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INTRODUCTION 

The purpose of the Viking Seismology Experiment was to determine the 

seismicity of Mars and define its internal structure by detecting vibrations 

generated by marsquakes and meteoroid impacts. The lack of marsquakes 

recognized in the Viking data makes it impossible to make any direct infer- 

ences about the interior of Mars and only allows the setting of upper 

bounds on the seismic activity of the planet. After obtaining more than 

2100 hours (89 days) worth of data during quiet periods at rates of one 

sample per second or higher, the Viking 2 seismometer was turned off as a 

consequence of a lander system failure. During the periods when adequate 

data were obtained, one event of possible seismic or meteoroid impact 

origin was recognized; however, there is a significant probability that 

this event was generated by a wind gust. The lessons learned from Viking, 

however, will ensure that seismic systems on future Mars missions will 

have a considerably higher probabflity of obtaining their goals. 

The Viking Seismometer is a three component short-period system 

designed to meet severe constraints of weight, size, power consumption, and 

data rates necessary for incorporation into the Viking lander (Anderson 

et al., 1972). Its small size and location on the lander body produced a 

relatively insensitive and noisy seismic system. Although the Apollo lunar 

seismometers have different peak frequencies (0.5 and 8 Hz) than the Viking 

seismometer (3 Hz), the Viking seismometer is about 1/20 the sensitivity of 

the Apollo seismometers at 3 Hz. Over most of the frequency band of 

seismological interest, the Apollo seismometers are generally 2 to 3 orders 

of magnitude more sensitive than the Viking seismometer. Because of lander 

vibrations in response to Martian winds, much of the seismic data are 



contaminated by wind noise and thus unsuitable f o r  de tec t ion  of seismic 

events.  When the  winds a r e  qu ie t  (< 2 m/sec), background noise  i s  below 

the  l e v e l  detectable  by the  system. An event of poss ible  seismic o r i g i n  

(SOL 80 event) was recognized a t  a  time when wind data  suggest r e l a t i v e l y  

qu ie t  condit ions.  One SOL i s  one Martian Solar  day = 24h 3% 35.25s. No 

wind measurements were made within  20 minutes of the  event,  thus it i s  

poss ible  t h a t  a gust  could have occurred between wind samples and produced 

t h e  event (Anderson e t  a l . ,  1977). I f  i t  is  seismic i n  o r ig in ,  the  high 

frequency and shor t  durat ion of t h i s  event suggest, bu t  do not  requ i re  

t h a t  it was generated loca l ly  ( ce r t a in ly  wi thin  100 km of t he  lander) .  

The de tec t ion  of one l oca l  marsquake ( a t  most) during t h e  equivalent  

of 89 days of operations allows us t o  s e t  l i m i t s  on t h e  probable se i smic i ty  

of the  p lane t .  The probabi l i ty  is  g r ea t e r  than 67% t h a t  Mars has a  lower 

se ismici ty  than the  ~ a r t h ' s  i n t r a p l a t e  se ismici ty .  I f  Martian se ismici ty  

i s  s imi l a r  t o  i n t r a p l a t e  se ismici ty  on Earth ( there  i s  cur ren t ly  no evidence 

of p l a t e  t ec ton ics  on P ~ r s ) ,  then about 2  t o  3 events would have been 

detected (Goins and Lazarewicz, 1979). 

Requirements f o r  successful  seismic experiments on Mars and other  

p lanetary  ob jec t s  can be met us ing present-day technology. These include 

(1) high s e n s i t i v i t y ,  dynamic range, and frequency bandwidth t o  allow 

de tec t ion  of small and d i s t a n t  events ,  (2) seismometer networks t o  al low 

loca t ion  of detected events and inversion of seismic parameters t o  obta in  

planetary  s t ruc tu r e s ,  and (3)  ' f l ex ib l e  data  co l l ec t i on  and compression 

methods t o  allow va r i a t i on  of parameters f o r  optinum r e t r i e v a l  of 

in f  oma t ion. 



Much like the Viking seismometer on Mars, the first seismometer on the 

Moon (Apollo 11) was noisy and told us little about the Moon. A great 

wealth of information was obtained, however, by later Apollo seismometers, 

and we are confident that the same will be true when more advanced seismic 

systems are installed on Mars. 

Two acronyms will be used in this report. VLS (Viking Lander 

Seismometer) will refer to the seismometer package alone. VLSS (Viking 

Lander Seismometry System) will refer to the lander body, data handling 

capabilities and other engineering aspects in addition to the VLS. 



HISTORY 

In evaluating the Viking Seismology Experiment, it is important to 

know the history of the experiment, and thus understand the reasons for the 

design limitations. 

Viking was designed primarily as a biologically oriented mission. The 

search for extra-terrestrial life was the motivating force, and other 

scientific goals were secondary. The original tentative instrument list 

did not include a seismometer. While design changes were taklng place for 

the Viking lander, a seismometer was proposed and accepted for the Viking 

mission. From the outset, the primary constraints for this instrument 

were weight, power and cost, in that order. Initial tests, using the 

Caltech engineering unit, using a crude lander model, indicated no signifi- 

cant difference among placing the seismometer on, under or near the lander 

for seismic coupling of the instrument to the surface. Any seismometer 

deployment mechanism would have undoubtedly exceeded any weight allocatioa 

for the seismic experiment, and would have forced a decision between a 

lander-mounted seismometer or no seismometer at all. Through testing and 

compromise, the original design evolved into the VLS which went to Mars as 

a 2.2 kg, 3.5 watt instrument. 

The weight, power, data allocation and cost constraints for the VLSS, 

forced a relatively low sensitivity, narrow-band, survey experiment. It 

is the purpose of this report to analyze the Viking Seismology Experiment, 

and given what we now know, offer constructive criticism toward the future 

design of extra-terrestrial seismology experiments. We do not intend to 

attempt to redesign this experiment from hindsight. 



PURPOSE 

The study of a planetary object  by experiment may be broadly c l a s s i f i e d  

i n  four pa r t s :  (1) atmospheres, (2) surfaces ,  (3) i n t e r i o r s ,  and 

( 4 )  magnetospheres. Earth-based astronomical s t ud i e s  produce a g r ea t  dea l  

of data on atmospheres and surfaces  simply because they a r e  v i s i b l e  from 

Earth. Magnetospheres may be studied with most spacecraf t  i n  t he  v i c i n i t y  

of a p lane t .  Due t o  t h e i r  strong dependence on landed instrumentation, 

s t ud i e s  of p lanetary  i n t e r i o r s  a r e  mostly re legated t o  t heo re t i c a l  s t ud i e s  

supported by ind i rec t  data .  Theoretical  s t ud i e s  o f ten  produce p laus ib le ,  

although non-unique models, and the  lack of v e r i f i c a t i o n  by experiment impedes 

much fu r the r  progress. 

The d i r e c t  s tud ies  of planetary i n t e r i o r s  ( i . e .  seismic, gravi ty ,  hea t  

flow, magnetotel luric,  and o r b i t a l  parameters from radar  and rad io  data) ,  

had t o  wait u n t i l  t he  lunar explorat ion programs began i n  t he  1960's. On 

20 July  1969, with the  landing of Apollo 11 on the  Moon, p lanetary  seismology 

was i n i t i a t e d  a s  an a c t i v e  science.  S c i e n t i f i c a l l y ,  t h i s  was a very important 

s t ep ,  a s  seismology i s  one of t he  few experimental methods which allow 

d i r e c t  s t ud i e s  of p lanetary  i n t e r i o r s .  

Most ava i l ab l e  information f o r  t he  ~ a r t h ' s  i n t e r i o r  i s  d i r e c t l y  due t o  

seismic s tud ies .  Most of the  gross parameters (e.g. densi ty ,  ve loc i ty ,  and 

pressure) of the  ~ a r t h ' s  i n t e r i o r  a r e  known t o  wi thin  1%; the  temperature 

i s  known t o  within a few percent.  Similar ly ,  f o r  t he  Moon, t he  i n t e rna l  

s t r uc tu r e  i s  known reasonably wel l ,  mainly due t o  the Apollo seismic 

experiments. From the  ou tse t  of the  Apollo seismology experiments, and 

throughout t he  e igh t  years of data  co l l ec t i on ,  i t  became evident t ha t  



moonquakes a r e  much smaller  than earthquakes. For t h i s  reason, and due t o  

t he  l imi ted s i z e  of t he  seismometer network, l i t t l e  useful  information on 

t h e  deep lunar i n t e r i o r  (now considered the  core) i s  ava i lab le .  The high 

Q surface  s ca t t e r i ng  layer  r e s u l t s  i n  very emergent ( s igna l s  having a 

gradual onset)  seismic a r r i v a l s ,  long codas which obscure secondary a r r i v a l s  

and the  des t ruc t ion  of coherently dispersed wave t r a i n s  (Goins, 1978). The 

lunar  s e  isrnic s ignatures  have proven t o  be subs t an t i a l l y  (and unpredictably) 

d i f f e r e n t  from the  ~ a r t h ' s ,  leading t o  the  obvious inference t h a t  seismic 

s ignatures  need not be s imi la r  from one planetary  object  t o  another.  

Although t h i s  l a s t  conclusion was not  unexpected, due t o  t he  cons t r a in t s  on 

the  VLS i t  is  not unreasonable t o  s t a t e  t h a t  t he  VLS was designed t o  sense 

s igna l s  which were not  r ad i ca l l y  d i f f e r en t  from those observed on Earth. 

The Apollo seismometer systems col lected s igna l s  which were so  r a d i c a l l y  

d i f f e r e n t  from the  ~ a r t h ' s  t h a t  they were not i den t i f i ed  as seismic s i gna l s  

u n t i l  a f t e r  the  second Apollo (12) mission; even then i d e n t i f i c a t i o n  w a s  

only poss ible  due t o  the  high data r a t e s  (40. x lo6 b i t s l ~ a r t h  day) and 

e f f e c t i v e  real - t ime in te rac t ion  between s c i e n t i s t s  and instruments. A 

s imi l a r  case may be made f o r  Mars. The f a c t  t h a t  we have no pos i t i ve ly  

i den t i f i ed  s ignatures  does not  necessa r i ly  imply t h a t  t h e r e  were no seismic 

events. There a r e  two a l t e r n a t i v e  p o s s i b i l i t i e s :  (1) seismic s i gna l s  do 

e x i s t  i n  the  received da ta ,  but  we do not know how t o  recognize them, and 

(2) the  VLSS was unable t o  sense (e.g. due t o  i n sens i t i v i t y )  seismic s i gna l s  

which did a r r i v e  t o  the  Lander' 2 s i t e .  The VLSS, i f  placed on t he  Moon i n  

place of the  Apollo seismic systems, would have detected lunar  seismic 

a c t i v i t y  a t  a  r a t e  of 0.5 event per year,  compared t o  approximately 

20,00O/year observed with Apollo instrumentation.  I n  o the r  words, t he  VLSS 

wouldn't have detected any seismic a c t i v i t y  on t h e  Efoon. 



