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ABSTRACT

In  A pril 1979, the N ational G eodetic Survey  used an inertial su rvey  system  
(ISS) to  establish second-order horizontal con tro l along the L ouisiana G u lf  Coast 
in supp o rt o f hydrography . T he ISS, successfully installed in a N O A A  Bell 204 
helicopter, established o r  checked the position o f 106 stations along the  coast in 6 
days.

This paper will discuss inertial technology, operational scenarios, various 
operational lim itations, and how  the inertial system  w as and could be utilized to 
su p p o rt hydrographic  operations.

IN T R O D U C T IO N

D evelopm ent o f inertial platform  technology is relatively new . Its beginning 
can p robab ly  be traced to research done by C harles D r a p e r  of the M assachusetts 
Institu te  o f  T echnology (M IT) as early as 1938, a lthough the first real application 
can be traced to  the G erm an V-2 R ocket P rogram . A fter W orld  W ar II, b o th  the 
In strum en ta tion  L aboratory  o f M IT u nder the d irection o f  C harles D r a p e r  and 
the R edstone A rsenal under the d irection o f  D r. W . von  Br a u n  began intensive 
developm ent w o rk  on m ore precise inertial navigation p latform s. U nquestionab ly ,
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high-precision  system s have evolved from  this early exploratory  research. Inertial 
system s are indispensable to missile guidance, have safely taken explorers to  the 
M oon , and are used daily th ro u g h o u t the w orld  for the safe navigation o f  
com m ercial aircraft.

D E F IN IT IO N S  O F TERM S

In o rder to  understand  the m echanics o f  an inertial survey system  (ISS) a 
few  basic definitions are presented first.

Inertia

Inertia  is the tendency o f a  body  (mass) to  resist acceleration. Inertia is the 
tendency  o f  a body  at rest to  rem ain  a t  rest, o r a body in m otion  at a constan t 
velocity  to rem ain  at th a t velocity and  travel in a straight line. Therefore, a n y ­
tim e a body at rest begins to  m ove, o r a body in m otion deviates either in speed 
o r d irection from  th a t m otion , an  acceleration has occurred.

Inertial Reference Frame

A n inertial reference fram e is any  fram e o f reference to  w hich the N ew to ­
n ian  law  o f m otion , “force equals m ass tim es acceleration” is valid.

Gyroscope

A gyroscope is a rapidly spinning body (mass) having one to three axes o f 
an g u lar freedom . T he spin axis itself p rovides one degree o f  freedom  for the 
sp inning m ass. T he rem aining degrees o f  freedom  are p rovided  by the axes o f  the 
supporting  gim bals. A gyroscope o f th ree  degrees o f  freedom  allow s the spin axis 
to  be oriented in any  direction. The spin axis in a three degree o f  freedom  
gyroscope will m ain tain  a particu lar o rien ta tion  even though  the entire gim baled 
system  is p u t into m otion. The gyroscope spin axis thereby  acts according to 
inertia  and  can be used to prov ide a  fixed reference system  relative to som e 
beginning  k n o w n  orien tation . G yro  com passes are special purpose gyroscopes in 
th a t their spin axis becom es aligned w ith  the  rotational axis o f the E arth . The 
E arth-related  o rien tation  produced  by a  gyrocom pass is dependent on the p h en o ­
m en a  o f  precession, grav ity , and  E arth  ro ta tion  in conjunction  w ith gyroscopic 
m otion .

To m echanize a stable reference fram e, gyroscopes o f  one-three degrees o f 
freedom , gyroscopes o f  tw o -tw o  degrees o f  freedom , or gyroscopes o f  th ree-one 
degrees o f  freedom  are necessary. Single gyroscope system s tend to be the least 
stable and are subject to  m ore random  drift errors. Three-one degree o f  freedom  
gyroscopes are m ost stable bu t hardest to m echanize because o f  p roduction  tole-



rances and space lim itations. T w o-tw o  degree o f freedom  gyroscope system s are 
a happy m edium , a lthough one axis w ill be redundant. This feature is not 
entirely desirable due to the correlations w hich  develop betw een certain correc­
tions during  processing.

The reference system  generated m ay be space oriented o r E arth  related. The 
space-oriented reference fram e is one in w h ich  the initial o rien tation  o f  the ISS is 
no t im p o rtan t so long as its relation to an  E arth  coordinate system  is determ ina­
ble at the beginning o f  survey operations. A n Earth-related  reference system  can 
be ob tained  directly by using gyrocom passes in lieu o f gyroscopes. In this latter 
system  the  reference fram e will be autom atically  oriented n o rth  and norm al to 
the geoid (vertical). The duplicated coord inate  axis is norm ally  the vertical axis, 
because its orien tation  is m ost sensitive to  m otion  and position on the E arth 's 
surface.

