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These notes are  based on the  careful examination of the  tubee of two very fine astronomical levels. 

The system of determining tbe  mean value of a division of a level scale, and of applying this 
mean value to the  interpretation of all level corrections, is one which requires a very great  perfection of 
curvature in the  tube ; as such perfection seems practically unattainnble in very delicate levels, the  em- 
ployment of this method has to  be snfe-guarded by endless precautions ; these precautions nre very 
troublesome, and, however closely they may be observed, I think i t  is generally recognized that  the  level 
corrections are very uureliable and unsatilrfnctory compared with the high standard of accuracy attaiued 
on all other points in refined astronomical work. 

The object of my experiments was, t o  obtain a more accurate interpretation of any given level 
correction, by carefully calibrating the tube. To exhibit the  results of this calibration, I have employed 
a very simple and satisfactory form of diagrnm, which not only shows all the  irreguln~.ities in a tube, bu t  
automatically allows for them in translating level corrections. The employment of the dingram in prac- 
tical computation is, if auything, more rapid and convenient thnu the  numerical application of n mean 
value. 

Tho diagrams have also enabled me t o  put  on foot n few interesting enquiries a s  t o  generd  con- 
dition~, and to come t o  solne definito conclusions regarding such questions ns the effect of tempernture 
On the curvature of the  t,ubo, etc., etc. Even if these conclusions are not entirely new, I think that ,  
conridering the mnuy difficulties with which the  subjoct is beset, their  independent corroboration from 
an original point of view may not be without interest. 

The calibrntion described and illustrated in tho main body of these notes, is chiefly the  result of 
4 weeks of experimenting in  &fay 1890, previous t o  which I hnd made R large number of prelinlinary 
cxperimonts. 

The ~ya tem on which this worlr waa done wng ~uficient, ly complete, nnd tlie results mere most 
~ r t i s E x t o r ~ ,  but, ns i t  was my first nttelnpt at n complete calibration, i t  naturally led to  the discovery 
of many trilling improvemellt,s, in the dctnils of procetlure, which might bo introduced with advantage. 

b n  the complotiou of the  work I bad the  l c v e l ~  fitted with now ~celes ,  and with small cross-lovels, 
"tc., etr., and prepared t o  re-calibmte the  tubes, introducing all the additional refinements I had learnt. 
MY d u t i e ~  havo provented my undertaking t h i ~  re-cnlibration till quite lately, nnd other circumstances 
hnvn l~oce~aitatcd my handing i t  over, while   till in progress, to  my successor, Lt .  H. McC. Convie, H.E., 
'~110 hns lrindly conselltod to  supervise i ts  completion, and to  see the  final proof of these notes through 
tho pres8. 



I hare embodied in Appendices I and I1 a full description of the further refinements which haPe 
been adopted for the work now in progress. I hare also discussed fully,in the main body of the noteq all 
detnils which originally hampered and marred my work ; also the original calibration, there dealt i t h ,  
is quite sufficient to  completely illustrnte my method, and to indicate such claims as it may have to be 
wortlly of further resenrch. This being so, there was little to be gained by indefinitely postponing the 
publication of these notes, whose chief object is to  obtain the collaboration of more experienced 
observers in the work, and to save them some of the preliminary delays which have hampered me. 

The complete examination of levels, ae here described, requires considerable time and labour, 
t,hough the details of procedure are perfectly simple ; so that, if i t  should be generally adopted, it mill be 
convenient to hand over the bulk of the preliminary work to an intelligent assistant, as suggested in 
Appendices I and 11. It is very desirable that any one so employed should have some notion of the 
theories underlying the process ; and i t  is for this reason that I have, throughout this paper, discussed 
fully, and in the simplest language, many points which will appear trite and superfluous to the expe- 
rienced observer, whose patience I must crave in such cases. 

The procedure laid down in Appendices I and I1 has of course no claims to finality. Having 
fully discussed theories in the notes themselvos, I have laid down rules in a somewhat arbitrary manner 
in the Appendices, simply for the sake of brevity. 

D E H E A  D ~ N ,  

18th April 1900. 
E. A, TANDY. 



PART I.-INTRODUCTORY. 

Description of Levels. 

The two levels which I have examined are of Holmes' best make, and are numh(.l.ed 
respectively " 6 " and " 9." They are both furnished with a reservoir, or air-chamber, a t  one 
end, from which the length of bubble can be altered at  mill; the liquid in  No. 6 is chloroform, 
and that i n  No. 9 spirit, a fact which has added considerably t o  the interest of my comparisons. 
They are read by means of vertical brass scales along the top of the tube, having equal divisioi~s, 
and reading outwards on both sides from 0 in  the centre; the lengths of these divisions mere 
arranged by the maker to  represent dislcvelments of 1" each, and, as mill be seen below, they arc 
fairly ncar the t rue mean. The diameter of the tubes is 1 inch and their length about 11 incl~e,s, 
but owing to the  space occupied by the reservoirs and the  shortness of the scales, etc., the available 
portiou calibrated was only about 64 iuches long. 

Tlie following table will show that, as tested by the  mean value method, the results from 
tlie two levels are good, and would seem t o  indicate that  they are both equally reliable. 

Each of thc above figures is the result of rnnning thc bubble four times from end to end 
of the t i ~ b c  on a bubblc-tester. Tlie divisions of the  scale of No. 6 level are about 0.04 inches 
alld those of No. 9, 0.05 inches in length. 

No. 6 Levcl. No. 9 Level. 

Lenzth 
of hnl,l,lc in 

divlsions 

98 
96 
7 5 
7 2 

69 
60 
59 
50 

Mean 

L e n ~ t h  
of l,nt,l,le in 

clivisious 

7 9 
7 9 
70 
6 2 
56 
42 
39  
38 

of' 900 
0 '93' 
o ,865 
o -900 
0 -904 
o '898 
o -884  
o -888 

01'896 

o n f I e ~ ~ , $ ~ ~ n  

oN'935 
0 '955 
o '950 
0 '936 
0 '941 
0 '9.56 
0 .969 
0 '994 

Mean 1 o X . 9 i i  



2 NOTES ON THE CALIBRATION OF LEVELS. 

The fignres in the above tables are very fairly accordant; but when we come to examine 
small portions of tlie tubes separately, great discordances in the mean values at once become 
apparent. The magnitude of these discordances varies in [different levels; and in the same 
level there are evident variations due to the position of the bubble in the tube ; and, even when 
in the same mean position, bubbles of different lengths show different results. 

As these discordances must seriously vitiate all attempts at interpreting level corrections 
by the application of a meau value, the discovery of their causes is a matter of great importance. 

Discussion of cause of Discordances. 

Now in order that a dislevelment of 1" shall cause a bubble movement of 0.05 inches, it 
is necessary to grind the interior of the top of the tube to a radius of nearly 300 yards; the 
delicacy of such an operation in a tube of 7 or 8 inches length mill be readily conceived, and, far 
from expecting absolute accuracy in such a curve, we can only marvel a t  the degree of approxima- 
tion actually obtained. 

Let us suppose that we have irregularities of the curve as shewn in fig. I ;  then it is evident 
that, if a b and a' b' represent the tmo positions of a bubble due to  a change of inclination of xu, the 
distance moved by the bubble will depend on the two curves a a' and b b'; so that if we take the 
nlean distance, measured in divisions, traversed by the two ends of the bubble, (as is always done 

in applying the " mean value " metliod) the resultant number of divisions, viz., A A' + B B', 
2 

depend on the mean curvature of the arcs a a' and b b' ;  and, if the movements of the bubble were 
~iuaffected by other sources of irregularity, the number of divisions corresppnding to x" dislevel- 
ment ( i . e .  the mean valuc of a division) would vary according to the mean of the two curves 
traversed by the ends of the bubble. 

As, on general grounds, we expect our curve to  be imperfect, the above explanation of 
the discordances found appears to be a reasonable one. I shall speak of t l~ i s  cause as " irrcgularity 
of curve" ; being permanent, and dependent solely on the position of tlie bubble, it  is obviously 
snsceptil~le of calibration. Othcr causes which one might expect to find and mhich mould also 
account for discordant results are :- 

(1). Stickiness in the bubble* causing i t  to take up an indeterminate position, due to its 
last direction of motion, or to minute variations in the surface friction in the tube. 

(2). Irregular variations, due to  the testing instrument, or to disturbances of the pillar on 
which it stands by earth vibrations. 

(3). Effccts of slight variations in temperaturc, which may cause the liquid to be ocra- 
sionally warmer at one end than thc other, and so disturb the nicety of its balance, or which 
may disturb the levclmcnt of the tester. 

(4). Large and persistcnt differences of temperature, which may disturb the chrves of the 
tube, or otherwise excrcise some maligu effect. 

The first three of these causes are probably quitc intangible, though they may be consider- 
able; the fourth might he rliscoveral~le iE regular, bat, on the whole, it  was evident that thew 
four causes might very possibly be so considerable as to entirely swamp and conccal all indications 
of the "irregularity of the curve". As, however, I felt sure of the existence of this latter, I 
devisctl a system of recording my results on a diagram, mhich mould comnplelely satisfy all the 
discordances pro\icled that " irrcgularity of curve" was their sole cause, and which ~vould shon a 
marked improvement on thc mcau value mcthod if irregularity of curve was thcir main cause. 
- - P - -. -. - - -- - 

* By this is meant of course stickinese of the liquid, or of its cnpillnry edgee bounding tho bubble. 



Fig. 1 

WIF 





NOTES ON THE CALIBRATION OF LEVELS. 

General results obtained from Calibration. 

My experiments fully established the feasibility of calibration, and the investigation 
showed generally that  :- 

(1). The discordances found i n  testing levels are chiefly due t o  "irregularity of curve1' 
as above explained ; and that  tlie results when diagramlnatically recorded become accordant and 
satisfactory, except for trifling residual variations, arising either Prom sticltiness of the liquid, 
instrumental disturbances, o r  other causes too slight t o  be dealt with. These residual discrepan- 
cies are i n  n o  may comparable with the very considerable ones which the diagrammatic method 
eliminates. 

(2). Large and persistent differcnces of temperature, within a range of 60' to  100' (Fah.), 
have no appreciable effect.* 

(3). Such tcsts as I have becn able t o  make seem t o  show that the levels remain appreci- 
ably unaltered t h r o u g l ~  a period of six moutlrs; time must of course elapse before t l~c i r  constancy 
over longer periods can be established. 

(4,). That, i n  my levels, bubbles of less than 3 inches length hecome indeterminate, and 
should not be uscd, (when under 24 inches thcy are vcry bad). I t  ~vould appear that the more 
delicate a level is, the  longer must the bubble be ;  for it  is well known that quite small bubbles 
give satisfactory results i n  levcls whose radius of curvature is small. 

( 6 ) .  That a bubble must be givcn a sensible momcuturn to  enable it  to occupy its new 
position with prccisiou ; if i t  is attempted to move it  1 division by a slow adjustment, friction 
may prevent i t  from attaining its t rue position of equilibrium, and the result may I)c misleading. 
(With my levcls, a fairly rapid movcment through about a quarter of an inch is necessary to  
ensure reliability) .t 

Advantages Claimed for Diagrams. 

A level correction can be morc quicltly ohtailled from the diagrams than from the method of 
computation by a mean value; there is tlrercfore no objection to t l~cn l  on the groar~ds of inconve- 
nience. As the essence of tlie system is that i t  automatically alloms for all variations from tlrc mean 
value discovered i n  tcsting, a n  incrcase of accuracy is incvitablc; the amouut of this improvement 
will be proportional t o  the irregularity of the curvc and the quality of thc calibration; this fact 
will be bcttcr apprcciatcd wheu I come to discuss thc diagrams in detail, and I \rill here content 
myself with stating i t .  I t  will also 1)e apparent from the diagrams that  large levcl corrections can 
be employed with impunity, and that if the diagram is a good onc thcy will bc as little liable to  
error as s~nal l  aucs. Thc diagrams also climiuate all r l a ~ ~ g c r  of accuruulativc errors, which seem 
very liablc to occur with thc incan value mcthod ; this fact is of immeusc importance, aud the gain i n  
accuracy of s i~iglc  ol~servations is a small matter comparcd wit11 it .  I11 addition to  these, tlicre is 
the following advantage whicl~ nothing but adcquate calibration can affortl, viz.;frofra the 
dingrnm the irreyulnrilies at  all portions of the ctcrce can he seen a t  a glarzce; this ennhles us to 
discritninate 6eltoeen different Iettels nnd choose the bes t ;  nn,d, ,ftcrlAer, hnoilty got n level, r e  cnn 
m.ark the ~cnreliahle parts o f  the curve and nvoid thcrn dztring ncltcal work,  tlrzis escnpi?r.q 011 Iinhility 
to gross errors. Finally i t  will hc evidcrlt that  until a systcrn of calibration is dcvcloped, 110 

progrcss can hc matlc towards tlie determillation of the couditions whicli cause all the discrepancies 
in the intlicatio~ls of Icvcls. 
-. --- 

* A vise of t,rn~perni,~~rr of course ~ l~or lr -ns  Iho h ~ ~ b h l c ,  hut wl~nt  I l~rrr  Inen11 is, that, if, by nlrlkns or lllr rrscrroir, 
We ~ d j ~ r t ,  llle l ) ~ ~ l ~ b I c  to a I ( , l ~ ~ t l l  0 l  m y  3 in~l lcs ,  it will ~ O I ~ C  in a cert,ain way, quite i n d e l , e l ~ d c ~ ~ t  of m-Ilct,l~er Ll10 trmycra- 
tllre llnpprns to I)c (iOS' or 100" 1". 

t This is n point on mlrirli I do not wisli to  npprnr too positirr; nlao T 111iro not l~rro  cliocuesed bl~c efFcrt of t l ~ r  lnst 
airecl.ion O F  mot,ion of a brlhble in ofiwtinc t .11~ 11onitio11 111 rnltich it  ~ ~ I t i r n n t e I ~  sr(lIee, nr 1 llrn not yet in n posilil,n to nlllke 
rlefinit,c stntrrnnnta on 1 . 1 1 ~  s ~ ~ b j ~ r t , .  Tllc q r ~ r s ! i ~ n  is ~ ~ o n i l l l i , ~ ~ t r d  hy t l ~ c  fncl t.l~nt, n l l ~ ~ b b l ~  os~i l lnt (~s  beEo1.c' se t t l i l l~ ,  90 t l l ~ t  
its npprc(,i~kblo o s r i l l n ~ , i o n ' i ~ ~ n ~  ritllcr br in tllc snlno direction or opposite to the direction of molion €ire11 10 it, in 
rhnllzilrq from ono porilion to n1;otlnrl.: slill I llllro po(,rl i-rnson to I~eIier~; t l ~ n t  t l~rrc  is o(.tcn n rrry ~hnrlceil effect of t l ~ i s  
kiurl, ant1 Llrnt the ruutlor is worthy of coroful iuvestigation, w l ~ i c h  could be easily cnrricd out with a diagram. 



NOTES ON THE CALIBRATION OF LEVELS. 