A v a r i e t y  of models have been constructed f o r  t he  i n t e rna l  s t r u c t u r e  

and thermal s t a t e  of Mars (Ur,ey, 1952; Kovach and Anderson, 1965; Anderson 

and Kovach, 1967; Binder, 1969; Ringwood and Clark, 1971; Anderson, 1972; 

Binder and Davis, 1973; Johnston e t  a l . ,  1974; Johnston and Toksoz, 1977; -- 
Okal and Anderson, 1978; Toksoz and Hsui, 1978). These s tud ies  general ly  

ind ica te  t h a t  Mars is  more Ear th- l ike  than Moon-like, thus marsquakes could 

have s imi l a r  s ignatures  t o  earthquakes. However, the  s ca t t e r i ng  l aye r  and 

t h e  high Q observed on the  Moon s t rongly a f f e c t  lunar  seismic s igna tures ,  

and s imi la r  f ea tu r e s  may a l s o  occur on Mars. I n  f a c t ,  i f  the  SOL 80 event 

(Figure 1) is  a  r e a l  seismic event,  then it i s  s imi la r  t o  l o c a l  California 

seismic events (Figure 2) a s  recorded by a  s imi la r  instrument. 

I n  summary, t h e  main purpose of the  Viking Seismology Experiment was 

t o  determine t h e  se ismici ty  of Nars, and the  gross nature  of seismic s i gna l s ,  

with the  highest  p robab i l i ty  of success i f  Martian seismic s igna tures  were 

Ear th- l ike .  



INSTRUMENT DESIGN 

The Viking seismometer i s  described i n  d e t a i l  by Mil ler  (1977), and 

only a general  desc r ip t ion  w i l l  be included here.  The VLS i s  a th ree -ax i s ,  

short-period seismometer (of a u se fu l  frequency range from 0.1  t o  10 Hz) 

e n t i r e l y  enclosed i n  a 12 x 12 x 15 cm box, a t o t a l  mass of 2.2 Kg. ,  and 

drawing 3.5 wat ts .  There a r e  t h r ee  modes of da ta  co l l ec t ion :  (1) High 

Data Rate (HDR): with a sampling r a t e  of 20.2 samples/sec/axis, (2) Event 

Mode: sampling the  average amplitude and number of pos i t ive  going zero a x i s  

cross ings  a t  a r a t e  of one sample/sec/axis, and (3) Normal Mode: taking a 

12.7 second running average of s i gna l  amplitude and sampling every 14.85 

seconds. Four s ix th-order  low-pass Butterworth f i l t e r s  (0.5, 1.0, 2.0, 

4.0 Hz) a r e  ava i l ab l e  f o r  the  HDR and Normal modes, and an amplitude sensing 

automatic t r i g g e r  from the  Normal t o  Event mode is  ava i lab le .  The 

6 instrument produces 6.17 x lo3, 1.47 x lo5,  and 1.77 x 10 b i t s l h o u r  i n  t he  

Normal, Event, and HDR modes, r espac t ive ly .  The data space ava i l ab l e  during 

4 t h e  Viking mission was nominally 4.46 x 10 b i t s /hour  and ranged from zero  

t o  th ree  times t he  nominal amount. 

The VLS, trapped between t h e  cons t r a in t s  of small s i z e  and low data  

r a t e s ,  i s  necessa r i ly  a narrow-band, low-sens i t iv i ty  system. Furthermore, 

the  VLS i s  not  f i rmly planted on the  surface  of Mars and separated from 

the  lander ,  bu t  i s  located on the  lander and i s  highly  suscep t ib le  t o  wind 

and lander  noises .  

The VLS on Lander 1 f a i l e d  t o  uncage and returned no u se fu l  da ta ,  

desp i te  repeated uncaging at tempts throughout the  mission. The caging 

mechanisms push the  i n e r t i a l  masses aga ins t  t he  instrument cas ing,  thus 



preventing any movement of the  i n e r t i a l  masses and minimizing shock forces  

on the  hinge pins during t r a n s i t .  A conplete repor t  on t h i s  subject  w a s  

wr i t t en  by Knight (1977). 

The Elartian seismic environment, as seen by the  VLS, is  qu ie t  s e i s -  

mically,  and noisy from non-seismic sources. These condit ions made t h e  

t r i gge r s  i ne f f ec t i ve  and they were permanently turned off within the  f i r s t  

t en  days of operation. An important design problem i n  the  instrument 

package concerned automatic t r iggered operation. While i n  the  Normal mode, 

with the  t r i gge r s  enabled, an event with an amplitude grea te r  than a p rese t  

f a c to r  over the  background l e v e l  automatically tu rns  on the  Event Mode. 

However, t he  f i r s t  motion (an important seismic parameter) which t r iggered 

t he  event would be l o s t ,  a s  t he  Event Mode begins recording a f t e r  t he  

t r i gge r s  t u rn  on. Furthermore, i f  s igna l s  were emergent, e a r l y  a r r i v a l s  

would be l o s t .  The t r i g g e r  c i r c u i t  monitors t he  unf i l t e red  seismic s i gna l s  

and cannot be f i l t e r e d .  This makes it nuch more s ens i t i ve  t o  high frequen- 

c i e s  than i s  des i rab le  f o r  the  Martian environment. These problems, 

combined w i th . f a l s e  t r igger ing  from spacecraf t  noises ,  resul ted i n  the  

atuomatic t r igger ing  option not being used throughout t he  mission. 

Given a11 t he  cons t r a in t s ,  t he  Event mode i s  t he  most useful  mode. 

Although the  HDR Mode gives more information, it can only be used f o r  

shor t  periods of time. Without knowledge of the  nature  of Martian seismic 

events,  and due t o  t he  data  compression involved i n  t he  Event Mode, 

i d e n t i f i c a t i o n  of seismic events on the  s ignature  alone was impossible. 

Each prospective event needed t o  be checked aga ins t  cor re la t ion  with lander  

events and wind gus t s .  Only i f  no co r r e l a t i on  was made could a prospective 

event be l abe l led  a seismic event. Using t h i s  c r i t e r i o n ,  no seismic events 



were found save one pos s ib i l i t y :  the  SOL 80 event. This conclusion po in t s  

out  a major problem of the  Viking Seismology Experiment: pos i t i ve  

i den t i f i c a t i on  of seismic events i s  impossible without a subs t an t i a l  amount 

of ex t ra  data  and information. The Event Mode was i n su f f i c i en t  f o r  t he  

Viking mission. I n  f a c t  there  a r e  two problems here: (1) event de t ec t i on  

and (2) information l o s t  due t o  compression. Both problems must be analyzed 

fu r the r  before the  next mission. 

The f i n a l  problem t o  be mentioned i s  with t he  f i l t e r  por t ion of t h e  VLS 

systen.  A s ixth-order ,  recursive f i l t e r  requ i res  15 constants and 6 

temporary s torage buf fe rs  (see Appendix B) .  For the  six-pole,  low-pass 

Butterworth f i l t e r s  used i n  the  VLS, only 12 constants  and 6 buf fe rs  were 

required.  These were pre-programed t o  o f f e r  four  d i f f e r en t  f i l t e r  corner 

frequencies.  I f  a l l  15 constants were ava i l ab l e  and i n  the  software, they 

could be reprogrammed, a f t e r  landing,  i n t o  low-pass, high-pass, band-pass 

o r  notch f i l t e r s ,  depending on the  nature of the  data  received. Such 

programming capab i l i t y  was beyond the  1970 technology, but i s  now possible .  

Such f l e x i b i l i t y  would grea t ly  enhance a seismometer system's a b i l i t y  t o  

de tec t  seismic a c t i v i t y ,  and should now be r e l a t i v e l y  easy t o  design and 

construct .  



VIKING SEISMIC SYSTEM 

The f i r s t  point  t o  mention is  an obvious and much s t a t ed  one. The 

seismometer should not have been placed on the  lander body; had i t  been 

coupled t o  t he  planetary surface a t  s u f f i c i e n t  d is tance from the  lander  so  

a s  t o  e l iminate  in te r fe rence  from lander noises ,  and preferably  buried t o  

prevent de tec t ion  of meteorological disturbances ( i .e .  wind and thermal 

va r i a t i ons )  then seismic s igna l s  would have been considerably e a s i e r  t o  

de tec t .  Approximately half  of the t o t a l  seismometer data a l l o c a t i o n  over 

t he  e n t i r e  mission was unusable because of wind noise.  Spurious events 

needed a thorough check of a l l  spacecraf t  a c t i v i t i e s  and were genera l ly  

a t t r i b u t e d  t o  mechanical noises on the  lander. Assuming approximately 

2000 hours of Event Mode was spent i n  co l l ec t i ng  wind and spacecraf t  noise ,  

then approximately 300. x lo6 b i t s  of data  were not  use fu l ly  u t i l i z e d .  

This i s  approximately 7.4 times the  t o t a l  recorded data  budget ava i l ab l e  

a t  any given time on t he  lander tape recorder (approximately 40. x 10 6 

b i t s ) .  I n  a severely  l imi ted data  environment a s  was ava i lab le  during t h e  

Viking mission, t h i s  i s  a high p r i ce  t o  pay. The data  space l o s t  t o  noise  

s t rongly  o f f s e t s  t he  f inanc ia l  and engineering savings incurred by leaving 

t h e  seismometer on top of the  lander.  

The co r r e l a t i on  process between seismometer and o ther  spacecraf t  

a c t i v i t i e s  was made considerably more d i f f i c u l t  by  the  inconsistency of the 

l oca l  lander  time (LLT) a s  in te rpre ted  by d i f f e r e n t  experiments and 

engineering analyses (a mission operations problem). It was not  unusual t o  

f ind subs t an t i a l  time dif ferences  between two reductions of t he  same lander 

clock data .  For accurate  seismic detect ion,  s i gna l s  received by the  



seismometer should be timed and compared with o t h e r  lander  a c t i v i t i e s  t o  

wi th in  one sampling period of t h e  seismometer, o r  a maximum of one second i n  

t h i s  case.  

With t h e  VLS placed on t h e  lander ,  i t  w a s  imperative t o  understand, a t  

l e a s t  q u a l i t a t i v e l y ,  t h e  mechanical t r a n s f e r  funct ion of the  lander  a t  

d e t e c t a b l e  frequencies.  Tes ts  performed a t  t h e  Nar t in  Plar ie t ta  Aerospace 

Corp. i n  January 1975 t o  gain  t h i s  information f a i l e d  because of problems wi th  

t h e  d i g i t a l  system. Some information was a v a i l a b l e  i n  analog form a t  frequen- 

c i e s  g r e a t e r  than  8 Hz. Modificat ion of t h e  VLS due t o  a lander  body resonance 

discovered a t  1 0  H z ,  used up t h e  f i n a n c i a l  budget a v a i l a b l e  f o r  f u r t h e r  t e s t i n g .  

Viking went t o  Nars without  t h e  Seismology Team knowing t h e  lander  response 

func t ion ,  e i t h e r  i n  terms of frequency response o r  c ross - t a lk  among t h e  t h r e e  

channels. 



SCIENCE ANALYSIS 

The purpose of any e x t r a - t e r r e s t r i a l  se ismic  experiment is  t o  determine 

t h e  dynamics, i n t e r n a l  s t r u c t u r e ,  microseismic a c t i v i t y  (background seismic 

l e v e l ,  sources  and frequency dependence), me teor i t e  i n f l u x  r a t e  and nearby 

mechanical s o i l  p r o p e r t i e s  of t h e  p lanetary  ob jec t .  The goals  of the  Viking 

Seismology Experiment have been described i n  more d e t a i l  by Anderson e t  a l .  

The s c i e n t i f i c  r e s u l t s  of t h i s  experiment have a l ready been published 

(Anderson e t  a l . ,  1976; Anderson e t  a l . ,  1977). These r e s u l t s  a r c  s t i l l  

e s s e n t i a l l y  c o r r e c t ,  although considerably mare d a t a  have been acquired s i n c e  

then. Severa l  a s soc ia ted  research papers have been published r e c e n t l y  (Toksoz 

and Johnston, 1977; Okal and Anderson, 1978; Toksoz and Hsui, 1978; Goins and 

Lazarewicz, 1979; Lazarewicz and t!iller. 1979) which expand on t h e  two main 

Seismology Team pub l ica t ions .  For d e t a i l  on t h e  sc ience  ana lys i s ,  t h e  reader  

i s  r e f e r r e d  t o  t h e  above publ ica t ions .  It is important ,  however, t o  summarize 

what was and w a s  not  accomplished. 

