
was then transfered f rom the Observatory HPlOOO system to  the IBM Series 1 system where 
prel iminary editing of  the data was done. Then the data was transfered t o  the Observatory 
mainframe IBM 4341 computer either by a RJE l ink or by magnetic tape. The f inal reductions 
and analysis of the data were done on the IBM 4341; and, for each group of stars, the resulting 
latitudes and longitudes were obtained daily. This near real  t ime transfer and analysis of the 
data prevented serious problems f rom going undiscovered; and i t  may be stated that  this 
procedure is to  be greatly recommended because otherwise there is a high probabil i ty (higher 
than otherwise might be expected) that  long intervals of messurements might be made which 
are subsequently found to be useless because o f  the invalidity or absence of a cr i t ica l  datum or 
measured quantity. 

Occasionally modem data transfers were interrupted (usually by the HPlOOO because it was busy 
and had to  attend to other matters) and the data had to be retransmitted. Sometimes the data 
arrived garbled (this was rare, but it did happen). Problems wi th  data transmission as such were 
rare. The doubling of the measurement and transmission o f  both the measurement and i t s  
doubled vslue served as a check on the accuracy of  the transmitted data. Most problems 
encountered wi th  the system were associated wi th  the HPlOOO being busy or t r ~ ~ n s m i t t i n g  
strange messages. As there were known rel iabi l i ty problems wi th  the HP1.OOO during this time, 
such behavior is not unanticipated. Fortunately the problems w i th  the HPlOOO were not so 
severe that data transfer was disrupted i n  ways which would have endangered f ie ld  operations. 

SOFTWARE DESIGN 

The software for this system, shown i n  Figure 5, consists of three programs, one for automatic 
data collection of astrolabe t iming signals, the second for manual entry of observer recorded 
data onto the magnetic tape cartridge, and the third for transfer o f  the data over the public 
switched telephone system to  the Naval Observatory. The program i n  the HP9915A for 
automatic capture of the astrolabe t iming signals operates i n  three modes. 



The f i r s t  mode is t h e  s t a r  observation mode. In this  mode the  1 lP9'315A r o l l e r t s  t t ~ e  tirnes-of- 
event  f o r  t h e  as t ro labe  t iming signals, insures t h a t  t h e  t ime-of-event  is fo r  a s tel lor  rlbservation 
(it is  possible for  t h e  observer  t o  cause  isolated timing signals frorn t h e  o s t r a l a b ~  nccidently; 
t he se  isolated t iming signals f r o m  t h e  as t ro labe  a r e  ident if ied by t h e  tiP99151\ ~ n r l  ignored; t h e  
magnet ic  t a p e  car t r idge  is thus  not c lu t te red  up with accidental  sets nf Ilrrlir~q siqnnls of no 
interest) ,  and s to re s  t h e  d a t a  on t h e  magnet ic  t a p e  car t r idge  when t t ~ e  observa l ior~  for' each star. 
is complete .  If t h e  da t a  being col lected by the  HP9915A does not r r l e ~ t  the C I  iteriol-I (12 or 
more  t ime-of-events  must  have been received)  used t o  de te rmine  if t h e  t i r n~ . -n f -  1 7 ~ t ~ ~ ~ t  d a b  is 
from a s t a r  observation, then,  a s  already s t a t ed ,  in this mode of nperarinrl  t I t =  1 1 1  ~ f ~ - . r f - ~ c r n t  
da t a  is merely discarded. 

The second mode is used to  ca l ibra te  t he  as t ro labe  a f t e r  i t  i s  installed et n 11f.w o t r s~ rva t ion  
site.  The  t ime-of-event  da t a  is co l lec ted  by t h e  HP9915A, s m u ! r . ~ ~ l a t i c . ~ ~  ' ~ ~ , p  f i ;  s~ 
di f fe rence  between t h e  time-of-event for  the  cur ren t  event  and the  p r e v i r ~ u s  e\/erit performed,  
and then  both t h e  time-of-event and i t s  f i r s t  d i f fe rence  a r e  displeyetj on u 7 V  : ~ ~ n n i t o r .  I his 
information is used by t h e  observer a t  t h e  Danjon Astrolabe t o  s e t  t h e  aslrolahrr r r~a t a r  speed. 
The  main BASIC program is  s t ruc tured  so  t ha t  t h e  observer  can put t t i ~  HPanP5A into th i s  
"calibration" mode a t  any time. Mode select ion is performed by t h e  n h s e r v ~ r  bc n r ~ s s i n g  a 
but ton on t h e  f ron t  f a c e  of t h e  HP9915A computer .  