Description of Tester. 

The bubble tester which I used is known as Cooke's bubble-tester No. 1 ; i t  consists of a 
brass bar nearly 2 feet long supported a t  one end by a large micrometer screw, and at  the other 
by two solid feet about 4 inches apart and a t  right angles to  the  axis of the bar ;  so that on turning 
the  micrometer the  bar revolves about the line joining the  two feet. Under the bar is a heaT 
slab having a t  one end two steel buttons on which the  above-mentioned feet rest, and a t  the other 
a coarse brass screw on the flat head of which the foot of the micrometer rests; (this screw enables 
rough adjustments of the bar t o  be effected more conveniently than could be done with the micro- 
meter). 

The bar is fitted with two sets of vertical V's which enable it t o  carry two levels a t  once; the 
V a t  the opposite end t o  the micrometer is i n  each case capable of being raised on the bar hy a 
very delicate adjusting screw ; this makes i t  possible t o  set the bubble of each level in any required 
position without moving the micrometer. There is a n  arrangement by which the weight of the 
hand i n  turning the micrometer is taken by a n  exterior case so that  it may not disturb the adjust- 
ment  of the bar. The head of the  micrometer is about 5 inches i n  diameter and is divided into 
100 divisions which are  supposed t o  give 1" of dislevelment each; the foot of the micrometer 
screw is semi-spherical, and the flat-headed screw which supports i t  has a conical recess in  which this 
foot rests; I do not like this last detail, as the slightest unevenness i n  the  semi-spherical point or i n  
t h e  conical recess mill have the effect of a periodic error i n  every revolution of the screw. 
Otherwise the  design of the  tester seems simple and satisfactory. 

Disturbances which affect the work. 

Although the whole was mounted on an isolated pillar, i t  is diff ic~~lt  t o  sag t o  rrhat extcnt 
the  resultant discrepancies of my work may have been due to this tester, owing to the innumerable 
disturbances t o  which any such delicate work is liable. 

To begin with, i t  must be borne in  mind that  a disturbattce w h i ~ h  raises one end of a level 
one ten-thousandth part of an inch will move the bubl~le  more than 2" out of position, and 2" 
is a very large quantity compared t o  the refinement a t  which I am aiming. Furthcr I have seen 
during my experiments a bubble run  5" or 6" out of position owing t o  a small "ckka" (or pony 
cart) passing along a road 20 yards away.* I t  is  certain also that  minute earth pulsations nre 
always occurring everywhere; when considerable these would gencrally be fairly slow and regular 
i n  their effect, but  there is always a liability to  very perceptible disturbances from this csuse.t 

Besides these there are numerous less simple disturbances, such as those due to  small local 
temperature variations, which may not only react on the testcr, but may disturb thc equ~librium 
of the  liquid i n  the  level by causing differences of temperture in  thc two cnds of thc tube. 

Considering all these things, i t  will be evident how very liablc to  fluctuations even perfect 
levels on  perfect testers would be, and how cautious we must be in attributing any occasional 
discrepancies t o  indeterminateness and linreliability in  the levels. My own impression is that the 
subject only requires more thorough investigation t o  show that, as long as bad parts of the curve 
are  avoided, a good level is  an instrument of marvellous delicacy and refinement. 

* I noticed Lhie several times in No. 6 level which sliowed far greater scn~itivenees to such distl~rbnnccr than No. 9: 
after the paasage of tho ekka tho bubble would generally regnin its old position fairly acrurately ; strnnge to noy I nmer notlccd 
any result fro~n elephanls or quiet carte paasing alonp Ills rond, though their weight wns much creelor; it would seem if 
t . 1 ~  ratt,lo and vibration of o noisy vcl~icle were necensnry to cnupo tho load to take effect. Anotl~or curious point, wns that 
the mazimurn effect wne risunlly produced on the level eornr rlis1nn:e beroro the vehiclo nctrlolly p a s s ~ d  ncroen Ille line of 
axie of the level, and the effect pnencd off almoat imrncdiotsly after the posnoae of tho veliicle. The offucL of my own move- - - 
ments in the vicinit.y of tho inairunient wne never perccptibic. 

t Vide Milne's " Enrthqunkre," 4th Edition, Chapter XIX and XX *#Earth Tremors" and "Earth ~olant,ionq" 
especially a case given on page 335 whcro R bubble moved 10" in 40  minutes ; see also tho occnsionnl lnrge rind rnpld 
oulse~like sureine OF undisturbed l e ~ c l r ,  described on pape 33G. I havo myself noen a bubble nuddrnly wnlk off 30" during 
&y experimeit@;for no apparent cause, necessitating ihe abandonment of the wries I heppcned to be working at. 







NOTES ON THE CALIBRATION OF LEVELS. 5 

I made a considerable number of very careful observations t o  examine t h e  reliability of 
my tester, but  t h e  results were inconclusive, and I could only infer that  the regularity of i ts  
micrometer was greater than that  of any of the other conditions involved i n  my work. A care f~ i l  
comparison of its mean value with that  of a well-known micrometer on a n  astronomical instru- 
ment shows t h e  error of the  mean value of 1 division t o  be within OU.004; this error could 
hardly amount to  0". 1 i n  the  largest level correction ever used, and is unnoticeable comparetl t o  
those with which we are  attempting t o  deal; so I have taken the value of 1 division of the tester 
to be equal t o  1" exactly. 

PART 11.-THE DIAGRAMS. 

General Description. 

Having sufficiently dwelt on the complex considerations involved in level-testing, alld the 
advantages which a diagrammatic mcthod secures, I sliall now explaill the particular system of 
calibration which I adopted. 

I n  computing a level correction thc  problem is entirely a differential one ;  tha t  is t o  say, 
me are always given two positions of a bubble, and wc waut to  know the arnolint of dislevelment 
to which the difference between those two positions corresponds; so that  we are free t o  assume any 
particular position of a bubble as the zero position, and to calibrate from that.  For  if our diagram 
is able to give us  the  arcs contained betnee11 every possible position of :I bul~ble ant1 its zero position, 
i t  is evident that,  given any two positions, wc call a t  once compute the arc contained het~veen them; 
for let the arc  contained betwecn the first position and zero be x", and that  between the second 
position and zero be y", then the arc  contained between the  two positions, which is the  required 
dislevelment, will be (x - y)". 

I have chosen for  the  zero of any given bubl~le, (i.e., onc of any given Icngth)," that  
position in  which its two ends are e q u i d i s t a ~ ~ t  from tllc ccntrc of the sc:lle, i.e.,in ~vhicll the  
bubble is exactly centrally situated wit11 regard to  the scale. This position I shall i n  future, for 
brevity, refer to  as '' cqual readings ".t 

Let  us take any point 0 as origin, and two axes R'OR and LOL', as shewn in fig. 2. Aloug 
R'OR mark divisions p~~ol)ortional to  t l ~ c  rlivisions on the  1)ul)hlc scale, mid figured similarly, 
malting the central zcro point : ~ t  0 ;  then it  is cvidc~lt t11;tt ally rending of t l ~ c  right hand en11 of 
the bn1)ble may be markcd off OII the line R 'OR;  (as t l ~ c  right C I I ~  of t l ~ e  br11111le is gct~erally t o  
the right of tlie centrc of the scale, nearly all actnal rcatlings will bc 011 the portion Ol t  and \rill 
be poaitivc; when the zoho/c of the  hl~I)I,le gcts to tlte left oE 0, mc Iinve a minus rcading for 
the right cnd n l ~ i c l ~  ~ v o ~ ~ l d  be l)lottcd on OR') .  Similarly, if we marlt off the divisions of the sc:rle 
on the line LOL', any left llnntl rratling may 1)e l)lottcd on it, aud nlill be positi\le cxcept wl~erl 
the wl~olc of the 1)ubble is to  right of 0 n-llc11 it  l~rcomcs negativc and is plotted on OL'. 

So that, if the wholc shcet of palbcr I)r tnlirn to  rcprcscnt all the possil~le positionsof the bnl~hle, 
and 7. ant1 r! are the rcadings of t l ~ c  t \ \  o c1111s f i ~ r  a n y  givcn position, the11 the point p represcllts 
on the diagram t l ~ a t  pnrticnlar ~,osition of t l ~ c  I ) ~ ~ l ~ l , l c  s ~ \ t l  n o  other. Lct the total length of the 
hllhl~lc i r ~  tl~iv case 1)c "1%" tlivisio~~s, t l ~ c ~ ~  T + I = B ; and if r, I,, T ,  I,, kc., I)e various ~ . c n d i ~ ~ g s  
of this same bubblc of l c ~ l g t l ~  B wl~en  in o t l~cr  positions in  tllc tubc, then rl + I, = B, j', -t I, = R 

- - 

* Tlironpl~oi~t t , l~is  deee~i~ , l ion  a.l~rn r p e ~ ~ l i n g  of n "gircn 1,11hhlo'' or llir "enme b111,l)le" I menu one of n "Flyen 
Icnglli" or of ( 1 1 0  "snme Irn~lI l  ": ~lir~iil~irI$ ~ I I V I I  ~ . ( ~ ~ c i - l . i ~ l ~  10  a a d i f f ~ ~ . ~ ~ l t  l~r~l,blcs" I menn slrclr 08 differ f1.0111 or(.- 
nllolller in len,nlli. The frvrros " hrrhhl~" n r d  " I r r~c l"  nvr ,1rrvr s~r,~d .~,vrro~r,q~~~orr.v/,y. 

t Wr ~ ~ t n y  rrn~ir~d Ilie rrntlcr. Il~rrt (lic srnlrs nrc r~lnrkccl 0 i l l  llle ct,nll-c arid rend oul~vnrds bolh m-nys, so lhnt tlncler 
tho nboro nsar~rl~ i~t~on 1110 rending8 ut tho ~ w o  cntls ore eclunl when Llro bttlrblc ia a1 zero. 
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and so on. From tlris it  is evident thnt the locus of the points representing all possible positions 
of a bubble of length B will be a straight line cutting the axes at m and n, and having om = on 
= B. I shall in future refer to such a line as a " bubble.le?~gth," meaning the line on which all 
the points of a certain lengthed bubble lie. As we have decided that the point of equal readings 
is to be the zero of any bubble, it  is evident that  the zero of the bubble " U " is at z or on a line 
bisecting the angle LOR. Similarly if we take any other bubble of length B' whose " bubble-length" 
is m' n', its zero is at z'  and also on this line ; so that ZOZ' is the locus of tlie zeros of all the bubbles. 

Now to  calibrate our level, let us make the bubble B divisions long and set the tube so 
B 

that  the bubble is a t  "equal readings," i e., the right hand end reads + - divisions and the left 
2 

hand the same ; this gives us tlie point 2 on the diagram. If we now raise the right hand end of the 
tube exactly 5") and read the two ends of the bubble in its new position, we shall, by plotting 
tllcse two readings r and I on the cliagrnm, get a point p, and shall know in future that the move- 
ment zp of this bubble B corresponds to a dislevelment of 5". Similarly with a bubble of B' 
divisions in length, and having its zero at z', me may get a point p', such that t'p' corresponds to 
5" ; and by doing this with a sufficient number of bubbles we shall get the locus of the curve 
yp',  ~vllich will sliow us the movement of every possible bul~ble correspor~ding to an arc of 5" to 
the right of its zero, i.e. of the + 5" curve. I n  the same way me may find the curves correspond- 
i r ~ g  to every seco~ld of dislevelment for every possible length of bubble, thus covering our diagram 
with a series of curves, which, like the four I have drawn in fig. 2, will be nll more or less 
p:rrallel to the zero line OZ in general direction. It is convenient to number tlre curves outwards 
from zero in both clirections, and to give a positive sign to tllose wllich represent the bubble 
as heing to the right of its central positio~l and a negative sign when the bubble is to tlie left. 
This convention should be carefully noted, and must not be confused with the perfectly d is t i~~ct  
qucstion of the readings of the level-scales, which are only accorded a minus sign in the case of 
the ieft end of the bubble being to the right of 0, or the right end to the left of 0, the reason 
being obvious. 

If  then we require the true arc represented by a movement of a bubble between any two 
given positions, nre have only to  find the two points on the diagram corresponding to the two 
positions, and tlie difference between their distances from zero, as shewn in seconds of arc by the 
curves, mill give tlie required arc;  for if Q, Q, be the two points, then if Q, is on the curve + 1.5' 
and Q, is a t  - 9".3 (decimals of a seconcl would of course be judged by interpolation between 
the curves by eye), the daerence is 15 + 9.3  = 24".3, which is the arc required. 

Discussion of Imaginary Cases. 

The above shows the general principle of the diagram without any consideration of prac- 
tical difficulties in its executio~i; and, 11efoi-e passing on to these, i t  will be useful to consider olle 
or two imaginary diagrams, so that wc mny be the better able to interpret such indications of 
irregulalities in the tube as our real diagrams may give us. 

To hegin with, it is evident that iE we have an immaculate level whose tuhe has a perfectly 
regular cnrvc, a movement of 10 divisions, say, woald always co~,respond to rt given dislevelmcnt, 
wlrich, if 1 division was exactly equal to I", would he 10"; so that, in this case, ~ e r f e c t  calibration 
mould give a diagram of straight lines, na  hewn in fig. 3, which is a skeleton diagram, giving only 
the 5" and 10" curves instead of all tile single seconds. I t  may also be notcd that I have 
adopted the conrention OF enclosing the figures representing right lland readings in circles ; the 
usefulness of this in avoiding co~iflision will be more fully realised later. 
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Let us now considcr the continuous red lines joining the points ABC. It is supposed that 

in this case the limits of the scale or other physical causes confine the bul~ble readings to 30 
divisions on either side of zero, SO that there are only 60 avai1al)le divisions in all, and when either 
end of the bubble passes beyond these the reading cannot be taken; so tbat, as AB is drawn along 
the 30th division on the right hand side, i t  is evident that it is tlle limit of the diagram in this 
direction, for any point beyond it mould have to have its right hand reading more than 30, and, 
by hypothesis, a reading of over 30 is impossible; similarly AC, which is drawn along the + 30 
division of the left hand readings, is also a limit of the d~agram. 

Again, BC mill be seen to bc the " bul~ble-length" of a bubble of 0 divisions length; for, 
if me talce any point on it, we shall find that its co-ordinates, i .e . ,  the right and left readings, are 
always equal and of opposite sign, and (as me know that on the actual level scale a point which 
gives a positive reading for the right end of the bubble gives an equal negative reading for the 
left end, and vice versa) this fact shows that the two ends of the bubble are coincident, ancl the 
bubble may be regarded as a dot;  if such a bubble existed i t  would of course be ablc to indicate 
arcs up to 30" on either side of zero, witl~out either end running off the scale, w h ~ c l ~  fact is shown 
iu the diagram by the intersection of the curves with the bubble-le~~gtli BC of tllis bubl)le, which 
s11ow arcs up to 30'' on either side of 0. Any continuation of the diagram towards Z' would 
imply bubbles of a length less tharr 0, so i t  is clear that BC is the limit of even our theoretical 
diagram in this direction. 