On t h e  p o s i t i v e  s i d e ,  we have learned t h a t  t h e  background microseism l e v e l  

is  low, below our d e t e c t i o n  threshold.  A s  a r e s u l t ,  wind no i se  (as was expected) 

dominated our  no i se  da ta .  The d i r e c t ,  and very  important ,  impl ica t ion i s  t h a t  

a seismometer of much higher s e n s i t i v i t y  can be used and t h a t  i t  must be  i so-  

l a t e d  from meteorological  disturbances.  From t h e  19 months of success fu l  

opera t ion of t h e  Viking 2 seismometer, t h r e e  months (approximately 2100 hours)  

of low no i se  da ta  i n  one of t h e  modes capable of seismic de tec t ion  were obtained.  

Thus only 16% of t h e  t o t a l  opera t ion time r e s u l t e d  i n  u s e f u l  da ta .  



The SOL 80 event i s  the  only i d e n t i f i e d  candidate f o r  a n a t u r a l  se ismic  

event .  A l l  known mechanical lander  a c t i v i t i e s  have been ru led  out  a s  t h e  

source f o r  t h i s  event ,  and although the  wind is  below t h e  seismoneter 's  

d e t e c t i o n  threshold f o r  a few hours on each s i d e  of the event, wind d a t a  

were not  acquired wi th in  20 minutes of the  event. Wind gusts  have been 

observed during such qu ie t  per iods ,  however, and a gus t  could be t h e  source  

of t h i s  event. On t h e  o ther  hand, t h e  SOL 80 event could be a n a t u r a l  

seismic event .  Figure 2 shows t h e  SOL 80 event compared with two C a l i f o r n i a  

events  recorded by a s i m i l a r  instrument.  The s i m i l a r i t y  of t h e  t h r e e  even t s  

is s t r i k i n g .  I f  t h e  Utopia P l a n i t i a  region ( loca t ion  of t h e  Viking 2 l ander )  

i s  s i m i l a r  i n  seismic p roper t i e s  t o  Southern Ca l i fo rn ia ,  then a magnitude 3 

marsquake a t  a d i s t a n c e  of 110 km is  cons i s t en t  wi th  t h e  SOL 80 s igna tu re .  

The high frequency content  (8-10 Hz) of t h e  SOL 80 event is higher than i n  

wind g u s t s  showing s i m i l a r  seismometer s igna tu res  (Figure 3 ) .  Furthermore, 

wi th  reasonable  assumptions, i f  t h e  t h r e e  v i s i b l e  peaks a r e  caused by seismic 

r e f l e c t i o n s ,  then t h e  depth t o  t h e  f i r s t  s i g n i f i c a n t  seismic d i s c o n t i n u i t y  

i n  Utopia P l a n i t i a  is approximately 16 km (Anderson et a l . ,  1977).  A s  t h e  

SOL 80 event i s  not incons i s t en t  wi th  e i t h e r  a n a t u r a l  seismic event nor a 

wind g u s t ,  n e i t h e r  source can b e  r u l e d  ou t .  The opinions of t h e  va r ious  

members of t h e  Seismology Team vary  g r e a t l y  a s  t o  which i s  t h e  source of the 

SOL 80 event ,  bu t  t h e  consensus is  t h a t  t h e  SOL 80 event i s  a p o t e n t i a l  

~fiarsquake o r  meteoroid impact. 

I f  t h e  SOL 80 event is a Local seismic event ,  then the  l o c a l  events  on 

Mars a r e  s i m i l a r  t o  l o c a l  events on Earth. This is  a n  important conclusion 

which r e q u i r e s  v e r i f i c a t i o n  by f u t u r e  experimentation. 



With 0 t o  1 even t  recorded,  a de t e rmina t ion  of  b a r t i a n  s e i s m i c i t y  is 

n o t  s t a t i s t i c a l l y  s i g n i f i c a n t ;  however, some u s e f u l  coaz-ients may b e  made. 

I f  t h e  SOL 80  event  i s  a se i smic  event ,  t hen  w i t h  a 67% p r o b a b i l i t y ,  Mars 

has  a lower s e i s m i c i t y  t han  t h e  E a r t h ' s  i n t r a p l a t e  s e i s m i c i t y .  Th i s  proba- 

b i l i t y  r i s e s  t o  90% i f  t h e  SOL SO event  is  no t  a n a t u r a l  s e i smic  event .  

With 99% conf idence ,  Mars is  l e s s  s e i s m i c a l l y  a c t i v e  than  t h e  t o t a l  s e i s -  

m i c i t y  of  Ear th .  These a r e  updated v a l u e s  from Anderson et - a l .  (1977), 

es t imated  by Goins and Lazarewicz (1979). I f  Wars h a s  t h e  same s e i s m i c i t y  

a s  t h e  E a r t h ' s  i n t r a p l a t e  s e i s m i c i t y ,  uniformly d i s t r i b u t e d  over  t h e  p l a n e t ,  

t hen  2 t o  3 even t s  should have been d e t e c t e d  (Goins and Lazarewicz, 1979).  

The Viking seismology d a t a ,  thermal  h i s t o r y  c a l c u l a t i o n s  (Toksoz and 

Hsui,  1978) ,  photo-geologic 2 a t a  (Carr ,  1974) ,  g r a v i t y  and topography d a t a  

( P h i l l i p s  and Saunders,  1975; Sjogren - et -a a 1  1978; S l eep  and P h i l l i p s ,  

1979) and e l a s t i c  f l e x u r e  theo ry  a s  a p p l i e d  t o  Olynpus Mons (Thurber and 

Toksoz, 1978) and t h e  l a c k  of evidence f o r  p l a t e  t e c t o n i c s ,  a l l  i n d i c a t e  a 

t h i c k  l i t h o s p h e r e  f o r  Kars.  We t h e r e f o r e  expec t  a q u i e t e r  s e i smic  environ-  

ment t han  on Ear th .  

On t h e  n e g a t i v e  s i d e ,  t h e  l o s s  of t h e  Viking I seismometer ( f a i l u r e  t o  

uncage) no t  on ly  meant t h e  l o s s  of  one of two in s t rumen t s ,  i t  a l s o  prec luded  

t h e  d e t e c t i o n  of t h e  same event  by bo th  seismometers.  Our e s t i m a t e  is  a 752 

l o s s  of p o t e n t i a l  s c i e n c e  due t o  t h i s  f a i l u r e .  Henceforth,  any r e f e r e n c e s  

made about  t h e  o p e r a t i o n  of t h e  VLS w i l l  b e  i m p l i c i t l y  r e f e r r e d  t o  Lander 2,  

which d i d  uncage s u c c e s s f u l l y .  With  t h e  p o t e n t i a l  excep t ion  of t h e  SOL 80  

even t ,  we do no t  know t h e  n a t u r e  of l o c a l  even t s ,  t h e i r  s i g n a t u r e s ,  o r  

c r u s t a l  t h i ckness .  With t h e  l a c k  of t e l e s r i s m i c  e v e n t s ,  w e  have no d a t a  on 

the  n a t u r e  of t e l e s e i s m s ,  c o r e  s i z e  o r  r e g i o n s  of p a r t i a l  me l t i ng .  



With an  eye on t h e  f u t u r e ,  i t  is  reasonable  t o  expect continued 

e x t r a - t e r r e s t r i a l  se ismic  experimentation. To t h i s  end, i t  is necessary t o  

set goa l s  which a r e  s c i e n t i f i c a l l y  important ,  t echn ica l ly  f e a s i b l e  and 

reasonably l i m i t e d  i n  scope. We recommend t h e  designing of f u t u r e  Nar t i an  

seismic experiments t o  address the  fol lowing problems i n  l i g h t  of our cur- 

r e n t  knowledge: 

(1) Determine t h e  s p a t i a l  d i s t r i b u t i o n  of se i smic i ty  and i ts  implica- 

t i o n s  f o r  cu r ren t  Har t ian  t e c t o n i c  a c t i v i t y .  

(2) Determine t h e  veloci ty-depth r e l a t i o n s h i p  and t h e  l o c a t i o n  of 

major se ismic  d i s c o n t i n u i t i e s  on Mars. 

(3) Determine t h e  s t a t e  ( l i q u i d  o r  s o l i d )  and the  s i z e  of t h e  Mart ian 

core .  

(4) Locate p a r t i a l l y  molten a r e a s  ( i f  any) wi th in  t h e  Martian i n t e r i o r ,  

p a r t i c u l a r l y  wi th in  the  upper mantle. 

(5) Concentrated study of the  t e c t o n i c  s t a t e  o f ,  thus  po ten t i ax ly  

t h e  s t r e s s e s  i n  and around, the  Thars is  a rea .  

Problem 1 t a n  b e  solved with a network of s e n s i t i v e  sesimometers emplaced 

on t h e  s u r f a c e  of Mars. Problem 2 can use  almost any kind of seismic d a t a ,  

thus  is  e a s i l y  compatible wi th  t h e  o t h e r  four  a r e a s .  Okal and Anderson (1978) 

have s tud ied  problems 3 and 4 and have o u t l i n e d  f e a s i b l e  seismic s t u d i e s  t o  

r e so lve  t h e s e  two problems. Problem 5 can be  solved wi th  a small  seismic 

a r r a y  i n  t h e  Thars i s  region.  



RECOM?lEh4ATIONS FOR FUTURE MISSIONS 

The Viking Seismology Experiment, although not as scientifically 

productive as had been hoped, was a valuable source of experience in perform- 

ing extra-terrestrial seismology. This was the first seismic experiment on 

an unmanned, extra-terrestrial mission. It was expected that the constraints 

on mass, power and data allocation, and physical location on the spacecraft 

would compromise the scientific results. The amount of compromise and speci- 

fic problems became well understood only after the landings on Mars. In this 

sense, one of the major accomplishments of this experiment was an improved 

ability to design similar future missions. Four specific recommendations are 

now presented. We feel all four are necessary, technically feasible and will 

significantly improve future extra-terrestrial seismic experimentation. 

1. Isolation from noise 

We know of three noise sources on Mars: lander activity, thernal noise 

and wind noise. A seismic~kage&ould beisolated from all three as well as 

possible. 

This the most important recommendation. A first seismic experiment on 

a planetary object searches for seismic signals of unknown character. Any 

detected signal must be thoroughly analyzed to determine its origin and thus 

classify it as a seismic signal or noise. A landed spacecraft is necessarily 

noisy, and the analysis and categorization of the noise adds greatly to the 

effort, time and money spent for data analysis. 

The emplacement of a seismometer on a planetary object is not as straight- 

forward a problem as on Earth. Construction of a seismic vault is presumably 

impossible, even searching for a good site (if one can get to it) is a difficult 
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process.  It i s  reasonable  t o  assume the  ex i s t ence  of a  s u r f a c e  l a y e r ,  

probably of unknown o r  poorly understood p r o p e r t i e s ,  sepa ra t ing  t h e  s u r f a c e  

from bedrock ( i f  any). This  s u r f a c e  l a y e r  w i l l  probably modify, poss ib ly  

severe ly ,  an inc iden t  seismic s i g n a l  (as i t  d i d  on t h e  Moon), t h u s  making 

i n t e r p r e t a t i o n  of seismic s i g n a l s  t h a t  much more d i f f i c u l t .  Furthermore, 

t h e  s u r f a c e  l a y e r  undergoes d i u r n a l  changes of temperature w i t h  t h e  a s s o c i a t e d  

thermal f luxes  and changes i n  t h e  thermal s t a t e  of a s u r f a c e  seismometer. 