The  third mode, t he  f a s t  TICK mode, is used t o  de te rmine  c e r t e i r ~  telescopic instr~.~rrrerital 
cor rec t ions  re la ted  t o  t h e  Danjon Astrolabe micrometer  car r iaqe  (~ .e . ,  Vrn c n r r ~ c t i o n s l .  In this  
mode, which is en tered  by pressing t h e  TICK button on t h e  HP9915A, t he  as t ro labe  timing 
signals a r e  merely beeped back t o  t h e  observer  as he reads  t h e  r n i c ~ o m ~ t e r  car r iage  l inear  
readings a t  which each  timing signal is generated.  t.do t i m e s - o f - ~ v ~ r l t  a r r  recorded on t h e  
magnet ic  cartr idge.  These  mic rome te r  readings allow t h e  centroid of the tirnil.~g siqnnls tn bc 
co r r ec t ed  t o  t he  t i m e  at  which t h e  as t ro labe  s te l la r  images coincided i l l  tire S n r ~ 1  plane nf t h e  
objec t ive  of t h e  astrolabe.  

The second program, t h e  manual da t a  en t ry  program fo r  t he  i-1F785 cornpcrter, allows t h e  
observer  to  manually e n t e r  all  necessary information such as nuniber o f  s t a r s  observed. ambient  
tempera tures ,  barometr ic  pressures, wire correct ions,  2 or 4 ticks PPI* r ~ v n l r ~ l i n t ~ ,  observir~g 
conditions, and comment s  concerning each  observation. The  sarne r~~ayr~e t i f :  t ~ i p r  CHI t r idge  ~_rsed 
by the  HP9915A to  record the  t i m e  of event  da t a  fo r  each  s t a r  is 1~5erj  by  t h e  I-iF3SC> and this 
program. A second file,  c r e a t e d  by t h e  HP9915A when t h e  obseriler set l i ~  f n r  t h e  evening's 
observing program but  l e f t  empty ,  is opened for  t h e  manual ~ n t r y  o f  t h e  obser\ / r t '?  i l l fnr -mat io~ ,  
t h e  necessary da t a  en t r ies  made ,  and then  again closed. A l a t e r  verslon nf t h i s  prnqrarn ~ l l n w e d  
a ce r t a in  amount  of manual da t a  en t ry  in a "question and answer format ,"  

The  th i rd  program, t h e  d a t a  t ransfer  program, is then executed.  This progrs ,v  reques ts  t h e  
operator/observer  t o  dial t he  telephone number of t he  HPl000  computer  at the Uhsprvatory, 
provides t h e  telephone numbers needed by displaying them on EI small vi-lcrr sr*reen, and then. 
when the  HPlOOO answering tone is heard, to  place t he  telephone into the r:1'<3dltl ? F  t h ~  1700 
baud Anderson-Jacobson modem. A special  high quality transmission rnicrophor1t3 a Pdnvet.ion 
"Super Mike") was used in place of t h e  s tandard carbon telephone r n i r r ~ y l l o n ~ ,  l hi?  improved 
t h e  qual i ty  of t h e  da t a  communicat ions b i t  e r ror  r a t e  by inrreusirig t h e  slqrinl tr- ;l i l iqe ratio, 
The  communicat ion link over  t h e  public switched telephone is cerr ied n l ~ t  i 1 7 b ~ t  .?SI_'II, 1 s t a r t  
bit, 1 s top  bit ,  and in even parity. Once  t h e  t e l e p h o n ~  connect in-  has h ~ ~ n  ~stn t l l i shed .  a 
conversat ional  protocol is executed  by the  talking computers  i^i.e. t2t>e I-W%' ar ? t " ~  YPlUCiO). 
T h e  HP85 f i rs t  ident if ies  itself t o  t h e  HPJOOO and reques ts  e c r ~ s s  !o I l~r ~ri:-rl.r-:tablished 
as t ro labe  da t a  f i le  on t h e  HPlOOO system. The  HPlOOO opens t h e  as t ro lahe  litilr fill)-< ~ t l r l  then 
informs t h e  HP85 t h a t  i t  may proceed t o  send da t a  t o  t h e  HPJOIlTI, w h i c h  ~ 1 1 1  direcr ~ l l  
subsequent received da t a  into t h e  HP1OOO1s pre-established a s t s u l a t ~ e   oat^ f i l r  