Accelerometer

A n accelerom eter is an electro-m echanical device for m easuring accelerations 
acting upo n  the  inertial p latform . A single degree o f  freedom  accelerom eter is 
norm ally  com posed o f  a tube w ith  a highly m achined steel ball inside, w hich can 
m ove w ith  little or no rolling friction. T he ball is m echanically restrained in the 
center o f  the tube by being sandw iched betw een  tw o  steel springs. T he com pres­
sion o f  one spring and sim ultaneous expansion  o f the o ther can be used to 
m easure acceleration. T hat is, if the ball is governed by inertia, it w ould  n o r­
m ally rem ain  at rest w ith in  the tube unless acted upon by som e external accele­
ration. Since springs have a very small com pression  range in w hich  they deform  
in a  linear m anner the ball is also kept in the  center o f the run  w ith  the aid o f 
an electrom agnetic force as well as the spring  tension. The am o u n t o f  cu rren t 
supplied to the electrom agnet necessary to keep the ball from  m oving is a 
function o f  the  acceleration. If one know s the acceleration o f a body then the 
double in tegration  o f acceleration w ith  respect to  a given am o u n t o f tim e yields 
the distance a body travels in th a t am o u n t o f time.

Inertial Plaform

An inertial p latform  is a unique sensor used for position  and velocity 
determ inations o f  a m oving vehicle from  m easurem ents o f  th e  vehicle’s accelera­
tions. The basic com ponents o f  the p latform  are its accelerom eters for m easuring 
the total acceleration, the  gyroscopes for m echanizing a coord inate  system , and 
an on-tim e digital com puter for real-tim e processing and control o f  the system . 
Som e p la tfo rm s are tw o-dim ensional devices, such as the sh ipboard  system s 
w here elevation is know n, and som e are three-dim ensional sensors analogous to 
missiles and  geodetic use.

Physically speaking, the inertial p latform  is a flat plate oriented into a 
coordinate system  by a pair o f gyroscopes w ith  three single degree o f  freedom  
accelerom eters aligned along the coordinate system ’s axes. The ISS designed by 
L itton Industries orients the p late carry ing the  accelerom eters in to  an E arth-



related coord inate  system ; i.e., latitude, longitude, and elevation, by using tw o- 
tw o  degree o f freedom  gyrocom passes having a redundant vertical axis and one 
axis each orien tated  n o rth  and east. The p late carries the accelerom eters such that 
there  is one accelerom eter oriented north , east, and vertical. The accelerom eters, 
therefo re , sense all accelerations in their n o rth , east, and vertical com ponents. The 
in teg ra tion  period is 16 m illiseconds; therefore every 16 m illiseconds a change in 
latitude, longitude, and elevation is m easured. If w e know  w here the system  w as 
located at a given po in t in tim e, w e can tran sp o rt it to som e new  location and 
by sum m ing  all the increm ents o f  latitude, longitude, and elevation, and assum ing 
no e rro r  during transit, w e will know  the location o f the new  point.

SY ST E M  ACCURACY

F ro m  a surveying accuracy view poin t, inertial system s can be classified into 
th ree categories : low , m oderate, and h igh  precision. These categories and typical 
param eter m easurem ent accuracies for the four item s o f interest to the su rveyor 
are sh o w n  in table 1. N ote tha t an inertial system  not only yields position bu t 
also elevation, g ravity , and deflection o f  the vertical (difference betw een the 
g rav ity  norm al and astronom ic  norm al).

A chievem ent o f  these accuracies is a function o f bo th  inertial system  p rec i­
sion (including bo th  hardw are  and softw are capabilities) and survey m ission sce­
nario .

R esults from  the Louisiana T raverse Task N um ber 83621 178 are w ith in  the 
H igh P recision category o f table 1.

T a b l e  1
Inertial Survey System  accuracy

Inertial survey 
system  precision 

class

Position contro l 
(1 a)

G ravity  m easurem ent erro r 
(1 a)

H orizontal
(m)

V  ertical 
(m)

A nom aly
(milligals)

Vertical 
deflection 

(A rc-seconds, 
north  & east)

Low > 3 > 3 > 5 > 5
M oderate 1 to 3 1 to 3 2 to 5 > 1.5 to 5

H igh < 0.5 < 0.5 < 2 < 1.5

IS S  SU R V EY  SC EN A R IO

A t the  outset o f  the  m ission, the system  is allow ed 30 to 50 m inutes to 
sense the  local vertical, to  orien t itself autom atically  to astronom ic north , and  to 
p erfo rm  an on-site calibration. H ere the sy stem ’s accelerom eter signal, the drift o f



the axes, and  so on, are m onitored to detect the degree o f p latform  change from 
an actual static state. These estimates are then used in the softw are com ponent o f 
the system  as a model to predict the perfo rm ance o f the p latform  during the 
survey.