Again, the point A represents the zero positiou of a bubble of 60 divisions ill length; it 
is evident that as this is the wl~ole length of our scalc, such a long bubble nould be useless, as the 
slightest n~ovemciit from its zero position would run one end I)eyoiid our limits; this fact is s l ~ o a n  
by the bubble-length of the 60 division bubble beii~g merely tllc point A. Similarly, ABC having 
bee11 shown to be the limits of our diagram, it nil1 lje seen that the bubble-lcugtlls of bul)bles 
uearly as long as A are very short, indicating that such bubbles Ilave very small play; while as we 
get to shorter bubbles we find the arcs contained by thcir bubl~le-lengths becoming greater and 
greater, until finally the evanescent bubble at BC is capable of showing as mauy seconds as there 
are divisions on the scalc. 

I n  actual practice a very long bul)l)le is nearly useless onring to its small play, and on the 
other hand it will be found that small bul~blcs become so indcternlil~ate that none of their indica- 
tions can be relied on, and they are quite uscless ;* so that, if rve decided in this case only to 
examine bubbles whose lengtl~s were bet~reeu 20 and 40 divisions, our resultant diagram wonld be 
the strip DEFG (vide Plates I11 and I V  for specimens of actual diagrams). 

Now let us suppose that instead of this ideal case we have an ~ c t u a l  curve to deal with, 
and that me ltnom all its irregularities, so that i ~ ~ s t e a d  o j  yl.ad7lati71g the scale on the tube into 
cyual divisions, we are nble to grndz~ate it so that every dil.isio7~ S ~ O Z U S  one second qf arc at  that 
portion of the c t~rve over which i t  lies. Let us ~ua rk  off the divisions of this irregular scale on 
the axes Ox and O!/ (fig. q),  and draw ordinates through t l ~ c  points so obtained. Then, if nrc join 
lip the particular i~~terscctions (x, y) alid (x + 5, y + 6) thro~~ghout  the diagram, we sl~all have 
the curves of the diagram of this level ; for, take the points p, and p,, then, since r, - rl = 5" 
R I I ~  I? - Il = r)", the bul)l~le has moved tlirougll an arc of 5" between the positions p, and p, ; 
and this agrees with the indications of the diagram curves, which show y, as + 5" and p2 
as + 10". 

I t  may bc said with justice that wc are here assllmirlg n dcfinite lam connecting the move- 
mcnt oE the bul)blc with t l ~ e  valucs of the arcs traversed 1)y its ends; so I may at oncc state that 
my sy-tem of malting act~lal (lingrams docs not involve any such assumption, but disl)lays re\ults 
as actually f o u ~ ~ d ;  but we are now dealing with ideal cascs where this method is very convenient, 

* In mr Irrcls, bohhles of lees t l~nn 2 inc l~rs  Icngtll hecnmc hopelrsslj il~deterl~linnte ; ~ n d  nlso al~ort bubhlrs nlwnys 
tonh n111el1 lchigor to soll.10 d o ~ n  t,l~nn I O I I ~ O I .  ones. It. w o ~ ~ l d  bo i~bturcst~ng to try t,l~o effect of I ~ a r i n ~  Icrt.18 of pref~ter 
longt l~ ,  irl~icl l  vonld  pcrluit of lollgar bubbles being ilacd; se, wit11 an equally true curve, this might afford greater dcter- 
m~naLc~ncse. 
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the  curves towards the  zero lines as the  bubble lengthens; then we see that  a t  the  top of the  
diagram (i.e. along the  bubble-length of the largest bubble) the intervals between curves are fairly 
equal; whereas with tllc shortest bubble a t  the  bottom of the diagram, the intervals are  very 
much larger a t  the  centre than any of the  above, and also that  they vary immensely a r n o ~ ~ g s t  
themselves, exactly as i n  the strip dqfg, diminishing as the  bubble gets nearer the  ends of the  
tube, (e.g. compare the  intervals KL, MN, which are respectively 3.6 inches and 2.3 inches i n  
leligth though they both equal 10"). I think therefore we have fair grounds for  supposing that  
No. 9 level is similar t o  that  imagined i n  fig. 5 and has a much flatter curve a t  the centre than a t  
the  ends, and that  the variations i n  the radius of curvature are really very considerable. 

Le t  us  now turn  to  another imaginary case shewn i n  fig. 7;  here we shall find that  a serious 
complication is introduced, which depends on the assumption of an unsymmetrical tube, i.e., one 
which is not precisely the  same on both sides of 0. To simplify the question as far  as possible I 
have assumed a perfect tube such as that shown i n  fig. 3, marred only by the fact that  on the 
right-hand side a sort of dimple occurs i n  the curve, tlie first part of n~hich  is very steep, having 
a radius of curvature one quarter that  of the  general mean, and the second part straight, bringing 
the  surface back t o  the  normal curve. 

The resultant diagram together with a n  exaggerated sketch of the  curve itself are s h o ~ r n  
i n  figs. 6 a d  7. N o  attention necd be paid to  the rcd lines on t l ~ e  diagram a t  present; but au  
examination of the  t rue curvcs, drawn i n  l)laclr, will show how the intervals decrease wlicu one 
end of the  bubble is on the steep portion, and how thcy incrcake when i t  is 011 tlic flat portion, 
which of course is what nle should expect; i t  may also be notcd how a t  the stecp portion, all the 
curves become more perpendicular to  the axis ox on  which the steep part  is plotted, and how a t  
the  flat portion they become more parallel wit11 i t ;  the same applies to  the  lower- part of t h e  
diagram, where the fault appears among the minus readings of tlie lcft cnd and is therefore 
plotted on  the  axis oy; tliis latter portion is l~onever  mostly out of the  practical part of the  
diagram as i t  only comes i n  a m o ~ ~ g s t  the w r y  short bnbl~les, and n glance a t  fig. 7 will sliom 
that  only a very short bubble could get its lcft end into the iri,egular portiou of the curvc. 

The main point of iutcrcst, I~o\vcvcr, ill fig. 6, is the bcnd in the zero c~irve sl~on,u a t  ABC. 
This shows that  in an uns!/11antetrical tube, I' zue refer the zt;hole diagrn7n to any giz'en dislevelr~ie~it 
as zero, zoa get a zero lin,e zohich is not slrni.qht. Thc pl~ysical cause of tliis is shown in fig. 7, 
where I have drawn i n  rccl the positions wl1ic11 would bc t;tltcn up by scvcr:ll 1)nbl)lcs wit11 the 
tube iu i ts  "horizontal" position VW. (Dy this I meat1 that the slope of VVr is sucll that all  
bubl~les lying i n  tlic norvi~(i1 parts of the curve wonld have tlicir centrcs on tlic xcro liue 0 Z  ~ v l l e ~ l  
the tubc was i n  the position VW). Now if wc bisect thc 4 11ttbl)lcs sllown i t  will be scen that 
when oue end is on the irrcgular portion of the t u l ~ e  thc ccntrc of t l ~ c  bu11l)lc docs not lie on the 
zero linc OZ, but deviatce to\rarils tlie left of t l ~ e  tubc as shew1 at  crbc. That is to  say, supposing 
we were working nritli an cqnally dividcd Irvcl scale, all our b u l ~ l ~ l e s  would be a t  "equal rcntlings" 
whcn our tlibc mas in its zcro position VIV, cxccpt thosc bubbles whose length was intermediate 
between PQ and TU, \olrich would l~nvc thcir right-hand readings less tliau their left allen the 
tube mas in  its zero position. 

This is cxactly what is intlicatctl in the diagram 11y the deviation ABC. I t  is therefore e ~ i d e n t  
that,  ilnlcss a tube is cxnctly symmctricnl 011 cach sidc of tlre ccntrc of thc scale, the true zcro line 
mill not 1)c straight, nnd ltrnt, in  ass1i,ui11!/ the g~osition of eyitnl vc~crrJr71!,a ns the zero g108ifio?t ,fur 
each htrhhle, nnrl so , forcing the zero lilw into n s t raiyl~t  line, toe are  i n  7.eahty using a diferenl, or 
at all events indcy)e)ident, zero fol. each lolyth of bubble. 

I lrave recognixcd this l~lcmish in my system from the first, but s s  I could see no way of 
discovering tlre true curve of tlic zero, ilud as a straight zero iuvolvcs uo error unless we happen t o  
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be comparing the positions of two bubbles of different lengths,* I made my diagrams with a straight 
zero. I have since devised a sin~ple way of findii~g the curve of the zero (vide Appendix I), and 
the preliminary determination of this will enable the whole diagram to  be consistently calibrated 
to any assumed zcro position of the level. 

Before preparing the imaginary diagrams now under discussion (an idea which only occurred 
to  me quite receutly), I had not aclequntely realised the full value and importance of this further 
I-finement in improving and simplifying tlie whole calibration. I mill go into this point more fully 
later, and will a t  present only discuss the sort of distortion which the straightening of the zero 
line may produce in a diagram. To show this I hare prepared fig. 8 ; this is a diagram of exactly 
the same level as that shewn in figs. 6 and 7, only plotted with a straight zero and showing all the 
distortions conscque~~tly introduced. By comparing it with fig. 6, i t  will be seen that distortion 
only occurs between the bubble-lengths PQ and TU, that is, in that portion of the diagram in 
which the zero has heen artificially displaced. The condition on which this diagram has been 
constructed is that tlie intervals along any particular bubble-length shoiild be exactly the same as 
i r ~  the true diagram, fig. 7, only that the zero is displaced from the true curve ABC to the straight 
line AH'C and every other point on each bubble-length is displaced similarly and equally to 
the displacement of its zero. I have shewn in both diagrams the curves d e p  f g  and de'p'f'g to 
make my mctliocl clear, showing that er = e'r', pB = p'B', and fs = f's', which satisfies the 
above coiidition ; and similarly with h k q 1 m whose displacement to  h k' q' I' m is also shown on 
both diagrams. This system is not absolutely correct, as the displacements instearl of being 
lineally equal should he actually equal in seconds of arc, as shown by the intervals ou the bubble- 
length ; the maximum error introduced owing to this cause is at p', for, whereas B ~ ' o n l ~  equals 
about 5", pp' = about 12", as I have plotted it, (vide true diagram, fig. 6) and p' should really lie 
somewhere betmeell p and B ;  this is however an extreme case, and in most places the deviation 
from tlleoretical accuracy is very slight, so I havc considered the simple method I have adopted 
quite sufficiently accul-ate to give a rough idea of the distortive effects of straightening the zero, 
aud, as this is all we mnnt, I shall now proceed to discuss i t  as it stands. 

I t  may first he notcd that the indications of our steep bit of curve almost disappear in the 
vicinity 01 thc zero line, e.y., the + 5" and - 5'' curves become more or less parallel to the zero 
line vilere thcy should be steep; again we find that above the zero line the indications of this steep 
bit are sl~iftccl somenthat to thc right ; another result me may note is that the apparent indications 
of our flat portion have become m ~ i c l ~  esaggcratecl, e.g., k q  has been still further flattened to 
k' p'; then thcre is the very obvious effect of tire marked bent1 toward S introduced into every 
curve as i t  crosses the bubble-length 39, where the zero has suffered its maximum displacement; 
aud, fiually, we may coutcmplate the chaotic appearance of fig. 8 as compnrerl with the simple 
and ea~ i ly  interpreted curves i n  fig. 6. When i t  is remembered that all this chaos is due to one 
simple fault in thc tube, it may be realised how difficult of interpretation mill be an actual diagram, 
subject to the co~nl~iued effect of endless and varied irregularities on both sides of 0, and how 
seriously this dificnlty is enhanced when weliave arbitrarily calibrated to a straight zero as I have 
done in my diagrams. I am however able to show marked inrlicatiol~u of just such a fault as thnt 
above describetl on the right I~and side of my level No. 6 .  If  we turn to the actual diagram of 
this level (Platc IV) ,  anrl ruu our eye along rlivision 4-0 on the right hand side (i.e., the line AB) 
we shall see the following effccts between divisions 38 aud 42 which me may compare with those 
of tlie assumed steep bit in fig. 8 :- 

(1) On the right, or lower, side of the zero line the curves mostly get close together 
and 1 . u ~  almost ~a ra l l e l  with division 40 at tlie points where they cross it. 

* Inoctnnl work thie would only occur npprecinhly wit11 n rnpidly changing ten~pcrntnre, or wl~en,  t.lirough n jc1.k~ 
niovcmcnt of t l ~ e  ins l~ .~~tnent . ,  we I~npl>cncd to  Il~ron, off n ~ntr l l i l e  huhble, nnd so to loee Icngtl~,  nnd I.l~e result, in lllis Inltar 
case would be clooht,ful nnpl~ow ; nR 11 grncrnl rolu t l ~ o  t,wo rendinga to bc romparrd nre lnkcn in fnirlyqniok a u c c ~ e ~ i o n  a 0  lllnt 
tbe  buhhle is p r n ~ l i c t t l l ~  tlto ammo lengbli in tho two poeiliona, in wl~icli  cnse it is evident tlint bol.li r e n d ~ n ~ s  will bo on tho 
seuiu bubhlo l e n g t l ~  ond so will 110 referred to the ealne zero, i.e., to  llie position of "equal readings" of that bubble, 
and no orror wl~alorer will be inrolved. 



Fig. 8 
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(2) The curves near the zero lose all signs of this and run fairly parallel to the zero 
line, but still it  will be seen that their intervals from the zero are generally 
less near the points where they cross the 40 division. 

(3) To the left of, or above, the zero line the steep portion of the curve reappears, 
but i t  will be noticed that it is generally tlirowu forward to division 42 about, 
whereas on the right of the zero its maximum mas about a t  division 39. 

These indications all agree with those noted in fig. 8 ;  and if me look further to the indi- 
cations of the actual diagram between divisions 4<0 and 60 on the right-hand side, i . e ,  the strip 
ABCD, we shall see a remarltable likeness to the flat portions of the diagram on fig. 8. There is 
therefore good reason to suppose that we have a Itink in level No. G near division 40 on the 
right, followed by a flat portion; the presence of this, as well as of many other trifllng irre- 
gularities, mould doul)tless havc become much more clearly apparent if I had calibrated to a " true " 
instead of to a " straight line " zero. 

It is evident that, in a constant temperature, it  is the volume of a bubble, and not necessarily 
the length which remains constant; so that in an irregular tube, as thc mean cross section of the 
bubble mould vary in different positions, its length mould certainly vary, even in a constant 
temperature. Witli very good tubes such a variation would be necessarily very small, still I 
have noticed instances of a slight variation in the length of the bubbles of No. G level, such as 
a consideration of fig. 7 mould lead one to expcct. This is an independent corroboration of the 
existence of the Icinlc which the diagram indicates. Further it is important to note that I found, 
as a matter of actual fact in testing level No. 6, that thc level indications are bad when one end 
of the bubble lies on this ltink, and are liable to be very indeterminate ~ \ - l ~ e n  it is on the flat part. 
Tlie remainder of the tulle is good; so I am now able to avoid all the rno1.e gross errors to which 
the level is liable, by taking care, in actual work, not to have one entl of thc bubl)le undcr the 
portion of the scale 38 to 60 on the riglit-liarid side. This is a very v:rluable piece of information 
which is afforded by a glance a t  the diagram; and i t  is for this reason that I have devoted SO 

much space to these imaginary cases. 