427 



T h e  HP85 f i r s t  opens t h e  manual information f i le  on t h e  magnet ic  t a p e  car t r idge  and t ransfers  
t h e  en t i r e  f i l e  t o  t h e  HP1000; then ,  without  breaking t h e  telephone link, i t  opens  t h e  time-of- 
event  f i le  on t h e  car t r idge  and t ransfers  this  file,  i n  i t s  en t i re ty ,  t o  t h e  HP.l.OOO. Finally, t h e  
HP85  reques ts  t h e  HPlOOO t o  send  t o  t h e  HP85 a f i le  containing rrlessages and o ther  information 
which t h e  as t ronomers  a t  t h e  Observa tory  wish to  send t o  t h e  observer. Typical of such 
messages a r e  quer ies  concerning problems with pathological t ime-of-event da ta ,  missing da ta ,  
and administrat ive messages. All messages s en t  f rom t h e  HPlOOO t o  t h e  HP85 a r e  displayed on 
t h e  CRT of t h e  HP85. T h e  observer  may thus  eva lua te  t h e  qual i ty  of t h e  telephone 
connection. The  observer  may also print o u t  these  messages. 

To  prevent  e r rors  and t o  check t h e  validity of t h e  d a t a  transmission, bo th  t h e  t i m e  of even t  and 
tw ice  t h e  value of t h e  t i m e  of event  a r e  t ransmi t ted  t o  t he  Observatory by t h e  HP85. This 
allowed another  check t o  b e  per formed upon t h e  da t a  a s  received a t  t h e  Observa tory  f rom t h e  
f ield observer.  In s o m e  cases,  retransmission was  deemed necessary because t h e  e r ro r  r a t e  was 
too  high. 

When all da t a  t ransfer  operat ions were  comple te ,  t h e  d a t a  f i les  on both computers  were  closed 
and t h e  computers  send  each  o ther  "GOODBY" and hang up. 

SUMMARY 

This pro jec t  lasted about  11 months  (August 1982 ---June 1983) and used t h r e e  observers  an a 
ro ta t ing  basis. T h e  building, test ing,  and instal lat ion of t h e  d a t a  acquisition and t iming sys tem 
required no more  t han  6 weeks preparation. The  t iming sys tem used provided considerably more  
numerical  precision than  actual ly needed because of o the r  l imitat ions (e r rors  in s t a r  ca ta log  
positions); bu t  t h e  reliability was  outstanding for  field operat ions and was  proven under s eve re  
weather  conditions (blizzard, de se r t  heat ,  e lec t r ica l  s torms,  driving rain and flash flood 
conditions). Uncer ta in t ies  in  s t a r  positions mean t h a t  s t a r  t rans i t s  need b e  t imed only with an 
e r ror  not t o  exceed  a millisecond in t h e  t i m e  of day. But  t i m e  er rors  mus t  not b e  sys t ema t i c  
and they must  not b e  allowed t o  c r e e p  in a s  ambiguous de lays  or confused corrections. 
Sys t ema t i c  e r ro r s  were  t o  b e  k e p t  below E 0 1  arcseconds. T h e  e lec t ronic  ins t rumenta t ion  
opera ted  successfully over  t empera tu re  ranges  of f rom 12' t o  95' Fa renhe i t  although an 
average  t empera tu re  in t h e  vehicle was  about  65 '~ .  O n  a t  l e a s t  one  occasion, an e lec t r ica l  
s t o rm caused a power fai lure and damage  t o  t h e  cesium clock. The  clock was  immediately 
replaced and a s tudy ini t ia ted t o  de te rmine  why t h e  KO2 power supply did not p ro t ec t  t h e  
cesium clock. I t  was  quickly de termined  t h a t  t h e  KO2 had also been damaged by t h e  e lec t r ica l  
activity. This  pointed t o  t h e  need f o r  more  levels  of  power f i l ter ing end backup ba t t e ry  
supply. The  damaged clock was quickly replaced and t h e  program continued. 

