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ABSTRACT 

The fundamental properties of kinematic and dynamic reference 
frames are defined, f i r s t as an abstract concept and second in a p rac t i ­
cal (although idealized) thought experiment. A four dimensional space-
time description in coordinate free notation i l l u s t r a t es the propert ies, 
l im i ta t i ons , and relat ionships between kinematic and dynamic reference 
frames. Kinematic reference frames can be defined quite r igorously. 
Dynamic reference frames cannot be defined so w e l l , but are nonetheless 
very useful . In practice a combination has been generally adopted. 
Presently we can material ize purely kinematic t e r res t r i a l and ce lest ia l 
reference frames. 

INTRODUCTION 

Ultimately our observations are applied to the study of the physi­
cal world. We ident i fy or label observations using the term "coordi­
nates". This label ing is an orderly way to c lass i fy events and objects. 
We can also extend this function in discussing interact ions among " labels" 
(coordinates), and tend to give the coordinates physical s igni f icance. 
As long as we completely understand what we are doing there is nothing 
wrong with th is pract ice. However, we must be very careful that we 
correct ly in terpre t the physical signif icance of coordinates, and not 
study some phenomenon of a reference frame that we have invented. 

For example, in studying earth s a t e l l i t e s , one can use the earth's 
equator as a reference. The equations of motion w i l l take a form that 
depends on the theoret ical de f in i t i on used to describe the equator's 
motion in space. Depending on the choice of d e f i n i t i o n , s a t e l l i t e 
perturbations w i l l a r ise. In the Kozai and Kinoshita (1973) theory, 
for example, no change in semimajor axis (a) is predicted. In another 
approach, Balmino (1974), there w i l l be perturbations in a. Both are 
correct. At present there is an anomaly in the Lageos s a t e l l i t e o rb i t 
with the existence of an unexplained change in a. Rather thorough 
analysis has fa i l ed to provide a good physical explanation. We do not 
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suggest that the anomaly is related to the Kozai or Balmino reference 
frame. We do question if it may be due to reference frame related 
phenomena. There are also examples of phenomena in the solar system 
that may have the same origin: for example, the excess secular change 
of the obliquity of the ecliptic (O'.'31/century). Considerable effort 
has been given to seeking a geophysical explanation. However, the 
answer may lie in the reference frame itself. 

The purpose of this article is twofold: to describe the principles 
and to present observational accuracies. The inexorable improvement 
in accuracy will certainly continue and we should be designing a refer­
ence system that will be durable, in definition, yet able to undergo 
successive improvements in materialization. 

It is important to draw a careful distinction between a reference 
frame and a reference system. The former is simply a mathemtical 
description. For example, the use of three orthogonal unit vectors in 
three-space to define the coordinates of a rotating frame is a refer­
ence frame. A reference system, however, is much more. It is often 
based on a reference frame, and includes a prescribed procedure to 
materialize the system, including methods of observation and reduction 
of data. Therefore, once a reference frame has been defined, it is 
unambiguous and immutable ever after. However, a reference system can 
change considerably, depending upon the prescribed procedure. The Con­
ventional International Origin (CIO), defined by the adopted latitudes 
of the five ILS stations, is a reference frame. It has become rather 
impractical to express observations with respect to this frame. On 
the other hand, the BIH zero meridian comes closer to being a reference 
system. Though it lacks the conceptual simplicity and elegance of the 
CIO, the BIH zero meridian is a convenient system for expressing obser­
vations of UT. We hope to maintain the distinction between frame and 
system in this paper. 