PART 111-DETAILS OF PROCEDURE. 
Plates I11 and IV  show the couvenient form of sheet used for plotting the strips of 

diagram I have calibrated. The divisous in blue wcre 0.2 inches apart which is n scale that can be 
read far more acc~watcly than me cau pretend to take ant- I,~tl~l)lc readings, and which therefore 
guarantees that no increased inaccuracy mill be introduced in interpreting tliem. 

Organizat~on in sets. 
Thc greatest arcs which even my sllortcst bnbl,lcs would give was about 40" on either side 

of zero, so there wcrc ahout 80 curves to be determined; I dividcd these into 8 sets, each set 
collsisting of a series of 10 curves, 8" apart. So that reading from left to right the sets were as 
follows :- 

1st set - 40, - 32, - 24, - 16, - 8, o, + 8, + 16, + 24, + 32, + 40 

2nd set - 391 - ~ I I  - 231 - 15, - 7) + I, + 9, + 17, + 25, + 33 

3rd set - 381 - 30, - 22, - ~ 4 ,  - 6, + 2, + 10, + 18, + 26, + 34 
4'th set - 371 - 29, - 21, - 13, - 5, + 3, + 11, + 19, + 27, + 35 
5th set -36 , -  28, - 20,- 12, - 4, + 4, + 12, + 20, + 28, + 36 

6th set - 35, - 27, - 19, - 11, - 3, + 5, + 13, + 21, + 29, + 37 
7th set - 34 , -26 , -  18, -  l o , -  2 , +  6, + 14, + 22 ,+30 ,  + 3 8  

8th set - 3 3 , -  25, - 17,- 9,-1,  + 7, + 15, + 23, + 31, + 39 
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I n  order to  avoid the awkwardness of taking minus readings on the bubble tester, I used 
t o  set the bubble a t  "equal readings" mith the tester a t  40, so that 0 in the above sets was 
shewn by a tester reading of 40, and any other curve x by a tester reading of x + 40. The sets 
so translated become :- 

and they were identified by their first number, thas the first set here shswn would be known as the 
"0"  set and the last as the " 7 "  set. I tested one "set" a t  a time, turning the micrometer 
successively to  the numbers belonging to the set as shewn above. The interval 8" was sufficiently 
large in my levels to give a fair determinate movement to  the bubble, and there are several 
small conveniences in having 8 sets which I need not here trouble to discuss, as no principles of 
importance are involved. 

I t  will a t  once be seen that, as every curve in the diagram is included in the above, if we 
determine every set for every length of bubble included on the diagram, all our curves mill be 
complete. As a. matter of fact I determined the points on each set of curves on a number of 
successive* bubbles varying about 4 or 5 divisions in length, so that my diagram was fairly covered 
mith data, and it only remained to draw in the curves by eye. 

Systematic Series for each set. 

For every set I drew up an appropriate "series" which should give me 4 determinations 
of every point in the set, 2 obtained as the result of a left to right motion of the hul~ble, and 2 
from a right to left; i t  is most important that this condition should be always satisfied in any and 
every series made, in order to balance the effects of stickiness in the bubble which may prevent.it 
from quite arriving a t  its new position, or may cause i t  after oscillating past i t  to remain beyond ~ t .  
Further I arranged that two of these determinations should be from arcs of 8", and two from arcs 
of 16", with a view to showing whether the effects of stickiness, if my, varied with the momentllm 
of the bubble, which of course would be greater after moving through a larger arc; and finally 
the series had to be interspersed wit11 a sufficient number of the "equal readings" ( i .e . ,  "40 ") 
position, to which all the curves were to be referred. The series I prepared to satisfy all these 
conditions are shewn in Table A. 

This word does not apply strictly here, various length hl~bhles were t ~ k o n  for each series in nny order, no h ~ p ~ e n e ( '  
t o  b0 conrenient and not s ~ l r c e e s i r e l ~  in order of length eg. ,  t,be longest first, and t l ~ o  next longrat next. I state tllie i n  
case it ehould be imagined that the gradual variation in behaviour of bubbles as they get shorter might b0 duo Lo some 
a c t u l  vlvistion in tho levels from dsy  to day. 
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Table A. 

I 

v 

Serial No. 
oE 

Observation 

1 
2 
3 
4 
5 
G 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
22 
23 
24 
25 
26 
2 7 
28 
29 
30 
S 1 
32 
33 
34 
35 
3G 
3 7 
38 
39 
41) 
4'1 
4.2 
4.3 
44 
45 
46 . 

For the 
" 7 " s e t  

40 
7 ,  

7 5  
23 
31 
3 9 
47 
55 
63 
71 
79 
40 
79 
7 1  

63 
55 
4 7 
3 9 
3I 
23 
15 
7 
40 

7  
23 
3 9 
55 
7 1  
63 
4 7 
3' 
15 
40 
15 
3I 
47 
(j.3 
7 9 
7' 
55 
3 9 
23 
7 

40 
... 
"' 

For the 
" ( i " sc t  

40 
6 

14 
22 
3O 
38 
46 
54 
6 2 

70 
78 
40 
78 
70 
02 
54 
46 
38 
30 
22 

14 
6 
40 

6 
22 

38 
54 
7 0  
6 2 

46 
30 
14 
40 
14 
30 
46 
62 
78 
70  
54 
j8 
P 2 
6 
40 
... 
... 

S u c c r v s r v ~  POINTS OF SERIES. 

For  tlie 
"0" 

40 
o 
8 

16 
24 
32 
40 
48 
56 
64 
72 
80 

For the 
'8 10 Fet 

40 
I 

9 
I7 
25 
33 
41 
49 
5 7 
65 
7 3 
40 

For the 
- 2 "  set 

40 
2 

I0 

I 8 
26 
34 
42 
50 
58 
66 
7 4 
40 

For the 
u 3 "  set 

40 
3 

1 I 

I 9  
27 
3 5 
43 
51 
59 
67 
75 
40 

For tho 
114" set 

40 
4 

12 
20 
a8 
36 
44 
52 
60 
68 
76 
40 

75 
67 
59 
51 
43 
35 
27 
I9 
I I 

3 
40 

3 
1 9  

3 5 
5 '  
67 
59 
43 
2 7 
I I 

40 
I I 

27 

43 
59 
7 5 
67 
5' 
3 5 
1 9  

3 
40 
... 
... 

For tho 
" 5 " s c t  

40 
5 

13 
z I 

29 
3 7 
45 
53 
6 I 
69 
77 
40 

'iG 
6 8 
60 
52 
44 
36 
2 8 
PO 

1 2  

4 
40 

4 
20 

36 
5 2 
6 8 
6 o 
44 
2 8 
1 2  

40 
12 

2 8 
44 
60 
76 
68 
52 
36 
20 

4 
40 
... 
... 

72 
64 
56 
48 
40 
32 
24 
I 6 
8 
o 

I 6 
32 
40 
48 
64 
80 
64 
48 
32 
I (i 
o 
8 

24 
40 
56 
72  
80 
72 
.!i6 
40 
24 

8 
0 

40 

7 7 
69 
6 I 
53 
45 
37 
29 
21 

I3 
5 
40 

5 
2 I 

3 7 
.5 3 
by 
6 I 
4 5 
29 
I 3 
40 
1.3 
29 

61 
45 

77 
('9 
53 
3 7 
2 I 

5 
40 ... 
. . .  

7 4 

57 
49 
41 
33 
25 
I 7  
9 
I 

40 
I 

17 
33 
49 
65 
57 
41 
25 

9 
40 

9 
25 
4I 
57 
7 3 
65 
49 
33 
J 7 

I 

40 
... 
, . .  

58 
50 
4 2 

34 
26 
I 8 
I0 

2 

40 
2 

I 8 
.3 4 
50  
66 
9 
42 
26 
10 

40 
10 

26 
42 
5 8 
74 
66 
5 0  
34 
I 8 

2 
40 
. . .  
... 
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I t  will be seen that  each of these series gives 4 determinations of every point i n  its set, 
(escept occasionally for tlie last points a t  the  end of the  tube which are  not important) together 
wit11 a suficient number of zero determinations interspersed. Also, after setting a t  40, every 
series commer~ces with the iuitial number of its "set "; we then r u n  u p  the  scale and down agaiu 
iri arcs of 8" length, putting i n  a zero det,ermination after each r u n ;  this is  followed by two runs 
up  and down of arcs of 16" leugth, with zeros interspersed as shown. Long bubbles naturally ruu  
out of sight near the ends of the  series, as they have not sufficient "play" t o  be able to  show 
arcs of 40" on either side of zcro; e.g., i n  the  specimen record on page 16, it will be seen that 
both bubbles ran  out of sight i n  t h e  micrometer position 79. 

Plotting on separate sheets and final abstraction. 

The result of trying t o  plot all the  points thus obtained on t o  one sheet would have been 
confusing, so I used 1 preliminary sheets for this purpose, plotting my "0" series and "4" series on 
one slicet which ~vould accordingly be lcnown as the  "0, 4" sheet, and my "1" and "5" series on 
the " 1, 5" shcet, aud so on, having two sets with 4" intervals between them on each s leet .  Having 
plotted all my data, I drcm i n  the curves on  each sheet, and then abstracted the curves from all 
thc sheets as they stood into a fifth o r  "abstract" sheet; havin'g copied all the  curves on to this 
shect, I marked those portions of each curve actually determined by a colour appropriate to  its 
" set ", making these marlts heavy or light i n  proportion as the data on which they depended were 
coucordant o r  the rcverse; this abstract sheet thus gave a n  idea of the  "weight" of the different 
portions of every curve, and from i t  I made out my final diagram, adjusting conflicting data 
according t o  their weights and t o  the best of my judgment. 

I had originally intcnded to publish these sheets t o  enable the reader to  judge for himself 
of the consistency of tlie work, but have abandoned this intention owing to the large amount of 
labour mhich ~vould hare been entailed i n  the  printing and registration of the plates; any observer 
cau easily discover the nronderEul accordance which is observable in  the clat;r, by running two or 
three sets, (with I)ul~l)lcs of a propcr length) and plotting the results ou section paper. I rely on 
the figures i n  Appendix 111 to  sliow that  tlre variations of mean value exhibited by my diagrams 
arc i n  keeping with the  actual facts ; so i t  will suficc t o  say that the consisteucy of the observa- 
tions, considering all the disturharices t o  which tlley were liable, seems to me nothing less than 
astoundiug; for, not only were thc different determinations of a point over arid over again coin- 
cidc~lt ,  but, i n  the abstract diagram, the different points of ad,jacetlt curvcs, which were takeu on 
rliffereut days, or eveu weeks, l~ard ly  ever showed any interlaceme~it except i n  the bad parts of 
No.  6 level; i n  fact i n  No. 9 level they mere so consistent that, given, say, thc even number 
curves, the  remainder might have been simply iuterpolated with hardly any loss of accuracy. 

Enhancement of difficulty due to straight zero. 

I n  drawing the final diagram there is  often much room for judgment i n  deciding what 
rllrrcs to  adopt rrhcu thc data arc coriflicting. I completed my diagrams before I had fully realised 
thc di~itortive effects of a " straight-lint" zero, aud evcn if I had appreciated them the matter 
is too complicated t o  1 ~ -  rasily grasped ; for  tlris reason I am ailre my final curves are not so true 
as thcy would hare 11, cii i f  I had caliI)ratcd to  a i'truc" zero, tl~ils getting more clear and simple 
evidence of such i rre~l l lar i t ics  as rsist, and so having a reaso~~nblc  hypotlresis to  assist me in 
atljuxting conflicting data. The effects of this hlcmiwh =ere mnch more felt in dealing ~v i th  Ic!-rl 
Ko.  6, mhcrc the irregularitirs are more varied, and the curve less symmetrical, giving i11 certain 
parts of the tube very puzzling interlacements of adjacent curves. 
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Effect of  temperature and other details. 

I n  order to  examine the effects of temperature, if any, I always worked the series 0, 2, 4 
and 6, i n  the early mornings when the temperature varied betmeen 61' and 86') and the series 
1, 3, 5 and 7 a t  midday with a temperature of 80' to  100'; had there been any appreciable 
temperature effect we should have had distinct evidence of the "even number" curves being 
generally further from, o r  nearer to, the zero than the "odd n u ~ n b e r "  curves; there is no sign of 
such a n  effect i n  either level, and the comparison of the rcsults of two adjacent scries one of 
which was taken at  61' and the  other a t  99' has convinced me that  temperature within this range 
has absolutely no appreciable effect. 

I n  plotting the points of different series I used t o  write their serial number beside them, 
with a view t o  hereafter examining the questions suggested above under tlle heading "systematic 
series for each set "; but I do not think my method was sufficiently matured a t  the time to afford 
very reliable evidence, so I ha've not attempted to enquire into thcse points any further for the 
present. I also ran a couple of series to  try t l ~ e  effect of using the level a t  a tilt, that is by 
turning the tube about its own axis so as t o  bring the scale more forward or more back as the 
case might be. I could find no effect ill a turn of this kind of olle o r  two degrees; with a turn of 
6' in  No. 9 level, the resu!ts were all very accordant amongst themselves but  showed distinct 
displacemcnt i n  the diagram; this is a matter which requires more careful iuvestigation with 
better diagrams t l ~ a n  mine.* 

Careful experiment showed that i t  was desirable t o  allow 40 seconds for the bubbles t o  
settle beforc attempting to read them.+ I used to have a ~vatch beside me and was careful to al\\ays 
allo~v a constant interval t l ~ ~ * o ~ ~ g l ~ o u t  a series, and no interruption of work was permitted until the 
series mas fiuished. As i t  takes about 15 seconds to  read the levels, the obbervation of a series 
occupies about three-quarters of a n  hour. 

Corrections for zero movements. 

The above system is all obvious and simple enough, but in  carrying it  out there is a serions 
practical difficulty now to be considcred. I have alrcady referred, a t  the end of Part I, to the 
in~iumcrahle instrumental distl~rbanccv which tend to vitiate a11 level testing; and thc ~ ~ a t u r a l  
result of thcse, i n  worlting a "series," is that when mc return to  our 40, or zero, reading, we 
shall probably find our  buhble has movcd ont of the position in  which i t  was originally set, and 
generally, all thc zero determinatious will differ sliglltly from one another. 