Construct ing a seismometer package showing a smal l  c ross-sec t ional  a r e a  

t o  t h e  wind, and p lan t ing  i t  on t h e  su r face  of Mars, should i n c r e a s e  t h e  

threshold  f o r  wind no i se  t o  300 m / s .  The s e n s i t i v i t y  of t h e  seisnometer  could 

b e  - increased by 4 o rde r s  of magnitude and the  seismometer would s t i l l ' b e  f r e e  

of wind noice  (Anderson e t  a l . ,  1977). 

The u l t i m a t e  goal  i s  t o t a l  i s o l a t i o n  from spacecraf . t  and s u r f a c e  n o i s e  

sources.  I n  o rde r  of importance, a  p lanetary  seismometer must have its 

sensors  (a) phys ica l ly  separa ted  from the  spacec ra f t ,  (b) bur i ed ,  and (c) 

a t t ached  t o  bedrock ( i f  any). It may b e  p o s s i b l e  t o  couple seismometer 

emplacement wi th  a co r ing  mission. After  a  co re  i s  removed from a h o l e  dug by 

a l ander ,  t h e  h o l e  could be  f i l l e d  with an  instrument package conta in ing 

se ismic  and o t h e r  sensors .  An instrument package could a l s o  b e  bur ied  w i t h  a 

core r .  A l t e r n a t i v e l y ,  a pene t ra to r  mission could e a s i l y  c a r r y  a seismometer, 

and bury the  instrument a t  each landing s i t e .  
< 

2. Sei,smometer networks i n  se i smica l ly  a c t i v e  a r e a s  

The Earth and t h e  Moon have been found t o  have s p a t i a l  seismic and 

ase ismic  zones. Mars i s  a l s o  'expected t o  be heterogeneous i n  seismic a c t i v i t y .  

Most notably,  the  Thars i s  a r e a  i s  expected t o  con ta in  s t r e s s e s  which should 

produce seismic a c t i v i t y  even i f  i t  i s  i n  i s o s t a t i c  balance (Sleep and P h i l l i p s ,  

1979), thus  seismic a c t i v i t y  i n  t h i s  a r e a  might be h igher  than elsewhere on 



the planet. There are no planetary objects where a uniform surface 

seismicity is expected. The strength of seismic signals received bv a 

seismometer generally decreases with distance; ~s a result, a strong bias 

exists for sensing the seisnicity of the immediate area. The Viking seismo- 

meter was placed in the relatively unexciting Utopia Planitia (for spacecraft 

landing safety), where substantial seismic activity was not expected. Theo- 

retical considerations of Martian seismicity, and the physical limitations 

of the VLSS, place 802 of the detectable events within 10 degrees (590 b) 

of the lander, and a magnitude greater than 9 would be required in the Tharsis 

region for detection by Lander 2 (Goins and Lazarewicz, 1979). Cbviously, the 

location of a seismometer on a planetary object is very important. 

A single seismometer, especially without detailed knowledge of the nature 

of seismic signals, is insufficient for determining the location and nature of 

the seismic source. A network of seismometers offers many advantages over a 

single instrument, depending on hoy the network is deployed. Three useful 

types of seismic networks are: 

(a) Sub-wavelength network: sensors closely spaced (within a fraction 

of a wavelength) so that the signal time of arrival as the different 

instruments is nearly simultaneous. The signals may be added, rein- 

forcing the coherent signals through constructive interference, while 

weakening the incoherent signals (noise). In this fashion, the 

signal-to-noise ratio is improved as the &- where n is the 

number of sensors. 

(b) Local network: sensors are widely spaced, relative to wavelength, 

so that the arrival time differences are much greater than the 

measurable time resolution, but the instrument separation is much 



less than t h e  p lanetary  radius .  With proper adjustment of the 

r e l a t i v e  phases of incoming s i g n a l s ,  t h i s  phased network becomes 

a " s t ee rab le  beam'' f o r  d i s t a n t  events ,  where azimuthal d i r e c t i o n  

can b e  ca lcu la ted  f o r  a given s i g n a l ,  o r  a p r e f e r e n t i a l  azimuth f o r  

a p a r t i c u l a r  s tudy can b e  chosen. Local seismic even t s  can b e  

loca ted  d i r e c t l y  by t r i a n g u l a t i o n  and/or t ravel - t ime d i f f e r e n c e  

a n a l y s i s .  

(c) P lane ta ry  network: t h e  network is spread throughout t h e  e n t i r e  

p lane ta ry  surface .  This network al lows f o r  s t u d i e s  of he te rogene i ty  

i n  s e i s m i c i t y  and i n t e r i o r  s t r u c t u r e ,  a s  we l l  a s  focal. mechanism 

s t u d i e s .  This approach h a s  the  added f e a t u r e  (and complicat ion) of 

having ins t rumenta t ion  i n  d i f f e r e n t  geologica l  provinces.  

By f a r ,  t h e  b e s t  system i s  a combination of a l l  t h r e e  types .  I f  p r a c t i c a l  

c o n s t r a i n t s  do no t  a l low f o r  a combined system, some type  of network is  never- 

t h e l e s s  d e s i r a b l e .  The simplest  network is  one seismometer w i t h  every landed 

package a c-type a r r a y  (such a s  Apollo). A pene t ra to r  mission could Eeploy 

a planet-wide c-type network. A p lane ta ry  rover could enplace a b-type net-  

work, f o r  example, t h r e e  seismometers separa ted  by one ki lometer .  Obviously, 

t h e  more members i n  t h e  network, t h e  b e t t e r  t h e  r e s u l t i n g  r e s o l u t i o n .  

3.  F l e x i b i l i t y  through software c o n t r o l  

The VLS has a s ix th-order ,  low-pass Butterworth f i l t e r  w i t h  four  s e l e c t -  

a b l e  corner  f requencies ,  The a m p l i f i e r  used i s  equivalent  t o  a seventh-order 

t r a n s f e r  funct ion .  The corner f requencies  and rol loffs  could,  i n  p r i n c i p l e ,  

be under sof tware  c o n t r o l  (see'Appendix B) .  The a b i l i t y  t o  c o n t r o l  t h e s e  

from Ear th  would g r e a t l y  inc rease  t h e  f l e x i b i l i t y  of t h e  whole system, and 



could be used t o  f i l t e r  i n  o r  ou t ,  p a r t i c u l a r l y  d e s i r a b l e  o r  undesi rable  

s i g n a l s .  The 1 0  Hz resonance discovered during t h e  End-to-End Tes t ,  i f  

exc i t ed ,  would have been devas ta t ing  f o r  t h e  seismology experiment. The sen- 

s t t i v i t y  of the ampl i f i e r  a t  10  Hz was decreased a t  the  c o s t  of t h e  second 

planned seismometer End-to-End Test .  Had t h e  ampl i f i e r  parameters been 

software-adjustable,  a major modificat ion e f f o r t  would have been replaced 

by a minor sof tware  change. 

The sampling r a t e  of an  instrument depends on t h e  frequency band of 

i n t e r e s t  and d a t a  c o n s t r a i n t s .  The sampling r a t e  must b e  more than twice 

t h e  upper frequency l i m i t  t o  prevent a l i a s i n g .  The a b i l i t y  t o  modify t h e  

recorded sampling r a t e  could be  used t o  save d a t a  space. I f  d a t a  compres- 

s i o n  i s  used, s i m i l a r  software modificat ion of t h e  degree of compression 

could a l s o  be  used. 

4. Event de tec t ion ,  d a t a  c o l l e c t i o n  and compression 

An important a spec t  of seismic d a t a  i s  t h a t  more than 90% of t h e  d a t a  i s  

r e l a t i v e l y  u n i n t e r e s t i n g .  Important information comes i n  b u r s t s  a t  random 

and unpredic table  times. While Apollo could a f f o r d  t o  send a l l  its seismic 

d a t a  back t o  Earth,  where r e l a t i v e  importance could be determined a t  t h e  

l e i s u r e  of s c i e n t i s t s ,  Viking d i d  not ,  and f u t u r e  p lane ta ry  se ismic  experi- 

ments probably w i l l  no t ,  have t h i s  luxury.. Decisions on information content  

w i l l  have t o  be made be fore  t h e  d a t a  a r e  re turned t o  Earth.  It is important 

t o  maximize t h e  s c i e n t i f i c  content  i n  t h e  a v a i l a b l e  d a t a  space: however, i t  

w i l l  probably not  become evident  how t o  b e s t  accomplish t h i s  goa l  u n t i l  a f t e r  

t h e  experiment package i s  placed on another p lane ta ry  ob jec t .  

I n  o rder  t o  sample t h r e e  axes a t  a sampling r a t e  of 20 H z ,  8 b i t s  per  

6 sample over a 24-hour per iod,  a seismometer system r e q u i r e s  41.5 x 1 0  b i t s  



p l u s  overhead (e.g., d a t a  management, time codes).  Est imating 3% of t h e  

6 6 d a t a  space  f o r  overhead, o r  1 . 2  x 10  b i t s ,  a t o t a l  of 42.7 x 10 b i t s  a r e  

6 requi red .  The Viking seismometer was a l l o c a t e d  a nominal 1.1 x 1 0  b i t s  per  

SOLj i n  o t h e r  words, a 39:l  reduct ion  from optimum i n  da ta  a l l o c a t i o n .  There 

a r e  t h r e e  immediately obvious approaches t o  t h i s  problem: (1) inc rease  t h e  

d a t a  a l l o c a t i o n ,  (2) dev i se  a d a t a  compression technique where only the  most 

important p a r t s  of a given seismic event  a r e  kep t ,  and (3) dev i se  a p r i o r i t y  

system of  d a t a  s t o r a g e  which e l imina tes  unwanted no i se  and per iods  of low 

information when more informative d a t a  a r e  encountered. 

The t o t a l  d a t a  a l l o c a t i o n  f o r  a given s p a c e c r a f t  i s  e n t i r e l y  cons t ra ined 

by t h e  s t a t e  of the  a r t  of d a t a  s t o r a g e  and t ransmiss ion c a p a b i l i t i e s .  This  

i s  a s p a c e c r a f t  system c o n s t r a i n t  and i s  mostly a problem of engineering and 

economics. Dividing t h e  t o t a l  da ta  a l l o c a t i n g  among t h e  va r ious  experiments 

w i l l ,  f o r  t h e  fo reseeab le  f u t u r e ,  l e a v e  any seismology experiment f a r  s h o r t  

6 of t h e  optimum 42.7 x 1 0  b i t s /day .  This f o r c e s  op t imiza t ion  of t h e  i n  s i t u  

d a t a  c o l l e c t i o n ,  processing,  compression and t ransmiss ion schemes. 

This  recommendation, although a very  important  one,  has no known s t r a i g h t -  

forward o r  obvious s o l u t i o n .  Many d i f f e r e n t  approaches a r e  p o s s i b l e  and much 

resea rch  must b e  done w e l l  ahead of t h e  next  miss ion  s o  t h a t  a system may be  

developed and ready when t h e  time f o r  hardware development a r r i v e s  (normally 

around t h e  t i m e  of mission approval).  It i s  important t o  no te  t h a t  t h e  
1 

primary t a r g e t  f o r  t h i s  s tudy i s  -- i n  s i t u  data: management. Appendix C is  a n  

example of an approach t o  t h i s  problem. It inc ludes  a proposal  by the  Bendix 

Aerospace Corp. f o r  d a t a  management i n  an even tua l  pene t ra to r  mission. This  

appendix is  included a s  an i l l u s t r a t i o n  of a p o s s i b l e  and promising approach 

t o  t h i s  recommendation, and i s  not  intended a s  a formal recomnendation. 