One last point: since we are studying the physical world, we must 
choose the correct description, given our limited understanding of the 
universe. This immediately leads us to a discussion of General 
Relativity (GR), though not because there are relativistic effects that 
must now be taken into account (though there are). The development of 
the concept of GR for reference frames has been covered by Moritz 
(1979, 1981) and the relevant effects in the solar system have been 
discussed by Brumberg (1981). There is a growing number of books on 
GR, which can provide any amount of needed detail (e.g. Misner et al. 
1973). We prefer to view GR as the necessary vehicle for approaching 
the subject because the concept is essentially involved with the funda­
mental nature of reference systems. In essence, GR is a denial of 
absolute motion, and therefore absolute reference frames, and can be 
used as an analysis of reference frames. In a recent review of experi­
mental tests of GR (Will 1979), no competing theory has received any 
observational confirmation. The very measurements discussed here will 
be used as tests of GR and competing theories. Therefore, although we 
can presently treat the departures of GR from Newtonian mechanics as 
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small corrections (as we do with other phenomena, such as refract ion) , 
increased measurement accuracy and new measurements will require more 
complete treatment. We might as well take the correct view now, and 
create a reference system that will remain correct in principle as the 
measurement accuracy increases. 

MEASUREMENTS 

All measuremen 
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es has been developed (Eddington 1946). 

The usual fundamental standards are the centimeter, the second, 
and the gram, on which all our measurements are based. In fact , the 
speed of l ight (c) has become the operational definition of our length 
scale. This is most easily understood by introducing some formal ideas. 
Having taken GR as our description of the universe, we consider the 
metric (g ) using the summation convention: 
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time. A part icularly important solution of the field equations for a 
spherically symmetric s t a t i c ( i . e . , stationary) field is due to 
Schwarzschild. I t is normally written in polar coordinates: 
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or in i ts isotropic form: 

/,, A 2GM/ r = r (1 + 4^-) (5) 

n - GM> 
ds' 2r I A*2 /•, _•_ GMN , , 2 , 2 ,A2 ̂ 2 . 2 „.%2, ,,, dt - (1 + -p—) (dr + r de + r sin edA ) (6) 
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When the units of GM are geometrodynamic centimeters ( i . e . , GM/c^), we 
have GM0 = 1.476 km for the sun, and GM^ = 0.4438 cm for the earth. One 
must real ize that the Schwarzschild solut ion is only one possible 
solut ion to the f i e l d equations. I t is not correct in p r inc ip le , since 

universe with only one body, a point mass. However, i t ~\ L r G p K ' G S G l l t S U U l l l VCI OC Vf I Oil Wl I I JT U I H - U\J \JJ i U | J U I I H * MlU-J->. I IU»»tVV, l 

is a very good approximation on the scale of the solar system, even 
though it leaves out all nonlinear and rotation terms (e.g., The Le,.^ 
Thirring Effect). See the textbooks for metrics containing these terms 
(e.g., Ohanian, 1976). 

.ense 

Most modern procedures for measuring length involve transmitt ing 
a photon, or other electromagnetic rad ia t ion , and measuring a time 
i n te r va l . This is possible due to the fac t that the path of a photon 
is governed by: 

ds = 0 

We send a photon from A to B, re f l ec t i t f ro 
measure the t rans i t (At) time with a clock at A. 
ordinate time of the observer, integrat ing 1 , 4, 
gives the relat ionship between the time interval 
the observer's frame. In f l a t space time we have 
In curved space time we have a more complicated I 
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in Table 1 for a simple geometry, where the photo 
radius to the mass. For doppler measurements, an 
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(8) 
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Table 1. Space-time curvature effect on range measurement. 

Mass 

Earth 
Earth 
Earth 
Earth 
Sun 
Sun 
Sun 
Sun 

Range Measurement to: 

Lageos 
Synchronous Satellite 
Moon 
Sun 
Lageos 
Synchronous Satellite 
Moon 
Sun (1R ) 

0.62 cm 
1.59 cm 
3.63 cm 
8.93 cm 
-12.5 cm 
-62.8 cm 
-741 . crn 
-16.9 km 

this effect has been important for many years (Gaposchkin and Wright 
1969). The time dilation effect has been used as one of the fundamental 
tests of GR (Vessot and Levine 1979). We know, of course, that the 
effect of atmospheric refraction at zenith on range measurements is 
2.1 m. 