My object throiighout was to  refer every position of rach b1111ble to its " equal readings" 
position as zero. I have discussed the errors involved in this, and there is no doubt that i t  would 
be better t o  first dctcrininc thc curve of the zero line, as suggested in  Appendix I ;  this curve 
would affortl a point for every babble-lcrlgth to  whicl~ the readings of that bubble could be 
referred, and, i t 1  worlring a series, t l ~ c  bubble woald t l ~ e n  be started from its own proper zero, 
which woultl not necessarily IIC the position of "cqual readings". Failing such n curve, however, 
the a s s n n ~ p t i o ~ ~  of " c q ~ ~ a l  readings" as thc zero of evcry bubble is the only convcnicnt one. In  
any care, the difficulty of tlle zero moving during a series myill be the same ~vhethcr that zcro is 
asal~mctl nt " eqnal rcadillgs " or a t  any other position; so I will siruply tliscuss it  as I had to (leal 
with it, viz. ,  ns a reduction of thc zero to "cqual readings", merely premisiug that the problem 
is the same ~vhatcvcr our dcsircil zcro position may be. 

* gomc menns of lc l l inp t.he rxnrt " t i l l"  of tho t111,e v'itllin n drgreu or I.n'o is luucll rrc(1lired; 8 diminllbira croes 
level of very e~irnll ~ . n ~ l i u *  (,I r(~l .vnl~ir, .  wrldrtl o n  to  onc cnd of t l ~ o  t , ~ ~ b e  v:oold do, blit. srrAillc r n t h r ~ ~  c lu l l~c l~ .  It. is 
in~l")rbnnt, ( , I I I I L  1 .110  C P O R S  l , ~ r r l l i i ~ ~  ,IF t , l ~ c  1 , 1 1 1 , ~  t ~ l ~ i l e  I,ei,lK Leltcd rl~oclcl be idcn~icu l  with tliuL ~ h c n  morlntod on tlie 
i n u t r l ~ n ~ e l ~ t .  nit11 a 1  ~)rrsrnt, 1lli .n rol~rl i l inl~ rbnn llllly 1 1 ~  1.011gl11~ iilt.~rinetl. 

t 'Fl~in <,I' crrllrsr vl~rir. n-it,l~ evnl.y Irrrl ; also with ehort bubbles I had to allow moru than 40 eccondo, wheresr 
with vury long onea I Co~tnd 30 scco l~ds  n11ip10. 
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To  begin with, i t  is almost impossible t o  set a bubble exactly at  "equal readings", and, even 
if me attain this, i t  will be found that the various zeros taken during a series have not kept to it. 
I t  is evident that  i t  mill not do t o  simply plot the result so f o u ~ ~ d ,  as for every series we should 
find our zero displaced from the straight line i n  which i t  should lie; such a displacement would 
of course i n  no may represent the " true" zero of the  bubble, as i t  is merely the result of fortui- 
tous discrepancies from our attempts a t  setting the bubble a t  "equal readings," and i t  would 
only further complicate matters t o  plot i t  on the  diagram; a still greater objection t o  doing this 
is  that  i n  the sarne b~cbble-length we might have 8 different zeros corresponding t o  the 8 sets of 
C I I P V ~ J  ; SO that  the " 5 " set might be referred t o  a zero 1" to the right of equal readings, and 
t h e  "6" set to  one 1" to the left, and so on, each set having that  zero which may happen to have 
been evolved from the particular series by which the set was determined on the bubble-length in  
question. Such a state of affairs would of course be absolutely useless, so i t  is evident that we 
must take each series separately aucl reduce its zero t o  " equal readings, " and displace all its 
other determinations similarly and equally, so as not t o  disturb the intervals between curves by 
the  displacement. 

The simplest may of doing this mould be t o  take the mean of all the  zero determinations 
i n  a series, and so to  discover what correction is necessary t o  reduce the mean t o  "equal readings " 
and then to apply this correction t o  every reading in the  series. This method would be not only 
the  simplest but  the  best if the variations in  the zero determinations were entirely fortuitous and 
irregular; but my experience is that  they are largely due to  persistent and more or less regular 
disturbances; t o  deal satisfactorily with these i t  is evident that  we should discover the correetion 
required t o  bring each zero determination t o  equal readings; and then, assuming the changes in 
these corrections t o  be clue t o  a gradual and regular disturbance, me should interpolate arbitrary 
corrections for  the intermediate ol~scrvations, increasing or  decreasing by progressive amounts 
as  indicated by the two zero clcterminatior~s between which they lic; e.g., if the 23rd observation 
i n  a series is a zero rletermination requiring a correction of + o"'5 t o  bring it t o  equal readings, 
and the 33rd is another requiring a correction of - oN.5; then, as our observations are always 
taken a t  equal intervals of time, me assume that  one end of the tube has rise11 ON. l  betmeen 
each of the 1 0  observations; so that, having applicd corrections of + 0".5 and - ON.5 t o  observa- 
tions 2 3  and 3 3  respectively, we get by intcrpolation the following corrections for  the observations 
2 4 t o 3 2 : - + 0 " . 4 ,  + 0".3, +0" .2 ,  + O 0 . 1 , 0 ,  -0" .1 , -0" .2 , -0" .3 ,  -ON.4.  Ishal lcal l  
this the metllod of " progrcsqive corrections ", and it was the one which I adopted. I n  applying 
it, the  rigid method mould bc as follows :-First to  plot the points as actually taken, say in pencil, 
and then to note the  valuc in  seconds of arc  corresponding to the correction required by each zero, 
and so t o  displace each point i n  the series by its proper interpolated correction in seconds of arc  
as  indicated by the adjacent intervals of the diagram. This mcthod presupposes the existence of a 
certain amount of diagram to indicatc about how milch 1" is in  different places, and further i t  is 
a laborious business, requiring some skill, and lial~le to gross bluuders which are almost impos- 
sible to  check whcd i t  is once donc. I preferred therefore t o  correct the readings of my scrics in  
divisions of the scale, hefore p1oltin.v Ihern,; this involves a slight error wher~ the value of a 
division a t  any point differs sensiljly From the value near the zero to  which i t  is referred; but we 
can always keep these corrections small, so that  the resultant effect is  very slight; and i t  must be 
borne in  miurl that  the correction itself depends on the very arhitrarp assomption of a perfectly 
regular disturbatice, and, this heing so, i t  hardly seems worth mhlle to  burden it  with inconvenient 
ullra-refinemcnts; the arithmetical treatment also is simple aud rapid and can be easily checked. 

O n  the opposite page is given one of the series actually taken by me, showing this method 
of correction. I t  may be noted that the correction entered against cach zero is equal to  ha!f the 
difference of its two ends, aud has the sign necessary for  thc right-end reading (the correction 
t o  the left-end reading would of course be equal and of opposite sign) ; similarly the interpolated 
corrections showu are thocic to  be applied to  the right-hand reatling. The corrections in  this 
example happen to be very sligllt, but they exhibit the principle sufficiently mcll. 
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The "7"  Series. 

accuracy of the rending8 I have ouoiLtcd it here. 

Serial 
No. oE 

ti.. 

CI 
o L 

Y, 
E 4 E 2 a ' 

GDSBRTBD 

NO. 6 Level 

Page 18. 

Remarks 

25'8Temp. 97'6 

25.6Ternp.98.0 

", in n.ldirlt 
elleek tho 

CU~UKCTED FOE I ) I .AQI~AM 

1.. e n  I 
38.0 
4 ' 5  

12.6 
21'3 
29.2 
36.7 
4 3 ' 9 '  
57'7 
66.9 
76.9 
... 

37'6 
... 

76.2 
66.9 
57.6 
43'4 
36.6 
28.9 
21.0 
12.5 
4 .5  

37'8 
4 '1  

20.5 
36.9 
57.7 
76'4 
67.9 
43'7 
28.9 
12.7 

No.  9 Level 

. I 1 L. e n  

40 

L I 

38.01 
71.6 
63.6 
55'0 
46.8 
39.3 
32'0 
18.1 
8 .8  

- 1.3  
... 
38.1 
. . .  

- 0.6 
8 . 5  

18.0 
32.3 
39.0 
46.7 
34.6 
62.9 

38.0 

54'9 
38.5 
17.6 

- 1 . 5  
3 .3  

37.5 
46.5 
62.51- 

37.4 
1 2 . 2  
28.8 
43.5 
67.3 

. . .  
76.9 
57.7 
.366 
2 1 . 0  

4.1 
37.2 

s r l ~ ~ s l  
rm(liilgs, 

25.9' 
-10.8 
- 2.3 

6 .4  
15 '5  
24.9 
34.2 
42.9 
50'7 
57.8 
... 
25.6 
. . .  
57.7 
50'4 
42.4 
33'8 
24.0 
14'8 
5 . 9  

- 2.6 
71.0-10.2 

25'9 
71'2-10.1 

5 ' 9  
24.7 
42.5 
57.7 
50.3 
33.5 
14.6 
3.0 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

, 29 
30 
31 
32 
33 
3% 
35 
36 
37 
38 
3!) 
4'0 
481 
42 
43 
4.4 

the sun1 

No. 6 Level 

25.8 
62'5 
53'8 

36.1 
26-8 
17.3 
8 .9  

- 6.1  
. . .  
25.8 
... 

- 6.1 
1 ' 2  

17.8 
27'4 
36.9 
45.6 
54.0 
6 1  

26.7 

- 6.2 
1 .1  

'7.8 
36.6 
54.2 

7 
15 
23 
31 
39 
47 
55 
63 
71 
79 
40 
79 
7 1  
63 
55 
47 
39 
31 
23 
15 

7 
40 

7 
23 
39 
55 
71 
63 
47 
31 
1.5 
40 
1,s 

3 
47 
63 
79 
71 

15 
3y 
2.3 
7 
40 

NOTE.--In 
of tlln two 

-. - . 

1 
0 
' 0  

+ ' I  
4 5 ' 2 + ' 1  

+ . I  
+ . 2  
+ ' 2  
+ ' 2  

0 ' 9 + ' 3  
+ ' 3  
... 
+a3 
... 

+ ' 3  
+ ' 3  

9 ' 2 + . 3  
+ a 2  

+ - 2  
+ . z  
+ . I  
+ . I  
I 

2 5 ' 6 + * 1  
6 1 . 6 + . 1  
4 5 ' 5 + ' 1  

37.6 2.!jyY 
61.81- , ~ . o  
46.41 14.9 
31.61 34.0 

7.6, 50'5 
... I . . .  

- 1.91 5 7 . 7 -  
17.4 4Y2 

No. 9 Level 

, R I L. 

O 1 

+ . I  
Y ' O + . I  

+ . I  
+ . I  
+ . I  

+ . I  
+ * I  

+.1 
+ . I  

+ . I  

+ . I  
+ ' I  
... 

+ . 2 .  

25'4 
54.1 
36.5 
17.5 
0 .9  

. . .  
6.2 
9 . 1  

o 
o 
0 

o 
o 

+ ' I  
+ ' I  

8 . 5 + . 1  
+ ' I  
+ ' I  

+.1 
+ . I  
+ . I  
+ . I  

o 
o 
o 

--- 

n. I 
38.0 
4 .5  

12.7 
21.4 
29.3 
36'9 
44.1 
57'9 
67.2 
77.2 

. . .  
37.9 

. . .  
76'5 
67.2 
57.9 
43.6 
36.8 
29.1 
2 1 . 1  
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I have gone into this question of zero correction a t  some length, as i t  is one on which a 
fresh esperilneliter mill inevitably spend much thought and time; but i t  must be remembered that, 
as a matter of fact, if the number of our observations is large, and if we calibrate every curve, 
the effect of slight errors will be practically eliminated from the  final diagram. 

PART 1V.-FINAL NOTES. 

Suggested Modifications of Procedure. 

I n  Appendices I and I1 are embodied my proposals for  the  complete calibration of levels; i n  
Appendis I will be found suggestions fo r  the  determination of the zero curve by the observer, 
after which the  bulk of the  testing as detailed i n  A p p e ~ ~ d i x  I1 might be handed over to  an assist- 
ant .  The observer might so obtain "abstract diagrams" of several levels and choose the best, 
after which he mould carry through a lit t le final work on  those parts of the  chosen level which he 
proposed t o  use i n  actual work, ernployi~lg every refinement he could devise, as suggested i n  
Appendix 1. I n  Appendix 11, I have laid down, for  the bulk of the work, my procedure as above 
described, with the following modifications :- 

The zero for  every bubble mould be that  given by the  zero curve, previously 
determilled, instead of the  assumed position of "equal readings." 

I n  ordor to give more weight t o  tlle zero tleterminations, every one is to  be taken 
twice, first with the  bubble brought to  rest from a left t o  right movement, 
and then one where tlle bubble is brought into position from the right. 

. , When the difference between the readings of the two ends, with the micrometer 
a t  zero, is more than 2 d iv i s io~~s  greater than i t  should be, i.e., when a 
correction of more than 1 division t o  each end is necessitated, the adjusting 
screw of the  level concerned must be used t o  bring i t  into a morc correct 
position, aud then a fresh zero determination is t o  be taken for use with t h e  
remainder of the  series ; the  object of this is of course to  keep the correc- 
tions small, a matter t o  which I did not  pay nearly sufficient attention i n  
my first calibration. 

(4) Dift'erent portions of the  micrometer screw will constantly be used. 

Comparison of the two Diagrams, with remarks on the inevitable gain in 

accuracy due to calibration. 

There are many points of interest which a careful comparison of my two actual diagram3 
hriilgs out. lndicatio~rs of irregulariticr heyontl those already tlotetl in Part 11 are ~ ~ n f o r t n ~ l a t e l y  
rullcbh confuqed by thc artificial ~ t I ' ; l i ~ h t l l ~ ' ~ ~  of the zeros, especially i n  the rase of No. 6 level 
a l~ ic -h  obvioi1~1y should have a zero linc very fa r  from straight; even in No. 6 llowevcr the  
roughest mcasuremeut will show how much largertheitltervals are t o  the right of zcro th:tn to the 
lcft (e.g., compare t l ~ c  distance of the + 30" curvc from zero with that  of thc - go" curve) ; this 
e ~ p l a i n s  the fact, which the most curaorp test corroborates, that, i f  we apply the mcan valuc aystcm 
or ~nterpret ing level rradiugs t o  this IcvcI, the result is always in exccss of thc true arc whrll the 
I)ubt)lc IS to  t l ~ c  riglit of thc tuhe, and in defect when i t  is working nra r  the left end. Jn  No. !) 
level on  the otlier hand the right hand end happens to have a slightly greater meall valr~e than the 
Icft. 
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I may here state that,  i n  order to  prevent variations i n  the micrometer screw of the  tester 
from disturbing the coi~cordance of res~ilts, I always used a certain portion, viz. ,  frona division 0 
t o  division 80, of one particular revolution of the micrometer, during the whole work; to  get the  
best results i t  mould of course have been better to  have used various portions of the micrometer 
screw so as to  eliminate the effect of any variatiorls i t  may have; but such variations are certainly 
less than many of the  other nncertail~ties in  the morlr, and, even if they mere not, i t  was most 
iluportant iu first testing my method to establisll the feasibility of calibration, so that  I clid not 
want my results further disturbed by micromcter irrcgularitics. 