The Viking seismometer u t i l i z e d  t h r e e  modes of d a t a  c o l l e c t i o n  previous ly  

descr ibed i n  t h e  s e c t i o n  on instrument des ign and by Mi l l e r  (1977). The 

Normal mode i s  only u s e f u l  f o r  measuring t h e  average background noise .  With 

t h i s  information,  t h e  higher d a t a  r a t e s  may b e  used during times of low 

no i se ,  and g a i n  s e t t i n g s  may be  chosen accordingly.  The "1?ormal1' mode is  

v i r t u a l l y  u s e l e s s  a s  f a r  a s  r e t u r n i n g  se ismic  information.  The Event node 

was the  most used mode i n  t h e  Viking experiment s i n c e  t h e  normal da ta  a l loca -  

t i o n  allowed Event recording f o r  approximately seven hours per  SOL. During 

the  h igh d a t a  a l l o c a t i o n  per iods  (approxiiuately 3 x lo6   bits/^^^), i t  was 

poss ib le  t o  record i n  t h e  Event mode throughout t h e  e n t i r e  SOL, less t h e  

time where t h e  seismometer was i n h i b i t e d  from d a t a  c o l l e c t i o n  due t o  c o n f l i c t -  

i n g  l ander  a c t i v i t i e s .  It was i n  t h i s  mode t h a t  most of our  2100 hours of 

u s e f u l  d a t a  were recorded,  and t h e  SOL 60 event  observed. Three problems were 

encountered i n  t h i s  mode: 1 )  The one-second sampling r a t e  i s  a t  l e a s t  an  

order  of magnitude l e s s  than optimum. It i s  s t r o n g l y  des i red  t o  have a time 

r e s o l u t i o n  of 0.1 second o r  b e t t e r .  2) When t h e  Event mode was automat ica l ly  

t r i g g e r e d  on from t h e  Normal mode, t h e  f i r s t  motion information was l o s t ,  and 

Event recording began about two seconds a f t e r  t h e  t r i g g e r .  Since t h e  t r i g -  

gered op t ion  was not  used throughout t h e  mission,  t h i s  problem does not apply 

t o  t h e  2100 hours of u s e f u l  d a t a  c o l l e c t e d .  3) Because of t h e  new seismic 

environment and d a t a  compression scheme, i t  was ve ry  important t o  r u l e  o u t  

a l l  known non-seismic sources be fo re  p o s i t i v e  i d e n t i f i c a t i o n  could be  made. 

If t h e  SOL 80 event had been recorded i n  t h e  HDR mode, p o s i t i v e  i d e n t i f i c a -  

t i o n ,  one way o r  the  o t h e r ,  may have been poss ib le ;  however, the  KDR mode 

would have f i l t e r e d  out  some o r  a l l  of t h e  h igh frequency content  t h a t  is  a 

d i s t i n g u i s h i n g  c h a r a c t e r i s t i c  of t h e  SOL 80 event.  The conclusion is  t h a t  



t h e  Event mode, unable t o  unambiguously record seismic d a t a ,  is inadequate 

f o r  f u t u r e  e x t r a - t e r r e s t r i a l  seismic explora t ion ,  and f u r t h e r  work on seismic 

event d e t e c t i o n  and conpression is  necessary. F ina l ly ,  t h e  HDR mode, by f a r  

t h e  b e s t  mode a v a i l a b l e ,  requi red  too much d a t a  space, and would f i l l  t h e  

nominal d a t a  a l l o c a t i o n  i n  about 40 minutes. Since coverage was h ighly  

des i red  over a s  l a r g e  a  time period a s  possj.ble, t h e  HDR mode was only spora- 

d i c a l l y  used. 



CONCLUSION 

In conclusion, the most severe problems encountered in the Viking mission 

were, in order of importance: 

1) Failure of the Lander 1 seismometer 

2) Wind noise due to the location of the seisnometer in the spacecraft 

3) Inadequate data compression techniques 

4) Low sensitivity 

It is a straightforward task to eliminate all four problems for future 

extraterrestrial seismometry experiments. We put forward two sets of 

retommendationsfor future work on Mars: 

1) Scientific Goals - to determihe 
a) seismicity 

b) velocity-depth relationships 

c) nature of the core 

d) location of partially molten areas 

e) tectonic state of the Tharsis area 

2) Engineering Goals - to achieve 
a) isolation from noise 

b) emplacement of seismometer networks 

c) flexibility in software control 

d) imprqvement of in situ data handling 

All of these recommendations are necessary and technically feasible. 
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FIGURE CAPTIONS 

Figure 1. The SOL 80 event a s  recorded on a l l  t h r e e  axes. The P and S 
r e f e r  t o  t h e  poss ib le  a r r i v a l s  of compressional and shear  waves, 
The peaks labeled 2 and 3 a r e  poss ib le  r e f l e c t i o n s  from a 
se ismic  d i scon t inu i ty ,  i f  you a r e  brave enough t o  make such 
picks  from a s i n g l e  record (Anderson et a l . ,  1977). 

Figure 2. The SOL 80 compared with s i m i l a r  events  recorded t o  southern  
Ca l i fo rn ia  by a Viking seismometer located  a t  t h e  C a l i f o r n i a  
I n s t i t u t e  of Teclinology. A l l  events  a r e  recorded i n  t h e  event  
mode (Anderson e t  a l . ,  1977). 

Figure 3.  Histograms of the  SOL 80 a x i s  c ross ings  compared w i t h  h i s to -  
grams from t h r e e  o t h e r  events.  The SOL 80 event i s  not iceably  
r i c h e r  i n  high f requencies  (Anderson et a l . ,  1977). 
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APPENDIX B 

Software Filter Control 

This Appendix demonstrates how a given transfer function (of a filrer, 
amplifier, etc.) is converted to hardware and/or software design. The back- 
ground materials for this Appendix may be found in Lazarewicz and Miller (1979). 

Generaliied First-Order Transfer Functions 

Usually F ( s )  is given or known by one of these representations. 

s = Laplace variable. Let A = ao/al, B = bo/bl . 
Bi-linear z-transform: 

-1 A,B A, B----+ tan - = A ' ,  B.' 
Os 

(A,B in radianslsec) z-I = unit time delay radians 
operator w = sampling frequency ( s s ec 1 

Note: B, w must all be in same units. s - 

v = input discrete time series 

w = output discrete time series 



where 

Define Q = a v 

1 + y z-I 

- 1 = ) w = Q + B z  Q 

Now, build ' a state diagram from this equation: 

-1 
but Q = a v - y z  Q 



Combining t h e  two por t ions  of t h i s  s t a t e  diagram 

is a u n i t  t i m e  de lay  of t h e  value  Q, i n  o t h e r  words, t h e  output  

o f is the  previous value  of Q.  

This s t a t e  diagram, through s u i t a b l e  choices of a, B, y, can r e p r e s e n t  

any' f  i r s t -o rder  t r a n s f  er func t ion  (e. g . , f i l t e r  , ampl i f i e r )  . 

Generalized Second-Order Transfer  Functions 

where 

A s  i n  t h e  f i r s t - o r d e r  case ,  F(s)  i s  usua l ly  given o r  known i n  one of 

these  two forms. 

Bi-l inear z-transform: 



+ 1) + (A; - 1) z-l] [(A; + 1) + (A; - 1) 2-'j 
2 + 1) + (B; - 1) z (B + 1) + (BZ1 - 1) z - 1 7  

-11 - 
JL  J 

which reduces to: 
I 

where 

a v Define Q = 
l + y Z - l + E Z  " 2 



Again, b u i l d i n g  a s ta te  diagram: 

- 1 -2 but: Q = a v - y z  Q - E Z  Q .  

Combining the two: 



Again, the output of is its previous input. 

This state diagram, through suitable choices of a, B, y, 6, E can repre- 

sent any second-order transfer function. 

Any transfer function can be broken up into a combination of first- and 

second-order transfer functions. Therefore, an appropriate cascade of these 

state diagrams can be made to represent any transfer function. Converting 

a state diagran into electronic hardware is a straightforward process, and 

has been used to design and build the Low-pass Butterworth filters on the 

Viking seismometer instrument. 

The constants a,...,€ in the seismometry package were hard-wired and 

only offered a choice of corner frequencies for the Butterworth filters. 

However, these constants need not be hard wired, they can be software modi- 

fiable. 

We recommend that any future seismometer package have an appropriate 

number of cascaded stages, where the filter (or amplifier) parameters, and 

the number of stages to be used, are adjustable by Earth-based commands. The 

additional flexibility in such a system will far outweigh the engineering 

required to implement such a system. 



APPENDIX C 

This appendix i s  included t o  i l l u s t r a t e  a poss ib le  approach t o  2 s i t u  

da ta  management. This approach is not included as a formal recommendation, 

but  r a t h e r  a s  what some team members consider  a promising idea. 

P r i o r i t y  Data Recording 

The fast-growing microprocessor technology and t h e  advent of t h e  bubble 

memory a l lows considera t ion of a new approach f o r  d a t a  management. This 

approach is  P r i o r i t y  Data Recording ( r e f e r r e d  t o  h e r e  a s  PDR) and t akes  advan- 

tage  of s u b s t a n t i a l l y  increased da ta  s t o r a g e  space a v a i l a b l e  on t h e  lander.  

Incoming s i g n a l s  a r e  constant ly  assigned a p r i o r i t y  value  based on a combina- 

t i o n  of any number of c r i t e r i a :  amplitude and/or frequency content ,  t i m e  o f  

day, simultaneous d e t e c t i o n  elsewhere i n  t h e  seismic network, e t c .  Incoming 

d a t a  are continuously s to red  i n  memory, wi th  h igher  p r i o r i t y  d a t a  recorded 

a t  t h e  expense of t h e  lowest p r i o r i t y  recorded data .  It may even be  f e a s i b l e  

t o  change p r i o r i t i e s  (e.g. ,  by simultaneous d e t e c t i o n  by another instrument).  

When downlinking of d a t a  t o  Earth occurs,  t h e  h ighes t  p r i o r i t y  d a t a  come f i r s t .  

Even i n  t h e  downlinking process,  a g r e a t  d e a l  of f l e x i b i l i t y  is ava i l ab le ;  

f o r  example, lower p r i o r i t y  d a t a  may be  s e n t  dur ing t i m e s  of high b i t  e r r o r  

r a t e s ,  events  of medium o r  low p r i o r i t y  may b e  downlinked many days a f t e r  

d e t e c t i o n  i f  t h e i r  p r i o r i t y  i n  t h e  recorded d a t a  s t a c k  increases ,  high p r i -  

o r i t y  d a t a  could be  saved u n t i l  success fu l  downlinking i s  confirmed, d a t a  

recorded previous t o  and a f t e r  t h e  event  could be held i n  memory and down- 

l inked on Ear th  command i f  the  s c i e n t i s t s  wish t o  see those  data.  Thus t h e  

d a t a  management could be  very f l e x i b l e .  