By using property (8), we are essentially using a clock to measure 
a distance in terms of the speed of light. It is, therefore, more cor­
rect to consider the metric scale imposed by a standard clock and an 
adopted value of the speed of light. In doing so we have as standards 
the second and the gram. However, if we use an atomic clock to measure 
At, then the time will be atomic time and the length scale will be tied 
to the atomic second. There is no a priori guarantee that the time in 
2, 4, or 5 is atomic time. Atomic clocks are based on physical proc­
esses, which occur at the atomic level. We would like to have a clock 
that is governed by macroscopic (dynamic) processes. Such a clock is 
called a geometrodynamic clock. There is a body of theory, largely 
unverified both theoretically and observationally, that would predict 
a difference between atomic time and geometrodynamic time. This theory 
is based on the Large Number Hypothesis (LNH) of Dirac. Wesson (1980) 
gives the most recent summary of the status of the idea. If valid, it 
predicts a difference in time scale. This is also known as a the 
Variable G (or £) Hypothesis, but that is patently a misnomer. The LNH 
predicts a quadratic depature of the two time scales (a linear difference 
would be only a question of definition) and an increase in mass of the 
universe. The present upper limit, observationally, is < 2 x 10-10/ 
year. Using this limit, the systematic error in range measurement 
across the earth's orbit is only 0.03 cm. For the present this error 
can be ignored in establishing the length scale. Since the dynamics of 
the solar system run on geometrodynamical time, departures of the two 
time systems would show up in establishing the dynamic reference frame. 
It is in that discussion that possible differences must be reckoned 
with. 
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IDEALIZED KINEMATIC SYSTEM 

Consider n points in a four-dimensional Minkowsky Space. Consider 
that each point can transmit to any other point and receive a ref lected 
photon, or electromagnetic rad ia t ion. Each point also has a clock, and 
a l l clocks have been synchronized. Therefore each point ( i ) can 
measure At to each other point ( j ) and compute p- j j ( t ) . Each point can 
then show on a sign or broadcast by radio, which is the same thing as 
both signals going at the speed of l i g h t , the p-jj and t . Another point 
can observe each of the n-1 points and s im i la r l y broadcast the resul t . 
An external observer can make a tabulat ion of the p-jj. The only 
problem in constructing a time history is to iden t i f y the times. I f 
we simply require that point i ' s observation of point j be the same as 
point j ' s observation of point i , then an ordering by coordinate time 
can be used (the time each clock shows for i t s p a r t i c l e ) . Of course 
th is w i l l generally not be the same reading shown by the central 
observer's clock. By ident i fy ing the coordinate time with each con­
f i gu ra t i on , the observer can construct a polyhedron and i t s temporal 
evolution in three-space, or i t s motion through four-space. Notice 
that th is polyhedron is defined, even in the presence of potential 
f i e l d s , accelerations, and ro ta t ions. I t r igorously defines a kinematic 
reference system. 

For each time there are N = n(n - l ) / 2 measured distances. Ignor­
ing for the moment how or why we should establ ish a Cartesian Coordinate 
System and certain degeneracies, there are 3n coordinates. Five param­
eters would need to be imposed, (an o r ig in and or ien ta t ion) . There are 
many ways to select these f i ve parameters. For example, one might 
prescribe three coordinates for one point and one coordinate for two 
other points. Or one might choose the or ig in so that the weighted 
mean of the x, y , and z coordinates is zero and there is not net rota­
t i o n . In e i ther case, one can then produce a time-ordered history of 
the coordinates' changes. 