An  examination of the evidence of t l ~ c  level diagrams seems to show that  there is no great 
periodic or other error in  the particular micrometer revolution employcd; for the variations i n  
KO. 6 level, if due to  tlie tester, ~ o u l d  imply that the micrometer had a larger value from divisions 
40 to 80 (i.e., on the right of zero) than from divisions 0 to  40, whereas the evidence of No. 9 
level contradicts this. At  the same time there are slight indications of variations in  value 
between individual divisions of the micrometer, e.g., me may notice that i n  No. 9 diagram the 
curves + 12" and + 13" are abi~ormally close together throughout their length; now there is n o  
couceivable condition i n  a level which could have this effect on its diagram, and, as No. 6 diagram 
shows signs of the same closeness between these two curves, i t  seems certain that  the movement 
of the tester from division 52 to 53 was somewhat lcss than thc general mean; we may notice a 
similar effcct betwcen curves + 20 aud + 21, : ~ u d  i l l  various other places. Trifles lilre this may 
all bc eliminated as tlie method is further refined, but I do not think thcy can be compared with 
the errors which the arbitrary assumptiou of a mean value, for the whole level, is liable t o  
iiltroduce. 

I have drawn in thiclc red lines in  both diagrams the "mean valneJJ curves a t  10" 
intcrvnls ; tllcse of coursc ;ire straight lines, and their divcrgcr~ce from the true curves will give a n  
idea of the crrors which niay be introduced illto tlie two levcls by the e~uployn~ent  of a mean value. 

Tlle strilting concordance of my data, collected during several weeks, proves that the 
variations from the ineau valuc displayed iu my diagrams arc iu  kec:ping with actual facts; and, 
this 11ei11g so, i t  is evident that all the errors due t o  these variations arc eliminatcd by calibratiorl. 

I t  is obvious tl,at thc advantages sccured hy calibration are inversely proportional to  the  
regular it,^ of thc curve of thc tulle. Thus it  may be notetl that  with the lougcr bubbles in  No. 9 
level there is vcry little variation i n  the val~les, compared with that which may be seeu cverymhere 
in No. G Icvcl; cvcu in No. 9 level, Iiowcvcr, the variations in value when using short bubbles are 
very marlceil; e.,q., comparc the distarlces KL and AlN, which both cqual lo", in  the diagram of 
No. 9 Icvel. 

Now me may improve an(\ strengthen our diagram ns m11c11 as me please by amassing further 
rlntn, and so el i lni l la t i~~g the clFcct..i oC tr:tusitory disturhanres in  tcsting, but no care aud n o  
labour can possil~ly evolvc a mean value ml~ich will give anything like a true result, both for the 
movemcnt from I< to L, aud lilrcnvise for that from M to N. 111 No. 6 level, a h c r e  variations 
of this m n g n i t ~ ~ d c  arc vcbry frrqr~cnt ,  the ndvantngcs of calihrntion arc every~vhere most marked. 

I t l ~ i n k  a cnrcf111 cou4itlcratiou of tlic diagrams, and of thc couditions under which levels 
are gcncrally 11scr1, mill shorn th;d acc~ln~ulative crrors are very liable t o  occur in  applying n 
mcml valnc to  n, series of level corrections t o  nollc of n,liicll i t  m:~y be truly applicablc. This is 
I~owevcr a somcwl~nt co~~trosersial  l , o i ~ ~ t ,  autl a long dissertation, mllich would be out of place in  
thesc notes, w o ~ ~ l t l  l ~ c  r c q ~ ~ i r c d  to tlc;~I a i t i ~  it  fully; so I shall couteut myself by drawing atten- 
tion to  what sccms to rile to bc a vcry important consitlcration. 

The various qual i t ies  of levels. 

I n  adrlition to  thc qualities of a Icvrl sl~omn in a diagram, t l ~ e r c  are others which may be 
noted i n  tcqt~ng,  alld ml~ich app:lrcntly tlcl,crld on thc naturr of t l ~ c  liquid wit11 which t l ~ c  level is  
loaded, and on other such-lllce causcs. T l ~ e  d ~ ~ c u l t y  of divcussiug these qualities is much 
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enhanced by the indiscriminate manner in  which such epithets as sensitiveness, delicacy and 
refinement appear t o  be used. Definite conventions as t o  the use of words are very necessary for  
the  general crystallization of ideas, and cannot fail t o  essist in their elucidation and discussion ; 
so, as I cannot find any special conventions with regard t o  levels, I mill take this opportunity of 
suggesting the  following :- 

(1) " Delicacy" is a measure of the  flatness of the curve, i.e., i t  is proportional to the 
radius of curvature, a l ~ d  varies inversely as the  mean value of a division (in 
cases where the  divisions of the scales of t l ~ e  levels compared are of equal 
length) ; i t  is evident that  the delicacy, as above defined, of an irregular tube 
will vary a t  diferent  parts of tlie tube, but roughly we may say tlmt the 
two levels examined by me were both very "delicate ", and about equal in 
this respect." 

(2) " Sensitiveness" is that  quality of a level which causes i t  t o  a t  once respond t o  
the  slighest disturbance. I n  levels of equal delicacy i t  apparently depends 
on the nature of the liquid; as No.  6 level c o n t a i n i ~ ~ g  chloroform is fzr  more 
sensitive than No. 9 which is loadetl with spirit. No. 6 not only indicates the 
slightest disturbance promptly, but i t  settles down t o  its new position of 
equilibrium iong before No. 9 has ceased t o  move ; so that  " sensitiveness" 
would appear t o  indicate a comparative absence of inertia o r  skin fricti0n.t 

(3) I would apply the  term " determinatenessJJ to  that  quality by virtue of which a 
bubble invariably takes u p  exactly the same position under the influence of 
t h e  same dislevelment; i t  would be i ~ ~ d i c a t e d  by the accordance of the  dots 
plotted in  preparing a diagram, and the result of great determinateness in  a 
level would be t o  decrease the  probable error of all i ts determinations, 
supposing a diagram t o  be used. I t  is obviously a most important quality, 
and possibly depends on  the absence of minute irregularities i n  the tube, 
together with the presence of a sufficiently definite curvature (for a straight 
tube would of course be absolutely indeterminate). No. 9 level is on the mholc 
more determillate than No. 6 ;  hut  No. 6 is fairly good if we except the bad 
portions of i ts  tube. Both levels become very indeterminate if we use too 
short a bubble, but bubbles of 3 inches lellgth and upwards seem suffi- 
ciently determinate for  ordinary work. 

TO sum up, we may then say that  my two levels are  of ahout equal delicacy, and that  
NO. 6 is  fa r  the more sensitive and prompt, while No. 9 is on the whole the more determinate. 

I f  we are applying the  "mean value" method to a level, there is another quality which 
becomes of paramount importance, vi,-.-regularity of the curve, i.e., uniform "delicacy" 
throughout the length of the tube; but  this quality seems practically unattainable, and if a level 
is  properly calibrated we care little for  variations of curvature within reasonable limits as lollg as 
clelicacy and determinateness are attained over the  greater portion of the tube. 

The ahove conventions are tolerably accortlant with the  accepted rnrnl~in,: of the terms 
employed, and their general atloption would simplify t l ~ c  clescription of any intlivld~al Icyrl, alltl 
would eliminate much of the vagueness so generally 11otice:rble in  discussio~bs of t h ~ s  sllI)~cct. I 

This term is  chiefly intcnded ns a rouall ~ p n r r n l  r l e ~ r r i ~ t i o n  of n lerel, end is 80  11aed I l ~ r o ~ ~ g l ~ o ~ ~ t  l l ~ e ~ e  nolrs. 
t Sl~oulrl further in<ealiFntion allow t l ~ e t  these two ~ l ~ ~ n l ~ l i c r  nre not neccdssr i l~  concomitant, Lhe word "pronlptihlde" 

weald be s suklicicntly obvious descriptio~r of the quulitg of quickly settling. 
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think too tha t  we may look for improvement i n  the manufacture of levels once we are able to  
point out t o  the makers the exact faults of those me possess, and can by experiment answer such 
questions as :-" How far  may the delicacy and sensitiveness of levels he increased without produc- 
ing indeterminateness ? " " What  is the comparative sensitiveness of various liquids ? " " Does 
extreme sensitiveness in  the liquid militate against determinater~ess ? ".* 

As far as I am aware there is a t  present very little definite information to be had on such 
questions as these; yet they are all open to direct solution by esperiment, and such information 
is very requisite as a preliminary to  real progress i n  improvillg the level as an instrument. 

Considerations regarding the general adoption of calibration. 

I cannot claim t o  he a perfccty qualified or unprejudiced judge of this matter; so I shall 
briefly state the case for calibration, as i t  appears to  me, a ~ l d  leave the full consideration of the 
pros and cons to  impartial observers of greater experience. 

I n  the first place, I confidently rely on the figures in  Appendix 111 to show that the clia- 
grams are a more accurate means of interpreting levcl corrcctiolls than ally mcau value. I t  has, 
however, been pointed out to me that the unrelial~ility of the "mean ralue" systcm is fully recog- 
nized, and that  ample precautions are talten to balance all sources of crror w l ~ i c l ~  mav I)e due to  i t ;  
so that  it still remains a questiou whctlier the amount of labour, entailcd in calibrating, will I)e 
repaid by any appreciable increase of accrtracy in ordinary work, where a large number of obser- 
vations are massed together to obtai~i  the final mean. 

This argument, however truc it  may be, - and I must say I canuot qnite snbscribe to i t  
myself - does, a t  least, atinlit the superiority of calil~ration in dcaling wi t l~  espcrirnents of 
great refinement, or of an especial nature wllere the var ia t io~~s  of a quantity are quite as important 
as the final mean; such as ohservatior~s of latitude variation. I n  additior~ to this, I tlrink the 
powcr given by the diagrams in discriminating between different lcvcls, and in avoidiug the rnorc 
indeterminate portions of them, a l ~ d ,  gei~erally, in investigating the whole sobject, cannot be 
denied. 

I shall therefore assume that  thc above advantages of calibration are hepond controversy ; 
so it  only remaius for  me to adtlucc such arguments :IS T cml in favour of adopting the mctl~od. in  
dcaling practically wit11 the great mass of ordinary ficld observatory work. 

First, as regards the a1no1111t of \rork required bp my scheme, i t  innst be rcn~rml~ered t l ~ a t  
my present proposals aiul a t  a complctc cx;l~ninatiou of thc lcvcls with a view to cluc~~dating the 
law* which govern tllcir vagaries. If an oI)qcrver choosrs to maintain a constant lengtli of I~ubl)le, 
within small lirnits, t l ~ r o l ~ g l ~ o u t  his a f o r l ~ ,  and to aln.ays kcep his ht11)l)le w a r  any particr~lar por- 
tion of t l ~ c  tube, his ~;~lil)t.iltion wor l~  will be corresponrlingly rednccd, a11r1 a vcry ilarron short 
strip of rlingram, whi-11 con111 he ronde in a f(:w 11olu.s~ \\,ill ~uec t  all his practical requirements. 

I3vcc for  work of sccontlnrp r e f i ~ ~ c n ~ c n t ,  ~ r l ~ e r e  the cxarnination of the levels is liable to 
be more or less cursory, I wo111(1 I ~ o i ~ l t  out that tlie mere fact of plotting the 1)oiuts on a diagram 
wonl(i Itccp hcfore t I ~ c  niil~ti of the oI,scrver t I ~ e  ;~ctr~;iI scantiness of his investigation, and the 
magnitntle of his ass~~mpt ion  in applying a mean valse to the \r,llole level ou the s t rengt l~ of it. 

* The ~ ~ o ~ i l ~ i l i t ~  oC I . l l i n  is r ~ l ~ ~ p n t r ~ l  1,y ~ l r r  qlllllitirs ~ l l i ~ w t ~  I I ~ P  I W O  I c v ~ I R ;  i t  i l l i g l~ t  br d11t3 to I I I C  eln~lll inertia 
(wllirll " s e ~ ~ ~ i t i r r l l ~ * a s  " ilnl~llra) hrinl2 il~sr~lli, .lcnl, I ( ,  ovrl,i.olilo ~ I ~ C ~ I ~ I I ~ I ~ ( J  cnl!ill:~r$ or nl 111.r I . C F I @ ~ I I I I ( T  rnll*t.~I 1 1 ~  nli( .~ .O~('Upl~ 

f~l l l l lr  in  b 1 1 ~  Illhe, wllrrc-n* I I  liillli[l I I I I ~ I I I ~  I , I O ~ P  ~ I I I > I . ~ ~ I L  1 l l 1 ~ 1 t t .  I,? I I I I I P  1 0  I I I P ~ R ~  O I I  111kitlg 111) ils d c t ~ r n ~ i ~ ~ u t c -  ~ ~ ~ ~ l i l i o n  i l l  
i t  f I r i 1 1  i 1 1 1 1 t .  1 1 1 1 1 1  ( . IIPI 111.1. 111~.1111(~i1 1 0  I l l i t l k  tl111t n I l i ~ 1 1  ( ~ ~ . ~ . t l i ~ . i i ~ n l  of expntleinr~ 1 1 1 1 1  1112 o l l j c ( * l i ~ ~ n ~ ~ b l e ,  

89 I fn111.y t,llnb N I I V I I  I I  ~ l l l ~ l ~ t l n l l ~  I , I I I D I , I I ~  P ~ ~ ~ ~ ~ l g ~ ; a  It8 I C I I ~ I ~ I  it, i 8  l inI ,~e 1 0  rrcr1r.v I L  g rru lr~ ,  ~ n v r c ~ n r l ~ c  I I ~ .  otlc 1,1111  t l l n t ~  I I ~ .  
I I I i ~ c i  f I 1 1 1 i  l l l K  : o r  I I I I I I  I I 1 1 1 l  is I i t  I I I  Ylle :1111o1111b I J ~  

LII? v ~ ~ ~ . i ~ i l ~ o ~ i *  ill I V I I E I  1 1  rnll 11111,J b~ I I ( . I .~P , ,~ , . , I  lly ll"sing a liquid of low co.efficieut o l  oxpailsion or by increosi~~g the  uolume 
of the blrbble rrs ronrpared w i l h  lhnl  of the liylcid. 
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Further, even a few points plotted might suffice t o  show up  any large irregularities i n  the level, 
(such as a greater flatness on one side of the centre than on the other) ; so that, even if the 
majority of the curves of a diagram were filled i n  by iuterpolation amongst such points, the 
result would obviously be more i n  keeping with the  actual facts than the assumption of a mean 
value. 