The g r e a t  advantage of such a system is t h a t  a l l  events  downlinked a r e  

no t  compressed, t h e r e f o r e  considerably e a s i e r  t o  analyze.  Of course ,  i t  is 

a l s o  p o s s i b l e  t o  compress low p r i o r i t y  d a t a  i f  des i red .  Looking through t h e  

Viking seismology d a t a ,  i t  becomes q u i t e  obvious t h a t  much more d a t a  space  

could have been u t i l i z e d  f o r  q u i e t  time Event o r  HDR mode recording i f  on ly  

t h e  wind n o i s e  d a t a  could have been ed i t ed  out  be fo re  downlinking. With PDR, 

a s i g n a l  s e n t  from a wind i n d i c a t o r  t o  t h e  seismometer package could depress  

t h e  p r i o r i t y  l e v e l  during windy per iods .  Such an "ant i - t r igger"  s i g n a l  

could a l s o  o r i g i n a t e  from o the r  spacec ra f t  ope ra t ions  (e.g., t h e  Viking 

imaging system gznerated such a s igna l ) ,  thus  automat ica l ly  reducing t h e  amount 

of  recorded noise .  

The disadvantage of t h e  PDR system is t h e  p o s s i b i l i t y  of  misass igning 

p r i o r i t i e s ;  i n  o t h e r  words, t h a t  t h e  p r i o r i t y  of a given s i g n a l  is  not  pro- 

p o r t i o n a l  t o  i t s  importance. The problem of how t o  a s s i g n  p r i o r i t i e s  is one 

which deserves  cons iderable  a t t e n t i o n .  I f  t h e  system f o r  a s s ign ing  p r i o r i t i e s  

i s  i t e s l f  f l e x i b l e ,  then  t h e  p r i o r i t y  assignments could change as t h e  miss ion  

progresses .  Thus e a r l y  i n  t h e  mission more e f f o r t  would b e  spen t  on d e f i n i n g  

t h e  o v e r a l l  n a t u r e  of s i g n a l s ,  and a s  i t  becomes more evident  which s i g n a l s  

are more d e s i r a b l e ,  t h e  PDR system would b e  modified t o  favor  t h o s e  s i g n a l s .  

Obviously, t h e  development of a PDR system r e q u i r e s  much s tudy  and can ' t  

be  included i n  much d e t a i l  i n  t h i s  r e p o r t ,  but  i t  is  a promising approach. 

The fol lowing two s e c t i o n s  a r e  1 )  a simple approach t o  demonstrate how such 

a system might work, and 2) a .copy of a d i scuss ion  of se ismic  event  d e t e c t i o n  

and d a t a  compression f o r  a pene t ra to r  network. The l a t t e r  is  dup l i ca ted  

from a Bendix Corp. r e p o r t .  



PRIORITY DATA CO1,LECTION 

A SIMPLE EXILYPLE 

The problem is t o  a s s i g n  a p r i o r i t y  t o  a l l  incoming s i g n a l s  and r e t a i n  

only  t h e  ones  w i t h  t h e  h i g h e s t  p r i o r i t y .  The s i m p l i s t i c  system desc r ibed  

h e r e  i s  -designed t o  i l l u s t r a t e  how such a system might work. 

Assume f o u r  t r i g g e r s  o p e r a t e  on t h e  i n p u t  s i g n a l .  Oepending on t h e  

"s t rength"  of t h e  t r i g g e r ,  each t r i g g e r  may produce a v a l u e  T  ( i=1,4)  rang- i 

i n g  from 0  (o f f  o r  v e r y  low) t o  3 ( e s s e n t i a l ) .  Keeping t r a c k  of  t h e  t r i g g e r  

l e v e l  i n  a s h i f t  r e g i s t e r ,  t h e  v a l u e  of  T  i s  s h i f t e d  l e f t  by W .  b i t s ,  where 
i 1 

W. ( i=1 ,4 )  ranges  from 0 t o  3 and i n d i c a t e s  t h e  r e l a t i v e  importance of t h e  
1 

W i t r i g g e r .  Thus  t h e  weighted t r i g g e r  l e v e l  i s  2 x Ti. The f o u r  weighted 
W i  

t r i g g e r s  a r e  then summed, so  t h e  t o t a l  p r i o r i t y  is P = C ( 2  x T . )  and v a r i e s  
1 

from 0 t o  6 4 ,  r e q u i r i n g  8 b i c s .  The t o t a l  memory space  would be d iv ided  

i n t o  b locks  of d a t a  where an  e n t i r e  b l o c k  is  w r i t t e n  (h ighe r  p r i o r i t y  over- 

w r i t i n g  t h e  lowest  p r i o r i t y  d a t a  s t i l l  i n  memory) a t  a time. Order of t h e  

b locks  i s  unimportant ,  a s  each c o n t a i n s  a tiine t a g ,  and t h u s  could  b e  r eo rde red  

a f t e r  r e c e i p t  on Ear th .  One b lock  of d a t a  might ho ld  84 samples f r o p  each 

of t h r e e  axes, each sample having 8 b i t s .  Each b lock  a l s o  c o n t a i n s  t h e  8 

b i t  p r i o r i t y  count and a 24 b i t  t ime code ( a s  was used i n  t h e  Viking sys tem) .  

Thus a t o t a l  of 2045 b i t s  a r e  r e q u i r e d  per  b lock .  A c o l l e c t i o n  of 1000 b locks  

6 of d a t a  would r e q u i r e  2.05 x 10  b i t s  ( t h e  Viking seismameter nominal a l l o c a -  

6 t i o n  was 1.1 x 10 b i t s  per SOL). A t  a  sampling r a t e  of  20 Hz, a t o t a l  of 70 

minutes  o f  daca would be s t o r e d  a t  any g iven  t ime.  Although t h i s  i s n ' t  ve ry  

much, i n  p r i n c i p l e ,  i t  c o n t a i n s  t h e  most i n t e r e s t i n g  d a t a  c o l l e c t e d  s i n c e  

t h e  l a s t  d a t a  t r ansmis s ion  from t h e  s p a c e c r a f t .  



PDR f o r  Planetary  Pene t ra to r  Missions 

This  l a s t  por t ion  of t h i s  appendix is  e n t i r e l y  reproduced, wi th  permission, 

from Thomas and Perkins (1977). 

Seismic Event Detect ion and Data Compression 

The major problems i n  pene t ra to r  d a t a  handling a r i s e  from t h e  seismology 

experiment and a r e  (a) determining when a se ismic  event has occurred, (b) 

ensuring t h a t  t h e  f u l l  extent  of t h e  event is recorded but  without inc luding 

a n  excess ive  amount of pre- and post-event r o u t i n e  microseismic background, 

and (c) compressing t h e  d a t a  t o  the maximum ex ten t  poss ib le  without l o s i n g  

t h e  f e a t u r e s  of i n t e r e s t  t o  t h e  se ismologis t .  Also of importance, but  of 

l e s s e r  d i f f i c u l t y ,  i s  (d) t h e  ques i ion of how t o  a s s e s s  candidates f o r  "bump- 

ing" if t h e  amount of event d a t a  exceeds t h e  capac i ty  of t h e  memory, o r ,  

a l t e r n a t i v e l y  whether bumping is i n  f a c t  d e s i r a b l e .  

Consider problem (c)  f i r s t ,  i .e . ,  compression and t h e  e s s e n t i a l  f e a t u r e s  

of a s e i s m i c  event .  A commo;l c h a r a c t e r i s t i c  of all seismic event d a t a  is 

t h a t  they a r e  o s c i l l a t o r y .  I n  Viking only t h e  envelope and freqeuncy of zero- 

c ross ings  a r e  t r ansmi t t ed ,  which al lows considerable  d a t a  compression bu t  

l o s e s  d e t a i l s  of multi-component waveforms and t h e  sense  of t h e  i n i t i a l  

d e f l e c t i o n s .  I n  t h e  Viking implementation of envelope genera t ion t h e r e  i s  

a l s o  an  u n s a t i s f a c t o r y  low frequency response. I f  only  t h e  envelope and 

zero-crossings of t h e  c u r r e n t l y  dominant component a r e  t ransmit ted  i t  may 

be  d i f f i c u l t  t o  determine t h e  p r e c i s e  t imes of a r r i v a l  of overlapping t r a i n s  

of o s c i l l a t i o n s ,  a s  might occur wi th  the  P,  S and L waves of a nearby event .  

I n  seeking a se lsmic  da ta  system f o r  t h e  pene t ra to r  it is necessary t o  f i n d  

an  acceptable  coinpromise between t h e  need f o r  improved f i d e l i t y  



of waveform and t h e  need t o  keep t h e  t o t a l  d a t a  wi th in  t h e  capaci ty  of t h e  

memory, bea r ing  i n  mind t h e  probable number of events  per  day and t h e  f a c t  

t h a t  a "compression" technique which is appl ied  t o  da ta  f o r  which i t  is n o t  

s u i t a b l e  can a c t u a l l y  inc rease  r a t h e r  than decrease  t h e  number of b i t s  which 

must be  t ransmit ted .  The proposed s o l u t i o n  i s  to  d e t e c t  success ive  maxima 

and minima i n  the  seismic waveforms and t o  t ransmit  t h e i r  amplitudes and t h e  

i n t e r v a l s  between them, without f u r t h e r  compression. Compression of a 

single-frequency o s c i l l a t i o n  which inc reases  and decreases i n  amplitude i n  

a well-ordered manner is  r e l a t i v e l y  simple, using "delta" compression f o r  the 

per iods  between r e c t i f i e d  peaks and a  f i r s t -  o r  second-order p r e d i c t o r  f o r  

t h e  amplitudes. However, worthwhile a d d i t i o n a l  compression of maxima, 

minima and i n t e r v a l  d a t a  f o r  a  complex waveform is impossible without  pass- 

i n g  t h e  d a t a  a t  least t w i c e  more through t h e  microprocessor--once t o  perform 

a Fourier-type a n a l y s i s  on t h e  i n t e r v a l s  between peaks i n  order t o  determine 

t h e  p r i n c i p a l  components, t h e  second time t o  separa te  t h e  components and t o  

apply ind iv idua l  d e l t a / p r e d i c t o r  compressions t o  them. Such o f f - l i n e  pro- 

cess ing does not  appear t o  be  a  p r a c t i c a l  p ropos i t ion  f o r  the  pene t ra to r .  

Even wi th  a  Four ier  a n a l y s i s  t h e  overlapping of two o s c i l l a t i o n s  of s i m i l a r  

per iods  and amplitudes, but  d i f f e r e n t  phases, can lead t o  erroneous r e s u l t s ,  

although the  human eye and b r a i n  would have l i t t l e  d i f f i c u l t y  i n  determining 

what was happening. 

The technique of t r ansmi t t ing  only maxima and minima l o s e s  the  p r e c i s e  

d e t a i l s  of t h e  shape of each o s c i l l a t i o n  but  i t  is understood t h a t  t h a t  is 

i n  any case  of smal l  importance t o  t h e  se ismologis t  provided t h a t  p o l a r i t y ,  

amplitude, period and time of occurrence a r e  re ta ined .  It a l s o  appears t o  



b e  t h e  most economical method of p re se rv ing  sma l l ,  h igh  frequency s i g n a l s  

r i d i n g  on a l a r g e r ,  low-£requency s i g n a l .  A s  w i th  any o t h e r  e f f i c i e n t  com- 

p r e s s i o n  technique  t h e  amount of d a t a  t o  b e  t r ansmi t t ed  is  s e n s i t i v e  only  t o  

change, no t  frequency. Thus i f  one s i g n a l  is a t  10  Hz and d i e s  o u t  i n  100 

c y c l e s  ( i . e . ,  1 0  seconds)  t h e  amount of d a t a  t r ansmi t t ed  w i l l  b e  e x a c t l y  t h e  

same a s  f o r  a s i g n a l  a t  0 . 1  Hz which a l s o  d i e s  o u t  i n  100 c y c l e s  (i.e., 1000 

seconds) .  A composi te  waveform of t hose  two components would i n  g e n e r a l  

r e q u i r e  p r e c i s e l y  tw ice  t h e  amount o f  d a t a  t o  be  t r ansmi t t ed ,  a l t hough  

co inc iden t  peaks could i n  some c a s e s  cause  a sma l l  reduct ion .  