This type of network could, for example, be real ized with a system 
of sa te l l i t es such as the Global Posit ioning System (GPS). At each 
instant of t ime, th is polyhedron would define a system quite indepen­
dently of o r ig in or o r ien ta t ion , motion or ro ta t ion . The re la t ive 
motion of points would be obvious, because i t would be d i rec t l y re­
f lected in the changes in p-jj. This polyhedron is the ult imate pure 
kinematic system and serve as the de f i n i t i on of a reference system'. In 
general, i t is not too useful since the p-jj can vary with time, and 
the measurements of other coordinates referred to i t w i l l also vary, 
even i f the i r scalar separations are invar iant . Nevertheless, th is is 
the kinematic reference frame we w i l l set up, a t e r res t r i a l polyhedron 
of in te rs ta t ion baselines. Indeed, we expect the motion to be small 
and hope they w i l l be regular. We w i l l set up such a system using base­
l i ne determinations drawn from the laser ranging of Lageos (Latimer, 
Gaposchkin 1977), GPS (Goad 1981), or Very Long Baseline Interferometry 
VLBI (Robertson 1981). Bender (1981) gives a prescr ipt ion fo r rea l iz ing 
such a t e r res t r i a l system, which Mueller (1981) would ca l l a Conven-
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t ional Terrest r ia l System (CTS). In both cases the attempt is to model 
the temporal changes in p j j , using plate tectonic models, and to refer 
the or ig in of the equivalent Cartesian Coordinates to the center of 
mass, using the dynamic constraints from the laser tracking of Lageos. 

I f we take a general polyhedron and make i t very large with the 
observer wi th in i t , then the analysis is reduced to measuring angles 
T - . ei ther op t i ca l l y or with VLBI. However, the time now becomes the 
proper time of the observer. Of course, the x-jj must be corrected for 
the "aberrat ion" that is due to the motion of the observer. This 
aberration is c lass ica l ly known and easi ly derivable from the special 
r e l a t i v i t y Lorentz transformation in the neighborhood of the telescope. 
There is also the def lect ion of the earth 's gravi ty f i e l d (0'.'0003), 
and the sun's gravi ty f i e l d (from 0'.'0041 to l'J75), and even for photons 
passing near Jupiter (O'.'Ol63). 

There is an in terest ing and important dif ference between the 
polyhedron and the uni t sphere kinematic system. Establishment of the 
polyhedron does not depend upon the re la t i ve motion of the observer 
in any way. I f the system were r i g i d and non-rotat ing, the observer 
could reconstruct i t even i f he was moving at a high ve loc i ty . With 
the unit sphere, even i f the emitters are " f i x e d , " the observer w i l l 
see variat ions due to his motion and to the presence of a potential 
f i e l d . Of course, with our knowledge of the earth's ro ta t i on , o rb i ta l 
motion, and the potential f ie lds in the solar system—which w i l l cause 
the geodesic precession of l'.'9/century (Eddington 1924), one can re­
duce the observations to a non-rotating hel iocentr ic system. This 
system would then produce a reference frame with no motion, i f the 
sources were apparently f i xed. 

A kinematic ce lest ia l system can be real ized op t i ca l l y with te le ­
scopes, whether ground-based or satel l i te-based (Fricke 1981, Kovalevsky 
1981, or by means of VLBI observations of quasars. Quasars have con­
siderable a t t r ac t i on ; i t is believed that among the expected 40,000 
observable extra-galact ic objects, we can f ind a su f f i c i en t number to 
establish a kinematic uni t sphere polyhedron ( i . e . , a ce lest ia l refer­
ence system). Such a system, related to the distant objects in the 
universe, would const i tute an i n e r t i a ! reference system that could be 
used as a Conventional Ine r t ia l System (CIS); Mueller (1981). I f our 
present ideas of the universe are correct , the quasars should also be 
geometrically f i xed , i . e . the T-JJ are constants. Of course th is needs 
ve r i f i ca t ion (Robertson (1981). 

F ina l ly , i f the baselines monitored as the t e r res t r i a l polyhedron 
are also the baselines of a VLBI observatory, we w i l l ' b e able to obtain 
a d i rect observation of the relat ionship between these two purely 
kinematic reference frames. This then defines the l i nk between the 
two systems (the CTS and the CIS), avoiding the complication of the 
complex theory of the earth's motion in space: precession, nutat ion, 
polar motion, and earth ro ta t ion . Of course, one can choose to present 
th is l i nk in terms of a conventional theory, with small observed 
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corrections. This is in fact exactly what happens with an "adopted" 
precession and nutation series and published polar motion. Such a 
procedure has the added feature of being independent of the ecliptic. 