I t  is, however, of the  first importance t o  practical observers t o  have some assurance of 
theconstant  applicability of the diagrams through long periods of time; as, though they might 
be  willing to undertake the labour of a very complete calibration if lilcely t o  be of permanent 
value, i t  would generally be quite impracticable to  repeat the whole process every few months. 
This is, I think the crucial point on  which the whole question hangs;  i t  can only be definitely 
settled by testing the diagrams of a large nunzber* of levels after a considerable lapse of time. 
Owing t o  the  change of level scales on the  completion of my first calibration, and t o  the fact that 
the  tubes have bee11 dismounted and altogether readjusted, and that  t rue zero curves are being 
employed, instead of " straight-line " zeros, in  the new calibration, the comparison of i t ,  when com- 
pleted, with my former work, can hardly give very conclusive results. A t  the same time, all the  
evidence I have been able to  collect shows clearly t h ~ t  the main features, a t  all events, of the  
tubes, have rem;~iued constant throughout an interval of one or  two years; for instance, the agree- 
ment, noted in  Appendix I, of the zero curves, which I have recently deduced, with the indications 
of the old diagrams, is a very satisfactory piece of evidence on this point, and I have gathered a 
good deal more of a still more definite nature. S o  that, although I feel that dogmatic statements, 
even regarding nly own two levels, must be until  my new diagrams can be re-examined 
after a sufficieut lapse of time, still I am persoually very confident that  the result will be satis- 
factory. Even if i t  should be found that  slow changes of any kind are liable t o  occur, - and 
I feel sure that  this is the worst that need be apprehended - the diagrams will still remain for 
some time, prohably several years, a more accurate approximation to actual facts than any mean 
value; and, fnrthcr, a narrow short strip of diagram could easily be re-determined to meet prac- 
tical requirements. 

I have not here attempted to deal with, o r  criticise, the many expedients and precautions 
adopted by modern observers to  minimise the  effects of irregularity in  the level tnbcs, but have 
contented myself with frankly advocating my own system. It mould be pretentious and tedious 
fo r  me to attempt to  go into the whole question a t  length, and my opinion can have little weight 
except regarding my own particular work. Also my opportlinitics for  enquiring into previous 
researches i n  this subject have been vcry limited, and I may have occasionally treated as discovcr- 
ies matters of which more experiencecl ohservers are well aware. 

Thcre wollld seem to be little doubt, however, that  my system is in  the main quite new; 
and, imperfect as i t  may be in  its present esperimental stage, I trust I have made its possibilities 
sufficiently clear; and I cannot but  hope that,  if the mattcr wcre taken up and (leveloped by 
others more competent and better equipped than myself, great improvements might be effected ~ I I  

t h e  use of the level as an astro~~omical  instrument. 

* For it is qr~itc conceivable tlint the nnturcof t,lre glnse or of the l iql~id in t l ~ c  lcrel mny nffcct t l l i ~  queslion; so 
thet one is hardly juatilied in jumpiug to conclusions, from the rceults, however eatia(actory, in one or two individual 
Ewe#. 



APPENDIX I. 

Practical hints and suggestions for further refinements in procedure, with notes on 
the determination of the zero curve. 

Preliminary. 

The whole procedure here described is only applicable to  levels p ro~ided  n i t h  reservoirs, or 
air-chaml~ers, by means of nrl~ich the length of bubble can be altered at  will. With levels not 
so provided, the difficulties of calibration would be much enhanced, and the procedure must be 
modified accordingly. 

I think i t  is generally very desirable, throughout the testing, to  kecp the levels in t h e  
cells o r  cases which carry them whcn mounted on the instrument. l l lesc casrs protect the levels 
from petty fluctuations of temperature; also i t  may be poss~blc to  fix diminutive cross levels on  
them, by rnearls of which me can make sure that the cross-levelling during tcsting is the same as 
that  when mounted for w o ~ k ;  I am confident that this precaution is very neccssary with some 
tubes. 

Before commcncing calibration every care should be taken to see that the tube is satisfac- 
torily moul~ted in its casc, a ~ l d  that the scale, if mo\rable, is of a satisfaclory pattern and is 
conveniently mouuted in a proper position. Once the work is commcnccd no alteration of these 
details should bc nttemptcd. 

I have recrntly moanterl my lcvels \vitll sloping ivory scales wliosc lorrer edge is forward of 
the centre of the tulle ; so that,  nclien the observcr looks down on the Icvel a t  an angle of 45", the 
lower edge of the scale intcrsccts the centre of the bubble. This facilitates an accurate reading, 
hut givcs consideral)le parallax, owing to the edge of the scale being a goor! deal forward of the  
ccntrc of the bul)hlc. To cliruinate the effccts of this parallax, some device was neccssary t o  
rcgrrlate thc position of the rye in  reading; so I have mounted each case with a long strip of 
mirror, about I i ; ~ l f  an inch widc, parallel with the scale, and appearing jurt below the bubble. This 
mlrror is sloping, so that tbc reflection of the cye at  4t0 can be scen in i t ;  and I make it  a rule 
t o  glatlce a t  the mirror hefore taking a reading, and to movc my rye until its reflection is seem 
ncar the upper cdge of the mirror and just below the end of the bubblc to be rcad. I have 
found this arrangement vcry satisfactory, aud i t  givcs w trouble in  practice, providcd that t h e  
mirror is givcn a convenient slope.* 

Working in n dnrk ohsorrntory, if. ie oltcn rlilTicult to find l l ~ e  rrflerlion of tho rye, no I use n spill of white pnpcs 
whir11 I l ~ o l d  vortienlly under my rye ngninst my clieek bone ; llle r~flrrtion of this i~ r~lsily c n ~ . g l ~ t ,  nnll when it8 upper 
end is aeon a t  the lowur erlgo oE the mirror, ono knows that one's epo must bo reflected from prctt,p neur top edge. 
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Having made all preliminary adjustments, i t  is important t o  note the  exact position of the 
z e ro  of the scale on the tube, and also the lineal value of the divisiolls of the scale, in case of its 
ever having to be replaced; i t  is well t o  mark the tube in  such a way that, if i t  has to  be re-ad- 
justed, i t  mny be possible t o  replace i t  i n  its case exactly as before. 

General Scheme. 

I t  is  suggested that  the  observer should himself first determine the zero curve of alevel, 
and take note of i ts  general qualities, such as se~~sitiveness, promptitude, etc. H e  would then 
hand over the bulk of the work, detailed i n  Appendix 11, t o  an assistant, who might so do preli- 
minary sheets of several levels. On  receipt of these, the observer could in a few hours make out 
t h e  abstract diagrams, which mould enable him to decide on and choose the best level, and also t o  
determine what portiorls of it, if any, should be avoided on account of faults. H e  might finally 
re-determine such portions of the  diagram as he required for actual work, using every possible 
refinement, and arriving a t  a good idea of the  real probable error and peculiarities of the  instru- 
ment. 

There is n o  reason why two or more levels should not be tested simultaneously; i t  is 
certainly advantageous t o  have more than one, t o  assist i n  defining the cause of any occasional 
abnormal result, which may have been simply due t o  a movement of the pillar or supports which 
carry the  levels. 

Determination of the zero curve. 

I have explained i n  P a r t  I1 that  the  essential object of this portion of the work is as 
follows :- 

Having chosen any giver~ position of the level-tube as the zero position, we wish to  discover 
the  positions which bubbles of different lengths will take up  when the tube is in  that position; so 
that, whatever the length of the  bubble may be, we may be able a t  once to  bring the tube into 
t h e  zero position. 

This ensures that  all the zeros of different bubbles shall correspond to one and the same 
identical position of the tube, and gets rid of the inaccurate assumption involved i n  taking the 
" equal-ieadiugs " position of ever?/ bul~bla as its zero position. 

I t  is convenient t o  choose the " equal-reatlings " position of some particular buhble (prefer- 
ably a good long one) as the zero position of tllc tube; thcn, it  is required to  tind the positions 
of all other bubbles corresponding to that position. I3y so tloiug i t  is evident that our ultimate 
diagram will be a diffcrential calibration referred to  the " eqr~al-readings" position of this chosen 
bubble. I shall call this the " r e f e r e ~ ~ c e "  bubble, and its length should alm:rps bc noted on the 
diagram, so that  all future determinations of the zero curve may likewise be referred to it. 

As i t  is impossible t o  change the length of a hubhle at  will without disturbing the level, we 
require some means of r e p l a c i ~ ~ g  the level cxactly in  its former position, after llnving lifted and 
tilted i t  to  alter the length of the babble. Considering the delicacy required, I think i t  would he 
impossible to  cffect this by any purely mechanical preca~itiona. If,  howcvcr, 1r.r attach the lcvel 
t o  be examined to at1 auxiliary level ruhich hns no resen:oir, we may lift up the case colltairlil~g 
the  two and tilt  i t  about as we plcase t o  ohtail1 any required Iengt,ll of I)r~hl,la in tlrc rcal Icvel, 
without altering the biibble i n  the auxil iary Ircel; then, if the mechanical rigirlity of the connec- 
tion between the two levels is al)solutelp reliable, we have o ~ l l y  to rrplnce tllc case on an atljustible 
stand, and bring the babl)le of the ausilial*p levcl to  its formcr pouitiorl, and we know that bol l  
tubes must be exactly as I~cforc ; so that a corn1)nrison of tlle positions of the 1)1il)I)l(~s of tlle rrflf 
level before and aEter the operatio11 will afford the tlnta required. A uniform tcmpcratnrc through- 
out the experiment is very desirable, so that  the bubble of the auxiliary level may remain quite 
unchanged. 
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I have had a simple apparatus made to carry out this experiment; and, as its purpose is the 

determination of the  zero curve, I am calling it  a " zerometer ". 

The zerometer consists essentially of an adjustible support carrying a removable upper plate 
or tray, t o  which tlie levels arc fixed. 

The removable tray is a thick oblong plate of brass having a handle a t  each end; i t  stands 
on three small fixed feet which are carried by suitable V's on the supporting plate. On the tray is 
fixed the auxiliary level; this auxiliary level is adjustible with regard to  the tray, but car1 be 
rigidly clamped when the required position has bee11 attained; tlie tray also bears an arrangement 
by which any other level to  be examined can be rigidly fixed to it, the two levels naturally lying 
parallel to  one another. 

The adjustible support is a solid base-plate shaped roughly like a n  isosceles triangle; i t  
stands on three footscrews, two a t  one end, and one (which should be a tine screw) at  the other; 
i t  carries three V's to  take the feet of the tray, and is fitted with a small cross level. 

L e t  us, for brevity, call the level to  be tested " the level T", and the permanent Zero- 
meter level " the level Z ". The procedure is then as follows :- 

Set  up  the zerometer. 
Fix the level T rigidly to  the tray. 
By means of the end footscrcw of the base-plate, bring the bubble of T to a central 

position. 
Then, without clisturbing the tray, bring the bubble of Z, which is adjustible with 

regard to the tray, to n central positiou. 
Clamp tlie level Z ;  after this do not touch either level, so that their mutual position 

may remain absolutely l i n c l ~ a ~ ~ g e d  tl~roughont the worli. 
Pick up the tray by the halldlcs, and, by tilting i t  about as required, adjust the 

length the bubble of T until i t  is within a division or tnro of that which wc 
have dccided to use as a "reference bubhle ". 

Replace the tray, and bring the reference I)ubble of T to equal-readings by means of 
the zerometer footscrew. The level T is now ill its zero position, and it  o111y remains 
t o  notc the corresponding position of tllc bubble of Z, whicli position will be tlie 
refereuce zero of Z during the csperimcnt. 

Now talce up the tray and give T ally rcquired length of bubble; thcn, aftcr replacing 
the tray, adjust the zcrometer by its footscrcw until t l ~ c  1)ul)ble of Z is at its 
reference zero. This bri?r,q.~ lire t ~ i b e  qf T to  i t s  zero position, so the resultant 
position of the bubhlc of T is the requircd zcro of that particular bubl~le. 

Tliis observation map be rcpcated nit11 successive bu1)blcs of various lengths in T, 
~ u ~ t i l  we have all the data required for lrlottii~g our zero curve, whicll mill hence- 
forth show the exact zero position of any given bubble. 

I have f o l ~ n d  this experiment wonderfully simple and satisfactory; the results turned out 
so accortlaut that i t  was possiblc to  completely determine a long zero curve for each level by two 
or three hours of observing. 

I n  arranging thc lengths of bnbblc required, i t  is best to commence from a short bubble 
aud to increasc i t  by small sncccssivc incremel~ts, in  prcEerence to t r y i ~ ~ g  to shorten down from a 
long bllhble; in  thc former cxsc i t  nil1 1)c found thnt by 11ol(li11g the tray at  a critical tilt a1111 
tapp,ing the lower cud wit11 thc forcfinger, vcry small bub1)les can be lil~erated from the air-chamber 
a t  w~ll ,  so that after a little practice t l ~ c  bl~l)l,lc cau bc casilp niadc the required length within a 
(livision or two; whereas in al~ortening the bubhlc it  is almost impossible to sec what is happening. 

Thc cxperimc~tt is slightly con~plicatcd by the fact that nre can in no casc ellsure getting the 
bubbles to  thc csact positions required, so that small corrections have to be introduced throughout 
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to  reduce the readings to those positions, e.g., in para. 7 above, the reference bubble of T will 
probably not be exactly at equal readings, so the observcd reference zero of Z will have to be 
corrected accordiugly; similarly in the remainder of the work, the bubble Z can only be approxi- 
mated to its refereuce zero position, and the positions of the bubbles of T have to be correspot~dingly 
corrected. These corrections should be kept very small, and may be made roughly in divisions if 
the levels are of ahout equal delicacy. 

I n  my experiments I took 16 different bubbles of T as one series, and determined the 
reference zero of Z at the beginning and end of this series, applying the mean of the two results 
throughout the series. 

The zerometer made for me a t  the Survey of India Offices in Calcutta was so excellently 
designed, and constructed, that, not only did the two levels maintain their relative position within 
a second, and often less, throughout the series, but the tray when replaced nearly always reassumed 
its original position exactly, so that I was very seldom delayed by having to adjust the zerometer 
to bring the bubble of Z to its reference zero. This result was entirely beyond my expectations, 
and' it  shortened and simplified the work very considerably. 

I n  making every determination I took the mean of two observations; in the first of these 
the bubbles mere read after having been brought into position from the left end of the tube, and 
in the second the bubbles were brought up from the right end. This mas to balance any effects 
of stickiness, and is, I think, a very necessary precaution; it was quite simply effected by slightly 
raising the required end of the tray and gently replacing it, the result of course being that the 
bubbles, h a v i ~ g  rushed to the raised end of their tubes, had to move-into position from that end. 

I may note in passing that the whole of this experiment would be a most satisfactory 
means of testing whether the mounting of the level in its case or cell is rigid and reliable; I 
have shown how accordaut the results from this zerometer may be when the mounting is good. 

Further, if we have calihrated a diagram to a true zero, a very interesting examination of 
any given curve could be made on the zerometer; for, having taken the position of some parti- 
cular bubble on that curve as the reference zero, we could see if all other bubbles, referred to 
that zero by the zerometer, consistently took up positions on that curve. Such an experiment, if 
successful, would afford most irrefutable evidence of the quality and reliability of a diagram. 

The interpretation of the zero curve. 

I have already shown, in Part 11, that one great advantage of discovering the zero curve 
,is that, if it happens to deviate considerably from a straight line, the use of it avoids confusing 
distortions of the whole diagram, which would arise if an assumed straight zero were employed; 
further, I have stated that, by calibrating to a true zero we have some reasonable hypotllesia to 
assist 11s in drawing in the other curves, and adjusting any conflicting data which may occur in 
the " ahstract " diagram. I think it may be well to now repeat more explicitly the above-men- 
tioned " reasonable hypothesis." 