The d e t e c t i o n  of maxima and minima could b e  performed by e i t h e r  an  

ana log  o r  a d i g i t a l  method, t h e  la t te r  invo lv ing  t h e  microprocessor  f o r  t h e  

d e c i s i o n  process .  Provided t h a t  i t  can  b e  shown t h a t  t h e  microprocessor  

would no t  be overloaded,  t h e  d i g i t a l  method is  d e f i n i t e l y  t o  b e  p r e f e r r e d .  

The h i g h e s t  f requency of i n t e r e s t  i s  1 0  Hz, and sampling a t  100 t i m e s  pe r  

second p e r  channel  the maximum ampli tude and phase e r r o r s  i n  d e t e c t i n g  a 

no i se - f r ee  maximum o r  minimum are 5X and 18 degrees ,  r e s p e c t i v e l y .  A t  a 

t o t a l  sampling r a t e  of  300 per  second f o r  t h e  t h r e e  channels  t h e  microproces- 

s o r  w i l l  no t  b e  anywhere near  s a t u r a t i o n ,  even i n c l u d i n g  t h e  s imp le  max/min 

d e c i s i o n  a lgo r i thms .  In  o rde r  t o  d e t e c t  o n l y  t h e  event  peaks t h e  d i f f e r e n c e  

between succes s ive  s e l e c t e d  max/min p o i n t s  w i l l  b e  r equ i r ed  t o  exceed (TBD) 

t imes  t h e  microseism background WIS va lue  e s t a b l i s h e d  du r ing  the immediately 

preceding  non-event pe r iod .  

Two words a r e  r e q u i r e d  f o r  each s e l e c t e d  p o i n t  ( i . e . ,  a n  ampl i tude  and 

a n  i n t e r v a l ) ,  and t h e r e  a r e  two p o i n t s  per  cyc l e .  A t  f o u r  words p e r  c y c l e  

and 1 0  b i t s  per  word a 1-0 HZ event  l a s t i n g  f o r  5 minute i n  a l l  t h r e e  channe l s  

6 would r e q u i r e  360,000 bits. Nith  a t  l e a s t  1 . 2  x 1 0  b i t s  per  day  a v a i l a b l e  

f o r  seismic use ,  once t h e  immediate pre- and post-impact p r i o r i t y  o p e r a t i o n s  



a r e  completed, i t  w i l l  be  seen t h e t  about 3-4 such events  could b e  covered 

each day. If the  frequency is assumed t o  b e  0 . 3  Hz and t h e  dura t ion  1 hour, 

i n  t h r e e  channels ,  then  8-9 events  can be covered. 

I f  t h e  amount of seismic d a t a  exceeds t h e  capac i ty  of the  system, o r  i f  

i t  is  requ i red  simply t o  cha rac te r i ze  t h e  microseismic background, it is 

r e l a t i v e l y  simple t o  command t h e  microprocessor t o  average t h e  ampli tude 

moduli and peak-to-peak i n t e r v a l s  over s e l e c t e d  per iods  i n  o rde r  t o  o b t a i n  

t h e  equivalent  of t h e  much more compressed envelope and average frequency 

type  of information.  

I n  o rde r  t h a t  t h e  max/min method can work a s  descr ibed,  and t o  avoih 

a l i a s i n g ,  i t  i s  e s s e n t i a l  t h a t  t h e  A/D conver ter  i s  preceded by an  analog 

f i l t e r  c u t t i n g  o f f  f a i r l y  sharply  above 10 Hz. 

Since t h e  peak-to-peak i n t e r v a l  d a t a  can p o t e n t i a l l y  cover t h r e e  decades 

f o r  t h e  same event ,  t h e  10 b i t s  of t h e  word should b e  a l l o c a t e d  2 b i t s  t o  

the  decade, 8 b i t s  t o  t h e  i n t e r v a l ,  f o r  a  p o t e n t i a l  accuracy of 0.4%, which 

should b e  more than adequate. 

I n  dec id ing  whether a  s i g n i f i c a n t  se ismic  event  has  occurred ( i - e . ,  

problem 'a') t h e  fundamental ques t ion  of what i s  a " s i g n i f i c a n t  event" imme- 

d i a t e l y  a r i s e s .  The most obvious answer is t h a t  i t  is a . ( r e l a t i v e l y )  shor t -  

period occurrence t h a t  d i f f e r s  s t a t i s t i c a l l y  from t h e  continuous micro-seismic 

background. I n  t h e  genera l  context  of seismic s i g n a l s  i t  appears t o  b e  

adequate t o  d i sc r imina te  on t h e  b a s i s  of ampli tude a lone ,  b u t  t o  avoid too  

high a f a l s e  alarm r a t e  i t  i s  necessary t o  smooth out  t h e  e f f e c t s  of i s o l a t e d  

microseismic no i se  peaks, The proposed method of se ismic  event d e t e c t i o n  f o r  

the  pene t ra to r  i s  t o  compare tfie ou tpu t s  of short-period and long-period 

f i l t e r s  app l i ed  t o  t h e  r e c t i f i e d  max/min ampli tude da ta .  The s imples t  and 
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computat ionally the  most economical type  of f i l t e r  i s  exponent ia l ,  of t h e  form 

"n = K x + ( 1  - K) yn-l n 

where 

"n = c u r r e n t  va lue  of  f i l t e r  output  

yn-1 = previous va lue  of f i l t e r  output  

x = cur ren t  r e c t i f i e d  max/min amplitude i n p u t  n 

K = constant  i n  range 0 t o  1 

For a s t e p  input  of magnitude ' A '  t h e  output  'ysl a t  s t e p  's '  is  given 

approximately by 

A smal l  va lue  of K g ives  a slow response,  and converse ly  a l a r g e r  v a l u e  

of K g ives  a more r a p i d  response t o  changes i n  amplitude. S ince  t h e  f i l t e r  

computation i n  t h e  pene t ra to r  s t e p s  only when a new maximum o r  minimum is 

de tec ted ,  and no t  a t  r e g u l a r  time i n t e r v a l s ,  t h e  "time-constants" of t h e  f i l t e r  

a r e  not  measured i n  abso lu te  time, b u t  i n  terms of numbers of  peak de tec t ions ;  

they a r e  t h e r e f o r e  automat ica l ly  se l f - adap t ive  t o  t h e  frequency of o s c i l l a t i o n  

of t h e  event .  An event a t  0.01 Hz is de tec ted  a s  e a s i l y  and i n  t h e  same number 

of f i l t e r  s t e p s  as an  event a t  10  Hz, given t h e  same s i g n a l  inc rease  per  cyc le .  

The optimum va lues  of K f o r  the  long-period and short-period f i l t e r  r e q u i r e  

f u r t h e r  s tudy.  It is suggested t e n t a t i v e l y  t h a t  va lues  of 0.001 and 0.07 might 

be  appropr ia t e ,  b u t  they stloul'd i n  any case  b e  a d j u s t a b l e  by Earth cornsand, 

a f t e r  assessment of a c t u a l  condi t ions  fol lowing eniplacement on Mars. I f  t h e  

shor t -per iod  cons tan t  is made too smal l  and/or  too  s i m i l a r  t o  t h e  long-period 

constant  then t h e  requi red  d i f f e r e n c e  threshold  between t h e  outputs  might n o t b c  



reached f o r  a n  even wi th  a  very slow inc rease  i n  amplitude. However, i n  

t h e  seismograms which have been examined so  f a r  i t  appears t h a t  t h e  maximum 

amplitude i s  genera l ly  reached wi th in  a  f e w  cyc les  and t h a t  p a r t i c u l a r  prob- 

lem is un l ike ly  t o  a r i s e  i n  p r a c t i c e .  

I n  order  t o  avoid t h e  l o s s  of d a t a  corresponding t o  t h e  start of an 

event ,  which is of p a r t i c u l a r  i n t e r e s t  t o  t h e  se ismologis t  ( i .e . ,  problem b), 

each ampl i tude/ in terval  p a i r  of words corresponding t o  a  max/min de tec t ion  

w i l l  be  i n s e r t e d  i n t o  a  s e r i a l  r e g i s t e r  delay l i n e ,  o r  a  reserved block i n  

t h e  microprocessor memory, t h e  l eng th  of t h e  delay being determined by t h e  

slowest  a n t i c i p a t e d  r a t e  of rise of t h e  s i g n a l  ( i n  cyc les ,  not seconds), t h e  

I t  time constant" of t h e  s h o r t  period f i l t e r ,  and t h e  d i f f e r e n c e  threshold  

required  f o r  event de tec t ion .  Bearing i n  mind t h a t  bo th  the  d a t a  delay l i n e  

and the  d e t e c t i o n  f i l t e r s  w i l l  b e  stepped by maximin d e t e c t i o n s  and w i l l  

au tomat ica l ly  adapt  t o  t h e  frequency o f  o s c i l l a t i o n ,  i t  is r e l a t i v e l y  easy 

t o  decide  t h a t  a  delay  of 50 p o i n t s  ( i . e . ,  25 maxima and 25 minima, p lus  

intervals--1000 b i t s  t o t a l )  should be adequate t o  ensure  t h a t  t h e  s t a r t  of 

t h e  event i s  re ta ined .  When t h e  event d e t e c t o r  t r i g g e r s ,  t h e  pene t ra to r  t i m e  

r e fe rence  w i l l  be  sampled and temparar i ly  s to red  i n  t h e  computer memory. 

The event t i m e  and t h e  delay  l i n e  d a t a  w i l l  be  formatted behind a te lemetry  

frame header and i n s e r t e d  i n t o  one of t h e  s e c t i o n s  of t h e  bubble memory. A l l  

f u r t h e r  max/min d e t e c t i o n  data  w i l l  be i n s e r t e d  i n t o  tfie bubble memory a s  we l l  

as t h e  delay  l i n e ,  bu t  i n  t h e  required  telemetry format,  u n t i l  t h e  end of t h e  

event is detec ted  (see d i scuss ion  below). The t i m e  r e fe rence  i n s e r t e d  a t  t h e  

s t a r t  of t h e  event d a t a  corresponds t o  t h e  t i m e  a t  which the  d e t e c t o r  t r i g -  

&ered, not t o  the  t i m e  of t h e  s t a r t  of t h e  event. An i d e n t i f i a b l e  dummy set 

of max/min/interval words w i l l  b e  i n s e r t e d  i n t o  t h e  d a t a  stream, a t  the  end 



of t h e  delay  l i n e  con ten t s ,  t o  show t h e  p o s i t i o n  t o  which the  t i m e  t a g  

corresponds. Once t h e  P I  se ismologis t  has  decided where t h e  event s t a r t e d  

i t s  t r u e  time can b e  determined by s u b t r a c t i n g  a l l  t h e  i n t e r v a l  d a t a  between 

t h a t  po in t  and t h e  t r i g g e r i n g  po in t  from t h e  t ime tag .  I n  order  t o  prevent  

a build-up ~f se ismic  s i g n a l  timing e r r o r s  due t o  b i t - e r r o r s  during t h e  

transmission i t  is reconzended t h a t  t h e  f i r s t  maximum o r  minimum i n  each 

frame has  a s soc ia ted  with i t  t h e  corresponding f u l l  31-bit time re fe rence ,  

i n  a d d i t i o n  t o  t h e  t ime i n t e r v a l  s i n c e  t h e  previous  minimum o r  maximum. 