Most survey work, part icular ly geodet ic  point-positioning depends upon recording t i m e  of day t o  
a t  l eas t  millisecond accuracy.  Nanosecond and microsecond t iming is not  necessary; bu t  older 
a tomic  c locks  which no longer a r e  capable  of  functioning adequately f o r  high precision PTTI 
applicat ions can  and should be pu t  t o  good use in field applicat ions such as this. The  only 
requi rement  is t h a t  t h e  older  a tomic  clocks must  b e  capable of operat ing t o  a t  l e a s t  50 
microseconds absolute  accuracy  under s eve re  weather  and f i d d  conditions. Most older  a tomic  
clocks which a r e  stil l  operable  have had most  problems el iminated and good advantage  may be  
taken  of t h e  inherent  rel iabi l i ty  of t h e  e lec t ronics  of such clocks even though, for  high precision 
PTTI applications, such  older  c locks  a r e  now unsat isfactory.  

In conclusion a comple te  PTTI timing sys tem,  which had been brought f rom design t o  
implementat ion in 6 weeks, successfully pe rmi t t ed  taking on a new task---the de termina t ion  of 
precise astronomical  pusitions in t h e  field. This sys tem,  which required high quality, rel iable 
timing, has demonst ra ted  a proven capabil i ty  fo r  col lect ing PTTI d a t a  a t  p r imi t ive  f ield s i tes ,  
including examinat ion and, if necessary,  edi t ing t h e  d a t a  in t h e  field; and finally for  easily and 
rapidly sending t h a t  d a t a  back t o  t h e  home office. 
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APPENDIX A 

HP99 15A EPROM BASIC PROGRAM 

No. Statement Connnents 
10 ON ERROR GOSUB 390 For any e r r o r ,  go t o  subroutine 390 
20 ERASETAPE I n i t i a l i z e  magnetic tape car t r idge  and crea te  

a d i rec tory  on it. 
3 0 CREATE "TEXT",15 @ CREATE "DATA",125,512 

Create two f i l e s  on the magnetic tape 
cartr idge.  The f i r s t  f i l e  is named "TEXT" 
and consis ts  of 15 physical  records, each 256 
bytes i n  length. The second fi.le is named 
"DATA" and consis ts  of 125 log ica l  records, 
each 512 bytes i n  length. 

4 0 OPTION BASE 1 Specif ies  t h a t  the  lowest value o f  the  index 
f o r  an array is 1 ra ther  than 0. 

50 D I M  D(60) Define an array of 60 r e a l  numbers .............................................................................. 
60 OFF TIMEOUT 7 @ RESET 7 Disables any timeout in te r rup t  on the  IEEE- 

488 bus and then rese t s  the  IEEE-488 bus, 
returning 5 . t  t o  its power on s t a t e .  The 
HP9915A then sends In ter face  Clear (IFC) and 
then Fkrnots Enable (RFN) t o  the  Fai rchi ld  
Coup1 er . 

70 ASSTGN#2 TO "TEXT" Opens the  "TEXT" f i l e  . 
8 0 PRINT# 2 ; "NO TEXT DATA ENTERED ***************" 

Writes the  above data i n t o  the  TEXT f i l e  to 
cause the  f i l e  t o  be properly i n i t i a l i z e d  
( nu l l  f i l e a  cannot be processed) . 