The theory, as deduced from the consiclerations detaiied in Part 11, is shortly as follows :- 
Let us assume that me have found a zero curve, as shown in red in figs. 9 and lo, aud having a 
fault ab;  let the readings of the positions a aud b be as follows :- 

a, right-hand reading 35, left-hand reading 40, 
b1 I I  30, 11 307 

then I co~lclude that the fault a b  is due either to a steep bit of curve between the right-hand read- 
ings 80 and 35, or to a flat hit betwee11 the Icft-hantl readings 30 anrl 40; ( i t  might of course 1 ) ~ :  
conceivahly due to a cornt~inatiou of both thcse causes). I cannot tell which of thcse ex[rlnna- 
tions is the true one until I have worked out some more of the curves on the diagram; but if 
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the fault is due to  a steep bit between R 30 and R 35, I expect to  find the curves as shown in 
fig. 9 ;  and if i t  is due to flatness between L 30 and L 40, I expect curves as shown on fig. lo. 

I n  any actual diagram the matter is likely to be complicnted by the preserlce of many 
small irregularities in the tube ; but I think a consideration of these two figures mill furnish a 
sufficieut idea of the sort of relation between different curves which may be expected. 

I n  conclusion, i t  may be interesting to note that the zero curves which I have just deter- 
mined for my two levels are in complete accordance with my expectations. 

I n  No. 9 level the zero curve turns out to be nearly straight, but has a slight, though 
perfectly distinct, drift towards the left as the bubble gets longer; this is due to the fact, pre- 
viously pointed out, that the right-hand side of No. 9 level has a slightly steeper curve than the - - 
left-ha<d side. 

The chief feature of the zero curve of NO. 6 is that all the central portion, and especially 
that just beyond the 76-division bubble-length, is two or three divisions to the left of equal-read- 
ings. I ts  curvature is about equal, thou@ opposite in direction, to that of the - 10" and -20" 
cul9ves in the diagram on Plate 111. This is a further corroboration of the steep bit of curve 
followed bv the flat portion on the r i~ht -hand side of this level, which I have already discussed 
in Part 11: Also w e  see that, as me-should expect from a consideration of fig. 8, t h e  general 
bulge of all the curves in the diagram of No. 6 towards the right is chiefly due to the artificially 
straight zero to which this diagram has been referred. 
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Practical hints for carrying out the bulk of the work.+ 

The preliminary details noted in Appendix I having been attended to, and the zero curve 
determined, we assume that the observer is provided with a bubble tester, of the pattern described 
in Part I of the Notes, mounted on a properly isolated pillar, and that he is to test two levels 
simultaneously. 

I t  must first be decided, with regard to each level :- 

(1) The limiting lengths of bubble to be tested. I t  will be well, in deciding this, 
to  include shorter bubhles than we really want for actual work, as this gives 
depth to the diagram ; and, though somewhat indeterminate, the short bubbles 
are very useful for showing up irregularities in the tube. 

(2) The limiting arcs on either side of zero to be included in the series. For a com- 
plete calibration these will be equal to  the limits of play of the shorter 
bubbles. The arc of 40" on either side of zero, which I have used, will 
generally cover all requirements. 

(3) The frequency oE series in each set, i . e . ,  how many determinations are required 
on every curve; I think determir~ations on successive bubbles varying 5 or 6 
divisions in length mill be fo~lnd to give very ample data. 

(4) What pause is required after moving the bubhles, to allow them to settle, before 
reading. This must be decided by expcrimcnt, and ample margin should be 
allowed. I t  will probably be found that a longer interval is required for short 
bubbles than for long ones. A pause of 30 or 40 seconds is sufficient for the 
least prompt of my levels. 

(3) Assuming that we are to calibrate to a true zero, we require a curve plotted on 
section paper so as to show the right-hand reading of every possible length of 
bubble to be tested. The observer at every zero requires to know 1v11at the 
zero position of his bubble sliould be, and it is more convenient for him to 
find this from such a curve than from the zero curve  lotted on the diagram; 
for the recorder can at once inform him of the length of his bubble, ant1 then 
a glance a t  the curve shows him whether the right end of his bubble is 
witl~in a division of its proper position. Such a curve is of course easily 
deduced from the proper zero curve of the level. 

* Tbeee have been -tten for the gnidancc of an nnt,rained assistant in the tlnrvep Department, no that eome of 
the precautions detailed map seem very enperfloone to observers of experience. 



APPENDIX. 

Having settled these preliminaiy points, set up the bubble-tester with the micrometer t o  
the observer's right; sce that the screws arc clcan and well oiled, and that the arrangement for 
taking the weight of the hand is so adjusted that  there may be no danger of disturbing the 
instrument i n  turning the micrometer. 

Observing. 

Having given the levels any required lengths of bubble, place them on the V1s, and see 
that  their cross-levelling is correct. 

Bring the micrometer to tlie zero position ; then, for each level separately, ~ l o t c  the 
length of the bubble and see, from the curve described i n  para. 5 above, what 
the correspondil~g right-hand reading should be; bring the bubble to  this position 
as nearly as possible, by means of its own adjusting screw, and without disturb- 
ing the micrometer from its zoro position. 

Throw the bubbles to  tlic lef t  by tu r~ l ing  the micrometer, and then return i t  to  its 
zero position; then, after allowing the proper pause, (a watch should always he 
used to ensure this) read the bubbles. Then commence by throning the bubbles 
t o  tlie right, m d  repeat thc remainder of thc observation as before. 

The mean of these two observations ~1~111 give thc first zero cletermination ; and every 
succccding zero rrill be s~mllar ly dctcrmincd by two observations, the first from 
a left t o  right movement of the bubbles aud the second from a right to  left 
movement. After taking each zero, the ohscrver mill note, before proceeding, 
whether the right end of each bubblc is mithin a division of its proper position ; 
if ,  i n  either level, this is not thc case, he mill rc-adjust the level as required, and 
malie a fresh zero dctermination after adjnstmcnt. Tlle zero determination 
before adjustment will then be available for obtaining thc interpolated corrections 
of previous observations, and the dctermlnation after adjustment mill be used for 
all subsequent corrections.* 

All the scries will be as described in Part  111, except that evcry zero determination 
will be a double obser\~ation as above r1escril)ed ; also the numl~ers of the series mill 
be varicd, from tlmc to timc, by adding a constant to evcry number in  the series; 
so tliat diffel-ent portiolls of th r  m~cronlctcr screw may be brought into play. 

The recorder will have the micrometer readings, as rcquired for the serics, all written 
out beforehand, and, on the romplction of each observation, he will inform the 
obscrvcr of tllc next microluetcr posltlon reqi~ircd. 

The temperature should hc noted at  thc 1)cginning and end of each series. 
I n  order to  scc qu~r l t ly  1v11at has bccu done, aud csactly what 11nbl)le-lcngths remain 

to  I)e dctcrmined 111 each sct, a " reco~t l  s l ~ p "  must bc kcpt for each lercl. A 
strip of section paper is convenient for this purpose; on i t  the vertical columns 
may be marlted off to show all the lengths of bul)l)lc to  11c tested, and the depth 
for cach level will hc cight horizontal rows, one for each set. Then, as soon as a 
serics has been complctcd, the recorder call, in  each level, mark off the square 
corrrsponding to the propcr sct and tlrc length of bubble ilscd. This enables the 
progrev of thc morlc to  bc srrn at  a glauce, and is a very great convenience. 

The cou~putation, plotting, and abstraction will be carricd out as dctailetl iu Part 111. 
.- 

* It I n  nsa~lmod t,het 1110 mctl~od oE " progrcssiso correctio~ls," described iu Pnrt I11 of ~ L O  Notoe, is lo b~ odoplcll. 
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Tables shewing the respective Values of Arcs obtained by the use of 
(1) the Diagram and (2) the Mean Value. 

I n  the following Tables are embodied the results of test observations taken in Dehra D6n 
in July 1900. I n  carrying them out the procedure mas as follows :-The two levels No. 6 and No. 9 
were carefully placed in the V's of the Bubble Tester,-due care being given to the cross-levelling. 
Various readings of the Rlicrometer Head of the Bubble Tester mere taken and recorded together 
with the corresponding readings of both the Bubbles. From the differences of the bubble readings, 
the arcs moved through by the Bubbles mere computed, using a mean value. The same arcs were 
then determined from the Diagram of 1899 and also from the Diagram of 1900. These three 
values for each arc are entered in the Tables and compared with the values as given by the 
Bubble Tester. As will be seen from the Tables, Bubbles of various lengths mere tested. 

EIOLJIES' LEVEL No. 6 HOLRIES1 LEVEL No. 9 
Mean Value of 1 Division of Scale = 0"-8635. Mean Value of 1 Division of Scale = ON.9346. 
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... 
5.0 
5 '0  
5.0 
5 ' 0  

Seconds 

As given 
by u h g  
a mean 

value 

I/ 

... 
4.3 
5 - 4  
6.8 
6.7 
3 - 7  
... 
5.2 
6 '9  
6.9 
4.0 
5.0 

... 
8.8 
4.8 
8.6 

... 
19.4 
14.6 
19.4 

, . . 
5.5 
5.2 
5 '3  
5 .1  

oE tho 

As given 
by l l ~ e  

Dingram 
of 1899 

N 

... 
5.6 
5.3 
5.0 
5.4 
5 - 2  
... 
5 '3  
5 '4  
5.2 
5.8 
4.4 

... 
9'0 
5'7 

10.3 

... 
19.2 
14'5 
19.1 

. . .  

5'1 
4 '7  
5 '6  
5 '0  
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70 
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Bubble Rcocllng Bubblo 
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33.3 
31-0 
25.2 
19.8 
14.1 
7.6 
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9.8 
4.0 

-7.9 

37.1 
32'7 
10.0 

-11.6 

4.1 
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15'9 
21.6 
27'2 
33'0 
30.5 
25.2 
19.8 
14-1 
6.9 
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-5.4 

14'0 
25'4 
20.0 
7.3 

7'7 
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19'3 
24.9 
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B a u d  

36.7 
41.6 
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34'5 
28.8 
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20.3 
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54.5 
49'5 
28.7 
7.9 

Value of Lbo Arc in Seconds Reading 

LeEt 
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44'1 
38.8 
40.8 
46.3 
52'0 
57'9 
64.9 

74'1 
61.8 
68.0 
79.6 

33'0 
37'9 
60.2 
81.8 

70'4 
65'4 
58.7 
53'1 
47'1 
41'4 
43'7 
49.1 
54.6 
60.2 
67.6 
73'7 
79.7 

60.1 
48.6 
54'1 
67.0 

73'8 
68.1 
61.8 
56.2 

Left  
Hnnd 

33.6 
28.6 
31.4 
35'9 
41.5 
46.8 
52-2 

61.1 
49.8 
55'2 
67.2 

16.5 
21.5 
42'3 
63.1 

Asgiren 
by tho 
Buhblo 
Tester 

N 

5.0 
5.0 
... 
5 '0  
5 '0  
5 .0  
5.0 

... 
10.0 

5 '0  
10.0 

... 
5 ' 0  

2 0 ' 0  

2 0 . 0  

14'4 60.9 ... ... 2 ... 
5 ' 4  

31'4 43' 4 '9  
5 '0  

Seconds 

As given 
by using 
a lueen 
ra lue  

N 

4'9 
4.8 
... 
4'9 
4.8 
5 '0  
5 - 8  

... 
10.5 
5.2 

10.1 

... 
4'0 

19'4 
18.7 

... 
4'4 
5'7 
4.9 
5 '0  
5.0 
... 
4.6 
4 . j  
4 '9  
6.3 
6 '2  
5 .3  

. . .  
9'9 
4'7 

11.6 

... 
4'7 
5 '5  
4.8 

Value 

As given 
by  the  
Bubble 
Tostcr 

------- 
I/ 

5 '0  
5.0 ... 
5 -0  
5.0 
5'0 
5 - 0  

... 
10.0 

5.0 
10.0 

. . .  
5 '0  

20.0 

20.0 

.., 

5.0 
5 '0  
5.0 
5'0 
5.0 
... 
5.0 
5.0 
5.0 
5.0 
5 '0  
5.0 

... 
10.0 

5 '0  
10.0 

... 
5.0 
5.0 
5.0 
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40.1 
34'8 
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24.4 
18.7 
13.1 

7 . 0  

27.0 
37.3 
31'9 
21.8 

... 
31.6 
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41'7 

As givon 
by t h e  
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------ 
I/ 
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... 
4'6 
5.7 
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5.0 

... 
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19.0 

of t h e  
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by the  

Diagraln 
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10.7 
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6 .9  

32'6 
34.8 
40'1 
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56.3 
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10'0 

... 

... 
5 '0  
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Right 
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Vnlue of the Arc in Seconds Ronclin: 

Lett 
Hand 
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45'8 
48.0 
53.1 
58.9 
64'3 
70'9 
76.8 

36'3 
47" 
57'3 
69.2 

51.4 
28-9 
16.1 
42'2 

51.2 
30'7 
3.5'7 
56.4 

69.1 
62.8 
57.1 
52'1 
46.7 
48.0 
53'7 
59'1 
65.2 
70.7 
77'3 

44.3 
32.1 
#9'4 
49'9 
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Hand 
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by t l ~ e  
Bubble 
Tester 

------- 
N 

5'0 
5.0 
... 
5.0 
5.0 
5.0 
5'0 
5 - 0  

... 
'0.0 
10.0 
10.0 

... 
20.0 
10.0 
20'0 

... 
20'0 

5'0 
20.0 

... 
5.0 
5.0 
5-0 
5.0 
... 
5'0 
5'0 

5.0 
5'" 
5'0 

... 
10.0 
5'0 
10'0 

Aegiven 
by tlle 
Bubble 
Tester 

I/ 

4'9 
5'0 
.,. 
4'9 
5'0 
4'4 
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21'3 
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21.7 
5'9 
21.6 
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6.1 
6.3 
5'2 
5'1 
... 
6.3 
5'5 
6.0 
4'8 
6'3 

... 
11.4 
5'5 
"'7 

Asgiven 
by the 

Diagram 
of 1899 

------ 
I/ 

34'8 
29.4 
24.0 
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41.1 
31'1 
20.7 

36.6 
57'2 
... 

46.6 

37'2 
57.8 
52'6 
32.6 
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37'3 
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by the 
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by the 
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N 
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... 
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4'7 
... 
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5'7 

... 
10.7 
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N 
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... 
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5.0 
20'0 

... 
5.0 
5'0 
5'0 
5.0 
..- 
5'0 
5'0 
5'0 

5'0 
5'0 

6.5s 
a .t;$ 

... 
9'9 

9.8 9' 

... 
19.6 
... 
... 

... 
20.1 
5.4 
19-0 

... 
4*6 
5.5 
4'7 
5.0 
... 
5.3 
4'4 
5'3 
4'7 
5 . 3  



APPENDIX. 

HOLMES' LEVEL No. 6 
Mean Value of 1 Division of Scale = O"~8635. 

H. M. COWIE. 
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