IDEALIZED DYNAMIC SYSTEMS 

Until now we have discussed motion, but only in terms of the change 
of relative position in time, i.e., the path of a particle in Minkowski 
event space. We have not needed to relate the path of a point in this 
space. We have needed only a clock, a transmitter, and a receiver of 
photons or electromagnetic radiation to construct and maintain a well-
defined reference system. One consequence of a metric theory of gravity 
is equations of motion, which take many forms. The motion of a free 
particle along a geodesic is derivable from the variational principle 
that 

JS 

£ ds 

'1 

is stat ionary. One form is the Equation of Geodesic Deviation: 

r£r A 3 A <5 
D_§. + Ra dx_ y dx_ = n (q) 

Ds2 V ds S ds ° (9) 

This gives the separation vector E. between two nearby geodesies in 
terms of the path of a test par t i c le and the Riemiann curvatures tensor 
R(LY(g). Such an equation can be used to study, for example, the 
motion in an o rb i t ing spaceship by wr i t i ng g in a ro ta t ing system. In 
th is case 

d t = 1 , ^ - = 0 , i = 1 , 2, 3 
ds ds 

and 

This leads to the t ida l force tensor 

Rk _ 1 82* 

°*° c2
 8xk

9x* 
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which has the simple form for a point mass: 

r GM 

R 
OiO 

2 3 c r 

0 

0 

GM 
2 3 c r 

0 

0 

2GM 
2 3 c r 

(11) 

The equation (9) can also be used to define_the motion of an earth 
s a t e l l i t e . One determines the geodesic motion (c) of the s a t e l l i t e 
with respect to the earth's center of mass ( x ) , which moves on a 
geodesic. 

The importance of 
no i ne r t i a l system has 
ence so long as the me 
However, th is j us t beg 
metric for knowledge o 
we used the fact that 
(sun) was due to the s 
(sun). But we do not 
succeeded in formulati 
the more usual form of 

equation (9) is that i t 
been defined. Any par t i 

t r i e or the Riemann curva 
s the question and substi 
f the i n e r t i a l frame. Fo 
the par t i c les ' (earth 's) 
pace curvature caused by 
know the masses a p r i o r i , 
ng a theory that predicte 

the equations of motion 

displays the fact that 
cle can serve as a refer-
ture tensor is known, 
tutes knowledge of the 
r example, to wr i te (11) 
motion around the earth 
the mass of the earth 

Not even Einstein 
d masses. Then we go to 

,2 u 

ds2 a e d s 

dxa djr 
ds (12) 

or 

dj±: 
ds 

+ v\ ua ufc 

a3 
= 0 : i3) 

where the Christophel Symbol is 

'ag 
Uvv 

(g va,g + q - q 
3 gv ,a 3 a g , v ' 

: i4) 

and where the comma (,) denotes_dif ferent iat ion. Equation (14) is 
completely equivalent, but the x now refer to an " i n e r t i a l reference 
frame." In a sense this is tautology, in that an i ne r t i a l reference 
frame is being defined as the frame in which these equations are t rue. 
There is a f ina l form of the equations of motion known as the Parame­
ter ized Post Newtonian Approximation (PPN). F i r s t derived by Eddington 
and Clark (1938), the PPN or i t s der ivat ive is used for a l l analyses of 
orb i ts in the solar system. The complete treatment of the res t r i c ted 
two-body problem is given by Hagihara (1930-31). 
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We have equations of motion that allow us to connect points on a 
geodesic, provided we know the metric. We must also know the non-
gravitational forces, which add terms on the right-hand side of 12 and 
13. In principle we have a data analysis problem to recover the neces­
sary parameters: the metric, forces, and in i t i a l conditions. If some 
forces are stochast ic , then the modeling problem becomes correspondingly 
more d i f f icul t . Aside from random forces, one could hope to define, in 
an inert ia l reference frame, the motion of a part ic le (a s a t e l l i t e or 
planet) . As more data become available, the parameters and in i t i a l 
conditions can be improved. I t will be axiomatic, however, that the 
dynamic system will be constantly "improved." I ts accuracy will depend 
on the accuracy of the data for the interval of time observed, and 
will deteriorate with extrapolation. 