90 ASSIGN# 2 TO * Close the  TEXT f i l e .  
100 ASSIGN# 1 TO "DATA" Open t i c k  f i l e  "DATA" 
110 ON KEY# 1 GOTO 360 END processing. I f  button No. 1 is pushed, 

go t o  program segment s t a r t i n g  a t  statement 
360. 

120 ON KEY# 2 GOT0 440 l ' s t  Difference processing. I f  button No. 2 
is pushed, go t o  program segment s t a r t i n g  a t  
statement 440 

130 ON KEY# 3 GOT0 630 TICK processing. If button No. 3 is  pushed, 
go t o  program segment s t a r t i n g  a t  statement 
630. 

.............................................................................. 
Sta r  Observation Mode---Default Mode. 
740 ON TIMEUJT 7 GOT0 270 I f  a timeout occurs on the  TEEE-488 bus, go 

t o  program segment s t a r t i n g  a t  statement 
270. This timeout w i l l  normally occur a f t e r  
the  as t ro labe  has t ransfer red  24 t i c k s  and 
ten seconds have elapsed since the 24' th 
t i ck .  
Set  the  timeout in te rva l  on the  IEEE-48a bus 
t o  ten seconds. 

150 SET TIMECIUT 7;10000 



-- 

160 ON INTR 7 GOT0 200 BEGIN M A I N  ACQUISITION LOOP. I f  a s e rv i ce  
request  i s  received from the  Fa i r ch i ld  
Coupler, then the  Datatron has recorded a 
t i c k  and wishes t o  t r a n s f e r  t he  t i c k  t o  the  
HP9915A. The Fa ischi ld  Coupler r a i s e s  the  
SRQ (Serv ice  Request) l i n e  t o  the  HP9915A 
and, i f  statement 170 below has enabled t h i s  
SRQ i n t e r r u p t ,  then the  HP9915A w i l l  branch 
t o  the  program segment beginning a t  statement 
2 0 0 .  Note t h a t  a f t e r  the  branch t o  statement 
200 another SRQ i n t e r r u p t  w i l l  not be 
serviced u n t i l  a subsequent ENABLE INTR 7;8 
statement has been executed. 

165 RESET 7 Reset IEEE-488 bus, i s sue  IFC and REN. 
170 ENABLE I N T R  7 ;8 Enable SffSZ (Service Request) i n t e r r u p t s  from 

the  IEEE-488 bus ( b i t  3 i n  cont ro l  r e g i s t e r  
CR1 i s  s e t  on) 

180 V=SLITE(O,l) @ V=SLITE(O,-1) 
Turn the  top ( 0 )  HP9915A l i g h t  on ( 1 ) .  then 
t u r n  it of f  ( - 1 ) .  

190 GOT0 180 Loop. This i s  an i d l e  loop which js used t o  
keep the  HP9915A busy while wai t ing f o r  a 
s e rv i ce  request  from the Datachron/ Fa i r ch i ld  
coupler.  

20 0 OFF INTR 7 A s e rv i ce  request  SRQ has been received from 
the Datatron/Fairchi l d  coupler.  Fi rst 
d i sab le  the ON INTR 7 ,  GOT0 200 in s t ruc t ion  
a t  statement 160 

21 0 V=SLITE ( 2  , 1 ) Turn the  t h i r d  ( 2  ) from top HP99  15A l i g h t  on. 
220 FOR R=l TO 60 STEP 2 Inner Read Loop. Read i n  up t o  30 t i c k s .  

The s t e p  increment 3s 2 because both the  t i c k  
and twice the  t i c k  w i l l  be s tored  i n  the  
a r ray .  

2 30 ENTER 700 USING "K" ; D ( R )  
This command un l i s t ens  a l l  devices ; then 
designates  the  HP9915A as  l i s t e n e r ;  next 
designates  the Fa i r ch i ld  Coupler as  t a l k e r  a t  
address "00" on the IEEE-488 bus ( " 7 " ) ;  and 
then allows t h e  Fa i r ch i ld  Coupler t o  begin 
t a lk ing  by s e t t i n q  the  a t t e n t i o n  ATN l i n e  to 
f a l s e .  Note t h a t  t h i s  command allows sub- 
sequent bus t r a n s f e r  a c t i v i t y  t o  occur a t  
i n t e r v a l s  cont ro l led  by the  Datatron/ 
Fa i r ch i ld  Coupler. There is no need t o  re- 
i n t e r r u p t  the  HP9915A s ince  the HP9915A is  
now wait ing,  o r  "Listening" t o  the  Datatron/ 
Fa i r ch i ld  Coupler. Each time SRQ i s  now 
ra i sed ,  SRQ i s  ignored because i t  has been 