As the vehicle begins to m ove, accelerations relative to the initial orientation 
are doub ly  integrated into geodetic position changes. This is done every 16- 
m illiseconds and, alm ost instantly, the axes o f the platform  are rotated to 
conform  w ith  the corresponding spheroid o rien tation  o f the new site. This p ro ­
cess is repeated continuously at 16-m illisecond intervals until there is a need to 
update the  platform  errors. To achieve the update, the vehicle is b rough t to a 
com plete stop for 30 seconds and allowed to seek the local vertical again. Be­
cause the navigation w as perform ed on the  spheroid, the angular change o f the 
p latform  axes required to bring it to the local vertical represent the m agnitude o f 
the deflection from  the vertical. Also, any residual velocity exhibited by the 
system  in this “zero velocity” state is used to update p latform  errors. These 
“stop” operations continue until the system  reaches the first station o f the  tra ­
verse and , eventually, the last. The gravity  m easurem ent is obtained from  the 
system by recording the vertical accelerom eter ou tput at each stop, after the 
system  has reoriented itself to the local vertical. W ith  the system s currently  
available, the  velocity updating process is repeated every 3 to  5 m inutes. Since 
the system  obtains its starting coordinates from  som e know n po in t and com putes 
its accum ulated errors by com pleting a traverse  on another know n point, all 
those po in ts established betw een the know n points are actually obtained by the 
process o f  interpolation.

Traverses should be run  tw ice, w ith one running in each direction o f the 
traverse. Closed loop traverses are no t acceptable, because the solution o f  system 
errors is not determ inable from only one k n o w n  control point.

SURVEY A PPL IC A T IO N S

Inertial survey system s are very useful for establishing second- and third- 
o rder horizontal control. The system is capable o f  establishing control at speeds 
w hich are only  limited to that o f  the transporting  vehicle. On-line processing o f 
data assists the  pilot in navigating betw een control points, thereby m axim izing 
survey tim e by m inimizing transit tim e. Som e unique survey applications o f  the 
system will now  be discussed.

1. R ecover and check control. The un ique  ability o f the inertial system  to 
navigate to a po in t w hose coordinates are k n o w n  perm its econom ical recovery 
and checking o f  existing control. Search tim e at the site should  be kept to a 
m inim um  and  is econom ically controlled by  the  cost o f re tu rn  for further search 
w ithou t the inertial system  and the probability  o f  a successful recovery balanced 
against the need for the control. This is usually  the first phase in a large project 
and norm ally  takes 5 to 10 m inutes per p o in t ($40-880).

In the Louisiana Coastal Traverse, th ree  stations w ere considered “M ost 
Likely D estroyed” during the last 20 years b u t w ere found w ith in  5 m inutes o f



landing at the station sites. Six other stations were positively confirm ed as des­
troyed  using the system  (one station w ould  be directly under the foundation o f a 
house, four lie ou t in the G u lf o f M exico, and one in the middle o f a m anm ade 
channel).

2. Densification. H orizontal contro l can be established as a portion  o f the 
pro ject or as an end in itself. The use o f established geodetic control or D oppler 
satellites for the basic control from  w hich the ISS established secondary control 
has been extrem ely successful. In Louisiana, eight previously established stations 
w ere used to contro l the inertial system , w hich in tu rn  established or checked the 
position  o f 72 o ther contro l points.

In a future project, being p lanned for the St. M arys River, seven horizontal 
control points w ould  be established by D oppler T ranslocation (Short Arc M ethod) 
w hich , in tu rn , will be used by the ISS to establish approxim ately 120 new 
control points (including m ost fixed aids to navigation).

A nother fu ture project w ould utilize an inertial system w ithin a  fram ew ork 
o f  first-order geodetic control. The ISS w ould  traverse bo th  N-S and E-W  
th ro u g h  all new  contro l points. This new  procedure will hopefully im prove the 
survey precision to better than 1:50 000.

3. A erial pho to  contro l has been a m ajor use o f the system. The sparse 
spacing o f  the po in ts and the requirem ent th a t they lay w ithin the overlap exploit 
several advantages o f  the inertial system . Provided the project size is adequate, no 
o ther survey system  can com pete econom ically  in this field. M axim um  savings 
are dependent upon  early planning, bu t costs have averaged one-half to tw o- 
th irds o f  conventional surveying. In featureless terrain, panels should be set and 
positioned at the sam e tim e using the ISS p rio r to taking the photos, w hereas on 
m any projects w ith  identifiable features, photos m ay be flow n w hen conditions 
are ideal and establishm ent o f coordinates on  photo-identifiable points accom plis­
hed later.