One can inquire what use will be made of this dynamic frame. I t 
will be excellent for relating points in i t s own system. However, that 
will not depend upon i t s being i n e r t i a l , only that i t provides a con­
s is ten t theory for tracing a point in four-space. The s a t e l l i t e ' s 
position in this frame can easily be realized (by defini t ion) . For 
example, using laser ranging to Lageos one will be able to calculate 
station coordinate differences that are nearly as accurate as the 
data (Bender 1981). Such baselines will be excellent, since the major 
uncertainty in this system is orientation ( i . e . , ro ta t ion) . 

If one seeks a dynamic frame as a reference for dynamic studies, 
the si tuation is less favorable. I t is true that the s a t e l l i t e t ra­
jectory will define an inert ial reference system with some- accuracy 
(Kozai 1981). The exact frame depends, of course, upon the detai ls of 
the force models, data reduction, and so forth. Such frames are getting 
bet ter ; the main uncertainty concerns rotat ion, as there is no clear 
way to separate the gravitational effects from the general rotation 
without observing celest ia l frame or Fermi-Walker transport with 
dyroscopes. Even so, a Fermi-Walker transported gyroscope in ear th 's 
orbi t around the sun will show the 1"9/century geodesic precession 
with respect to the star background (Eddington 1924). Another possibi l­
i ty would be to observe synchronous s a t e l l i t e s with respect to s tar 
background with astrometric cameras or VLB I systems. 

These uncertainties are long-term effects. A number of dynamic 
phenomena appear to be short periodic from the point of view of a 
s a t e l l i t e . The ab i l i ty to t reat short periodic perturbation is there­
fore the c r i t i ca l issue. In this case, the si tuation is reasonably 
good. The short-period effects of GR are generally quite small here: 
0.012 cm for Lageos, 0.146 cm for the moon, and 1.8 km for Mercury 
(Gaposchkin 1981). The residuals due to a shif t in the center of mass 
of the coordinates of the observing stations will appear to the sa te l ­
l i t e as a once-per-revolution effect. The accuracy of recovering the 
center of mass is therefore the same as the accuracy of the data and 
the perturbations, depending on the true anomaly. From the point of 
view of a s a t e l l i t e , the ear th ' s polar motion with respect to an angular 
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momentum axis appears to be s t r i c t l y d iurna l . Sa te l l i t e doppler and 
laser ranging are presently giving excel lent measurements of polar 
motion. One must be careful not to mask th is with the once-per-day 
perturbations that are due to errors in the tesseral harmonics of 
order one. The determination of UT1 is not so promising, for the 
reasons given above. 

CONCLUSIONS 

In summary, one can draw the fol lowing calculations from these 
arguments. 

1. A reference systems should be simple. That i s , invar iant 
phenomena should remain invar iant when expressed in the system. Appar­
ent motion should not re f l ec t motion of the reference system. 

2. A t e r res t r i a l reference system, one f ixed to the ear th, can 
be defined and established in a completely kinematic fashion as a 
polyhedron. Sa te l l i t e dynamics can be used to obtain the polyhedron 
baselines, and the relat ionship of the polyhedron to the center of mass. 

3. A ce lest ia l reference system can also be established kinemati-
ca l l y . The most promising approach is to use VLBI observations of 
extra-galact ic radio sources. These VLBI stat ions can also contribute 
to the de f in i t i on of the t e r res t r i a l reference frame polyhedron base­
l ines . 

4. The motion of the t e r r es t r i a l reference system, with respect 
to the celest ia l reference frame, w i l l be monitored with VLBI. 

5. Sa te l l i t e or dynamic reference frames can be real ized. They 
can permit monitoring of the t e r res t r i a l reference system with respect 
to the earth 's angular momentum ax is : nearly the rotat ion axis. 

6. The scale of the t e r res t r i a l reference frame should be defined 
from a standard clock and the speed of l i g h t . 

7. We should seek to define a reference system that i s , in 
p r inc ip le , a factor of 10 better than we expect to need: i . e . , 0.1 cm 
and O'.'OOOl. We may not immediately real ize system of such accuracy. 
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