d i s a b l e d .  Each t i c k  d a t a  t r a n s f e r  is 
i n d i c a t e d  complete by t h e  Line Feed t h a t  
occurs when a t i c k  h a s  been t r a n s f e r r e d  t o  
t h e  HP9915A, and n o t  by u s i n g  t h e  Sw 
i n t e r r u p t .  The USING s p e c i f i c a t i o n  o f  "K" 
means t h a t  t h e  s t r i n g  o r  numeric f i e l d  is 
,entered i n  the so-ca l l ed  " f r e e  f i e l d "  
format. Far  numeric d a t a ,  t h e  number is l e f t  
j u s t i f i e d  ( w i t h  l e a d i n g  space or sign) and 
f i l l e d  on t h e  r i g h t  w i t h  b lanks .  

24 0 D(R+l )=D(R)*2 Double t h e  t i c k  v a l u e  t o  form t h e  check 
number. 

2 50 BEEP 10,100 Beep a t  2500 Hz  f o r  0.04 sec. 
260 NEXT R End I n n e r  Read Loop for  Datachron/ F a i r c h i l d  

coup le r .  The i n n e r  r e a d  loop  is normally 
ended by the t e n  second t imeout  set up by 
s ta tements  140 and 150. 

2 70 IF R<24 THEN RESET 7 @ BEEP 100,100 @ BEEP 100,100 
@ V=SLITE(2,-1) @ GOTO 160 

I f  less than  12 t i c k s  were s e n t  t o  t h e  
HP9915A while  it l i s t e n e d  f o r  t i c k s ,  t h e n  
beep twice  ( a t  492 H z  f o r  0.2 s e c  e a c h ) ,  
ignore  v a l u e s ,  and go s t a r t  over  a t  
s t a tement  160. 

280 RESET 7 @ BEEP 100,200 @ BEEP 200,200 
Good d a t a  & more t h a n  12 t i c k s .  Beep a t  492 
H z  f o r  0.4 s e c ,  t h e n  change tone  t o  261 Hz 
f o r  0.8 s e c .  

29 0 PRINT# 1 ; D O  Write t h e  a r r a y  D t o  t h e  magnetic t a p e  
c a r t r i d g e .  

300 FOR R=l TO 60 Loop t o  c l e a r  D t o  zero. 
310 D( R)=O 
3 20 NEXT R 
330 BEEP 200,100 @ BEEP 100,200 Beep a t  261 Hz f o r  0.4 s e e ,  then  change t o  

492 Hz f a r  0 -4 sec. t o  t e l l  observer  t h a t  he  
can now observe ano ther  s t a r .  

340 VxSLITE(2 , - I )  Turn t h i r d  from t o p  HP9915A Light o f f .  
350 GOT0 160 END MAIN ACQUISITION LOOP 
End Star Observat ion Mode ( D e f a u l t  Mode) 
.............................................................................. 



36 0 ASSIGN# 1 TO Close f i l e  "DATA" 

3 7Ll V = S L I T E ( ~  , 1 ) Turn f i f t h  from top HP9915A l i g h t  on. 
380 END S top  HP99 15A processor  
.............................................................................. 
General  ERROR Routine 
Th is  r o u t i n e  handles  all e r r o r s .  
39 c) IF ERRN=67 THEN CREATE "TEXT1',15 @ CREATE "DATA",125,512 

@ RETURN I f  no f i l e  e r r o r ,  then  c r e a t e  t h e  "TEXT" and 
"DATA" f i l e s  and r e t u r n .  