D uring the first 15 m on ths o f  ISS operation in C anada, 1908 second-order 
stations w ere positioned for m apping control.

4. The NOS could m ost effectively use an ISS for establishing hydrographic 
contro l. The ISS can establish T hird-O rder, Class I control to a density o f one 
station per 3 kilom eters (km). The con tro l is independent o f line o f sight or 
strength  o f  figure. This m eans the con tro l is pu t exactly w here it is needed 
w ith o u t any need for further b reakdow n. W ith  the p roper planning, the locations 
o f all electronic navigation sites, fixed aids to navigation, landm arks for charts, 
and  calibration points m ay be established in one survey. The system can establish 
the contro l in a very short period o f  tim e (approxim ately 20 stations/day). The 
system  is capable o f  w ork ing  in any w eather conditions and is limited only by 
the operational lim its o f  the transporting  vehicle. A ny conventional four-w heel 
drive, half-ton truck , 1000-pound pay load  helicopter, o r any o f various all-terrain 
vehicles m ay transpo rt the system  so long as the vehicle is capable o f com ing to 
a stable zero velocity stop. The system  can be easily air freighted to rem ote 
locations and then installed in a vehicle near the survey area. One ISS could 
support all NOS requirem ents for hydrographic  and coastal m apping control.



LO U ISIA N A  COAST IN ER TIA L SURVEY

T he C oastal Louisiana T raverse perform ed at the request o f  the  Office o f 
M arine Surveys and M aps (MS&M) to p rovide second-order contro l at 7- to 10- 
km  spacing w as accom plished by  a contract w ith  Span In ternational, Inc.

N G S Field Party  G-18 set all the station  m arks and perform ed the neces­
sary g round  w ork  in February  1979. T ransporta tion  for the ground  w ork  and 
eventual survey w as supported  by the N O A A  Bell 204 E helicopter. The ISS w as 
chosen because the terrain  w as totally unacceptable for classical w ork  involving 
Bilby T ow ers.

On A pril 1, 1979, the inertial system w as ready to begin survey operations. 
Six days later the entire survey com prising 106 stations w as com pleted. Subse­
quen t analysis had show n that all stations are w ithin Second-O rder, Class II 
specifications w ith  50 percent o f  the stations exceeding 1:50 000 o r Second-O rder, 
C lass I specifications. T he average station spacing w as 7.1 km  w ith  a to tal t r a ­
verse distance o f  453 km  (one way). The entire survey w as perform ed at a cost 
o f $1300 per station.

N G S m ay need to  perform  a second-order contro l survey along the St. 
M arys R iver at the request o f  MS&M. As curren tly  reconnoitered , the  proposed 
classical survey  establishing approxim ately  30 new  stations w ill fulfil M S& M ’s 
requirem ents for 7- to 10-km station spacing. If, how ever, a com bination  D op- 
pler-ISS survey w as perform ed w ith  the average station spacing reduced to 1 to 
3 km , all hydrographic  contro l requirem ents could be m et, including the location 
o f  all fixed aids to navigation and landm arks for charts. T he contro l could be 
placed over sufficient num bers o f  photo-identifiable points to  allow  p h o to g ram - 
m etric com pilation  o f  the shoreline detail. T he D oppler translocation o f Short Arc 
M ethods will establish sufficient contro l at a precision o f 1:50 000 to contro l 
inertial surveys at precisions o f b o th  1:20 000 and 1:10 000. P roposals are c u r­
rently  being sent to  tw o com panies. The inertial system w ould  be carried in a 
hover craft from  po in t to point. This m ode o f transpo rta tion  w ould  be unique. 
The C anadian  G overnm ent has expressed interest in the project and offered the ir 
expertise in p lanning and processing o f the data.

T he purchase o f  an inertial system  has becom e m ore attractive to NOS due 
to the recent in troduction o f  the H oneyw ell G eo-Spin System . The com bination  
o f such an inertial system  and  the  NOAA Bell 204 E helicopter w ould  give NOS 
the ability to  support control surveys w ith in  N G S, NOS, and N O A A . The system  
w ould  also be used to support the  U.S. C oast G u a rd ’s need to locate fixed aids 
to navigation  along the east coast. The initial investm ent is great - $ 5 0 0 K  to 
S850K for the equipm ent plus $50K  per year for m ain tenance; how ever, this cost 
will be offset by  a decrease in the cost per control po in t and  in the num ber o f  
costly delays often suffered by the hydrographic  ships due to  lack o f  control.