The d e t e c t i o n  of t h e  end of a n  event  is no t  q u i t e  a s  simple a s  t h e  

d e t e c t i o n  of i t s  beginning. I f  i t  can be assumed t h a t  the  non-event micro- 

se ismic  background is cons tan t ,  o r  a t  l e a s t  v a r i e s  a n e g l i g i b l e  amount dur ing  

an event ,  then  i t  may a l s o  b e  asshmed t h a t  t h e  event is  over when t h e  ou tpu t  

of t h e  short-period f i l t e r  f a l l s  back t o  t h e  l e v e l  which t h e  long-period 

f i l t e r  had be fo re  t h e  event s t a r t e d .  Note t h a t  by the  t i m e  t h e  event is 

de tec ted  t h e  output  of t h e  long-period f i l t e r  may a l ready have been inf luenced 

by it t o  a n o t i c e a b l e  ex ten t .  To avoid a premature d a t a  recording cut-off 

i t  i s  proposed t h a t  t h e  long-period f i l t e r  ou tpu t  which is s t o r e d  as t h e  

r e f e r e n c e  should no t  be  the  value a t  t h e  time of event d e t e c t i o n ,  bu t  a 

previous ly  s t o r e d  va lue  delayed f o r  a  number of s t e p s  comparable wi th  t h e  

number r equ i red  t o  d e t e c t  an event a f t e r  i t s  onset--for example, 20 max/min 

de tec t ions .  A de lay- l ine  i s  not necessary;  by d e f i n i t i o n ,  the  output  of t h e  

I m g - f i l t e r  i s  intended t o  be a very  slowly varying background re fe rence ,  and 

a s i n g l e  va lue  s e l e c t e d  e v e r y 2 0  max/min d e t e c t i o n s  aild he ld  f o r  20 be fo re  

use  should be  adequate. 

A t  t h e  end of t h e  event the  long-period f i l t e r  output  w i l l  probably 

still  b e  showing a s i g n i f i c a n t  d e v i a t i o n  from t h e  t r u e  background n o i s e  v a l u e ,  



which could tend t o  obscure a second event occurring s h o r t l y  a f t e r  t h e  f i r s t .  

To reduce t h a t  p r o b a b i l i t y  the  output  of t h e  long-period f i l t e r  should b e  

r e s e t  t o  t h e  s to red  value ,  and recording of d a t a  should cont inue  f o r  a t  l e a s t  

1 0  max/min d e t e c t i o n s ,  and following t h a t  u n t i l  t h e r e  i s  no s i g n i f i c a n t  

d i f f e r e n c e  between the  outputs  of t h e  long-period and short-period f i l t e r s  

f o r  a t  l e a s t  10  s t eps .  

I f  t h e  assumption t h a t  t h e  microseismic background is cons tan t  i s  i n v a l i d ,  

and t h e  background l e v e l  increased s i g n i f i c a n t l y  during t h e  event ,  then  t h e  

system described above would f a i l  t o  switch o f f .  Although t h e  ou tpu t  of the 

short-period f i l t e r  would f a l l  t o  the  c u r r e n t  no i se  l e v e l  i t  would s t i l l  

exceed t h e  s to red  re fe rence  value ,  and hence t h e  i n i t i a l  "end-of-event" c r i -  

t e r i o n  would not be s a t i s f i e d .  Two s o l u t i o n s  a r e  poss ib le .  In t h e  f i r s t  t h e  

re fe rence  l e v e l  could b e  corn-anded t o  a f ixed value  which is  judged t o  b e  

g r e a t e r  than any background no i se  bu t  l e s s  than any event of i n t e r e s t .  I n  

t h e  second t h e  output  of t h e  long-period f i l t e r  could be  au tomat ica l ly  tracked 

during non-event per iods  t o  e s t a b l i s h  t h e  peak-value t o  d a t e ,  and t h a t  l e v e l  

(possibly mul t ip l i ed  by some f a c t o r )  could b e  used a s  the  end-of-event r e f e r -  

ence. I n  e i t h e r  c a s e  t h e  requirements t o  continue recording f o r  1 0  max/min 

e t e c t i o n s ,  and then f u r t h e r  u n t i l  t h e  ou tpu t s  of t h e  two f i l t e r s  were no t  

s i g n i f i c a n t l y  d i f f e r e n t  would be re ta ined .  Idhen t h e  system de te rn ines  t h a t  

the  even thas  ended t h e  cur ren t  te lemetry  frame i s  corcpleted wi th  b lanks ,  and 

t h e  search f o r  new events  resumes. 

I f  t h e  background no i se  l e v e l  proves t o  be s o  small t h a t  t h e  system 

ceases t o  d e t e c t  maxima and minima, and the  s p e c i f i e d  20 post-event d e t e c t i o n s  

do not  occur,  then t h e  system w i l l  remain i n  t h e  event mode i n d e f i n i t e l y .  

However, s i n c e  d a t a  a r e  s to red  only when a maximum o r  minimum is  de tec ted  



t h e r e  w i l l  b e  no overflow of u s e l e s s  da ta  i n t o  t h e  bubble memory and delay 

l i n e .  I f  another  event should occur wi th  the  system i n  t h a t  s t a t e  then i t  

must b e  t r igge red  i n t o  a  new event mode by spec i fy ing  t h a t  an  o l d  event  can  

a l s o  b e  terminated i f  t h e  short-period f i l t e r  output  r e t u r n s  above t h e  pre- 

v ious  r e f e r e n c e  l e v e l  and t h e  two f i l t e r  ou tpu t s  a r e  s i g n i f i c a n t l y  d i f f e r e n t .  

It is necessary  t o  t r i g g e r  a  new event mode, r a t h e r  than simply t o  cont inue  

recording i n  t h e  o ld  event mode, i n  order  t o  o b t a i n  an  a c c u r a t e  t i m e  t ag .  

The f i n a l  problem, (d) ,  i n  seismic d a t a  handling is  whether d a t a  a l r e a d y  

s t o r e d  should be  replaced by new event  d a t a  when t h e  memory is f u l l ,  and, i f  

so ,  how t h e  r e l a t i v e  p r i o r i t i e s  should be  determined. A n  a s s o c i a t e d  problem 

i s  how t o  organize  t h e  s e r i a l  bubble memory so  t h a t  one s e t  of event  d a t a  

can r e p l a c e  another  of probably d i f f e r e n t  length .  From t h e  pure ly  se ismic  

po in t  of view an event  can b e  assessed only a f t e r  it is f i n i s h e d ,  o r  a t  l e a s t  

we l l  underway. Thus once t h e  bubble memory becomes coinpletely f u l l  t h e  deci -  

s i o n  must be  made immediately a s  t o  which s e t  of da ta  i s  t o  b e  e l iminated  i f  

a  new s e t  a r r i v e s ,  o r ,  a l t e r n a t i v e l y ,  i t  must b e  decided t o  accep t  no more 

d a t a  u n t i l  a f t e r  t h e  cu r ren t  ba tch  has  been t ransmit ted .  It is q u i t e  p o s s i b l e  

t h a t  i f  one set is displaced by a  new set i t  may subsequently b e  found t h a t  

t h e  new s e t  r a t e s  a lower p r i o r i t y  va lue  than t h e  s e t  it d i sp laced .  The 

importance of a  s e t  of  event  da ta  i s  no t  simply a  func t ion  of  its own proper- 

t ies,  such a s  ampli tude,  frequency, dura t ion ,  e t c . ,  b u t  a l s o ,  and perhaps more 

so ,  a func t ion  of i t s  r e l a t i o n  i n  time t o  o t h e r  events  de tec ted  a t  t h e  same 

p e n e t r a t o r  and a t  o t h e r  pene t ra to r s .  The coordinat ion  of t h e  r e s u l t s  from 

a  network g ives  f a r  more information than t h e  sum of i n d i v i d u a l  assessments 

from each p e n e t r a t o r  sepa ra te ly .  I f  each pene t ra to r  is  allowed t o  make p r i o r i t y  

dec i s ions  independently of t h e  o t h e r s  then a l l  t h a t  may be  rece ived i n  an  



a c t i v e  s i t u a t i o n  is  a  c o l l e c t i o n  of P ,  S and L wave t r a c e s ,  which may b e  

d i f f i c u l t  t o  d i s t i n g u i s h  one from another ,  and i n  which t h e r e  may be no com- 

p l e t e  s e t  f o r  a  p a r t i c u l a r  event.  S ince  i t  appears  t o  be  o f t e n  t h e  case  t h a t  
I I 

j 
I t h e  S waves a r e  l a r g e r  i n  amplitude than  t h e  P waves, and t h e  L waves may b e  

/ l a r g e r  than t h e  S  waves, then a  s imple ampli tude p r i o r i t y  scheme would 
I 
1 eventual ly  b u i l d  up a  c o l l e c t i o n  c o n s i s t i n g  mainly of L waves, wi th  perhaps 

/ a  few S's .  It is recommended t h a t  un less  t h e r e  is a d e f i n i t e  reason t o  

a s s e s s  d a t a  a s  ques t ionab le  then a l l  d a t a  sets s a t i s f y i n g  the  event c r i t e r i a  

should he s t o r e d  u n t i l  t r ansmi t t ed  t o  t h e  o r b i t e r ,  and t h a t  no p r i o r i t y  

1 I bumping" scheme should b e  implemented. I n  t h i s  way t h e  p r o b a b i l i t y  of 

obta in ing a  coordinated and complete p i c t u r e  of a t  least one event from a l l  

sources w i l l  b e  maximized, even though the  wave t r a c e s  a t  the  more d i s t a n t  

p e n e t r a t o r s  may be  only j u s t  above the  l e v e l  of d e t e c t a b i l i t y ,  and would 

almost c e r t a i n l y  b e  d isplaced i n  a p r i o r i t y  scheme by a d i f f e r e n t ,  nearby 

event.  

The grounds f o r  r a t i n g  d a t a  a s  ques t ionab le  o r  o f  l i t t l e  use a r e  (a) 

i n t e n s e  meteorologica l  a c t i v i t y ,  e .g. ,  s t rong  winds, d u s t  s tarms,  and (b) 

mechanical a c t i v i t y  w i t h i n  the  p e n e t r a t o r  i t s e l f ,  e .g . ,  d r i l l i n g  opera t ions .  

The l a t t e r  i s  a very  obvious case ,  and i t  is recommended t h a t  t h e  seismometer 

i s  switched o f f ,  o r  a l t e r n a t i v e l y  t h a t  no d a t a  a r e  s t o r e d  i n  such circum- 

s tances .  The assessment of t h e  e f f e c t  of meteorologica l  a c t i v i t y  r e q u i r e s  

f i r s t  of a l l  a p p r o p r i a t e  sensors  on t h e  af terbody,  and then c o r r e l a t i o n  of 

t h e i r  readings  wi th  t h e  seismic ou tpu t s  t o  determine i f  t h e r e  r e a l l y  i s  

s i g n i f i c a n t  p e n e t r a t i o n  of d is turbances  t o  t h e  depth of t h e  seismometer. 

Wind v e l o c i t y  is  b e s t  determined by an  anemometer, b u t  i t  could a l s o  poss ib ly  

be i n f e r r e d  from pressure  sensor f l u c t u a t i o n s  due t o  turbulence ,  provided 
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