400 DISP "ERROR"; ERRN;"ON LINE";ERKL 
This  Line d i s p l a y s  on t h e  TV monitor a 
message which reads  "ERROR error-number ON 
LINE line-statement-nuniber" The e r r o r  
numbers a r e  those  i n  appendix E of t h e  HP85 
Owners Manual and P r o g r a m i n g  Guide (00085- 
90002 Rev. D 1 /81) .  

410 V=SLXTE(6,1) @ V=SLITE(7,1) Turn on t h e  bottom t w o  HP9915A I l q h t s ,  
420 BEEP 100,10000 Beep a t  492 Hz for  20 sec .  t o  warn observer  

t h a t  c a t a s t r o p h i c  e r r o r  has  occurred.  
430 RETURN G o  r e t u r n  from e r r o r  raut j .ne  and a t t empt  t o  

cont inue anyway i n  hope t h a t  error was a 
f l u k e  . 

.............................................................................. 
Second Mode. ( F i r s t  Di f fe rence  Program Segment). 

440 ASSIGN# 1 TO * Close the  "DATA" f i l e  
450 OFF INTR 7 Disab le  t h e  SRQ i n t e r r u p t  p rocess ing  

s p e c i f i e d  i n  s t a tement  160 or  520 
46 0 OFF TIMEUJT 7 Disab le  t imeout p rocess ing  s p e c i f i e d  i n  

s t a tements  140 and 150. 
470 RESET 7 IFC and REN t h e  IEEE-488 Bus. 
480 OFF KEY# 3 @ OFF KEY# 1 Disable  TICK and END b u t t o n s .  Only t h e  f i r s t  

d i f f e r e n c e  bu t ton  (KEY# 2 )  is t o  remain 
active. Thl's key w i l l  be used t o  i n d i c a t e  
t h a t  f i r s t  d i f f e r e n c i n g  is t o  be ended. 

49 0 ON mY# 2 GOT0 60 When ? 'ST DIFFERENCE bu t ton  is pressed  ( a  
second time--- t h e  f i r s t  t jme is  t o  e n t e r  
t h i s  mode) t h i s  program segment is ended and 
t h e  normal default proqram segment is  
r e s t o r e d .  

500 SET TIMEOUT 7;5000 Datachron must t r a n s f e r  t j  cks wi th in  5 
seconds if a t imeout i s  n o t  t o  occur. 
HP9915A does no t  remain i n  a "Lis ten"  mode 
f o r  more than 5 seconds.  

5 10 ON TIMECUT 7 GOT0 450 I f  a t imeout  occurs ,  then  t h e  IEEE-488 bus  is 
r e s e t ,  IFC and RFN issued and then  
i n s t r u c t i o n s  executea  which t e rmina te  i n  t h e  
i d l i n g  loop a t  s t a tements  530 and 540.  



520 ON INTR 7 GOT0 550 I f  Datachron/Fairchi ld  Coupler i s s u e s  a SRQ , 
then go put HP9915A in l i s t e n  moae and 
Coupler i n  t a l k  mode. 

530 ENABLE INTR 7 ; 8 Allow SRQ i n t e r r u p t s  t o  occur .  
540 V=SLITE ( 1 , I  ) @ V = S L I T E (  1 , - 1 ) @ GOT0 530 

Turn second HP99 15A l i g h t  from top on, t h e n  
o f f  , t h e n  loop back. This  is an i d l i n g  loop  
whi le  w a i t i n g  f o r  s RQ from 
Datachron/Fairchi ld  Coupler. 

5 50 ENTER 700 USING "K" ; D l  
P u t  HP9915A i n  l i s t e n  mode; p u t  
Datachron/Fairchi ld  Coupler i n  talk mode; 
drop AmJ l i n e  and l e t  Dataehron/Fairchi ld  
coup le r  t r a n s f e r  t ime t i c k  t o  HP99 15A. Data 
t r a n s f e r e d  goes i n t o  v a r i a b l e  Dl. 

560 BEEP 10,100 Beep a t  2500 Hz fo r  0.04 sec. 
57 0 DISP Dl Display the  tick on t h e  v ideo  monitor.  
580 ENTER 700 USING "K" ; D2 P u t  HP99 15A i n  l i s t e n  mode aga in ;  t a l k  mode 

f o r  Datachron/FairchiLd Coupler; and transfer 
ano ther  t i c k .  But t h i s  t ime p u t  t i c k  i n t o  
ano ther  v a r i a b l e  0 2  

590 BEEP 10,100 Beep a t  2500 H z  f o r  0 -04  s e c .  
600 DISP D2;D2-Dl Display t i c k  and f i r s t  d i f f e r e n c e .  
610 D 1 =D2 Make c u r r e n t  t i c k  p r e v i o u s  t i c k  
62 0 GOT0 580 G o  g e t  ano ther  t i c k  and I m p  i n d e f i n i t e l y .  

Loop is ended by p r e s s i n g  l ' s t  Dif fe rence  
b u t t o n  o r  by 5 sec .  t imeout  s e t  up by 
s ta tements  500 & 510. 

End Second Mode ( F i r s t  Di f fe rence  Segment) .............................................................................. 



Third  Ma ~ d e .  ( F a s t  TICK p r o c e s s i n g ,  Button NO. 3 ) .  

ASSIGN# 1 t o  * 
OFF INTR 7 

OFF TTMEOUT 7 

RESET 7 
OFF KEY# 2 @ OFF KEY# 

SET TIMEWT 7;5000 

ON TIMEOUT 7 GOT0 640 

Close f i l e  "DATA" 
Disab le  i n t e r r u p t  p rocess ing  set up i n  
s t a tement  150 o r  710. 
Disab le  t imeout  p rocess ing  s e t  uo i n  
s t a tements  140 and 1 5 0 .  
Reset IEEE-488 bus,  i s s u e  I F C  and REN. 

1 
Di.sahle END and 1'ST DIFFERENCE b u t t o n s .  
When TICK key is p r e s s e d  aga in ,  go r e s t o r e  
normal p rocess ing  and r e c o r d i n g  of t i c k s .  
Allow HP9915A t o  wai t  i n  l i s t e n  mode f o r  no 
more than 5 seconds when w a i t i n g  t o  r e c e i v e  
t i c k s  from t h e  Datachron/Fairchi ld  Coupler. 
If HP99 15A w a i t s  too long (more than 5 s e c )  , 
then  go t o  s t a tement  640, r e s e t  IEEE-488 bus,  
and execute  code which ends i n  i d l e  loop a t  
s t a tements  720 and 730 .  Thj.s p r e v e n t s  t h e  
HP9915A from s i t t i n g  e n d l e s s l y  i n  a l i s t e n  
mode waj t i n g  f o r  the  Datachron/Fairchi ld 
couple r  t o  do something. 

When SRQ comes i n  from Datachron/Fairchi l?  
coup le r ,  go p l a c e  t h e  HP99 15A i n  l i s t e n  mode 
and t h e  coun le r  i n  t a l k  mode. 

i n t e r r u p t .  
730 V=SLITE(3,1) @ V=SLITE(3,-1) @ GOT0 720 

HP9915A t u r n s  f o u r t h  l i g h t  from t o p  o n ,  then  
o f f ,  t h e n  loops  back t o  p rev ious  s t a tement  i n  
an i n d e f i n i t e  i d l i n g  loop. Loop i s  ended 
when a SRQ from Datachron/Fairchi ld  Coupler 
comes i n .  

740 ENTER 700 USING "Kt' ; Dl Place HP9915A i n  l i s t e n  mode, coup le r  i n  t a l k  
mode, make ATN false t o  a l low couple r  t o  
t a l k .  P u t  t i c k  i n t o  v a r i a b l e  Dl 

7 50 BEE3 10,100  Beep a t  2500 Hz f o r  0.04 sec .  
760 GOT0 740 Loop i n d e f i n i t e l y .  Loop i s  ended by e i t h e r  

t imeout  of 5 seconds or by pushing t h e  T I C K  
bu t ton  again .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  







Figure 3. Data Acquisition and Timing System. 
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Figure 4. T ime Fvleas~~rernent and Transfer  System. 





QUESTIONS AND ANSWERS 

None f o r  Paper 1/22. 




