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PREFACE

This manual is a compilation of approved methods for triangulation surveys of the
U. S. Coast and Geodetic Survey, and its primary purpose is to furnish specifications
and instructions to personnel engaged on those field operations.

The progress in development of instruments, equipment, and methods during the
past twenty years virtually necessitated the revision of Special Publication No. 120,
“Manual of First-Order Triangulation,” which was first published in 1926, and Special
Publication No. 145, “Manual of Second- and Third-Order Triangulation and Traverse,”
which was first published in 1929. The changes introduced by the use of portable steel
towers, multiple-unit observing parties, improved instruments, and schemes of area
triangulation have caused modifications and improvements in field operations which are
not considered in the older manuals.

The material in this manual is the product of accumulated experienee in the field
and office of many members of the U. $. Coast and Geodetic Survey for many years.
Applicable material is taken freely from previously published manuals of this Bureau,
and in particular from Special Publications Nos. 120 and 145, which were so ably written
by the late C. V. Hodgson, formerly Assistant Chief, Division of Geodesy.

This publication has been prepared under the direction of Captain H. W. Hemple,
Chief, Division of Geodesy, whose advice and criticism are greatly appreciated. Assist-
ance in the preparation of this manual has been given by a large number of members of
the Division of Geodesy. In particular, Mr. Lansing G. Simmons, Chief Mathemati-
cian, Division of Geodesy, and Commander C. I. Aslakson reviewed the entire manu-
script and contributed many valuable suggestions. Captain A. J. Hoskinson, Com-
mander J. H. Brittain, Mr. C. A. Whitten, Mr. W. D. Sutcliffe, Mr. Donald A. Rice,
Mr. R. O. Williamson, and Mr. 8. P, Hand gave valuable advice and criticism on various
sections of this manual. Mr. C. N. Claire and Mr. N. F. Braaten edited the manuscript.

PREFACE TO 1959 EDITION

Since the original publication of this Manual in 1950 it has seemed desirable, if
not necessary, to tighten the specifications for first- and second-order triangulation
under certain prescribed conditions.  Accordingly, first-order work has been separated
into three classes and second-order work into two classes. Specifications under these
classes appear in the revised table 1 (pp. xiv—xv). Other revisions, reflecting this
concept, appear on pages 2-5, 9, 10, 13, 17, 114, 162, 165, 197, 251, and 255.



CONTENTS

Page

PrefaCe - o o e e e e eea s ii
IntroduetiOn - e e e xi
Classification of horizontal control surveys. . __ . o o e xii

Chapter 1.—Reconnaissance
General statement

Reconnaissance party

General instructions for reconnaissance

Specifications for first-order reconnaissance._ .. _ - _____ ... _______._._____
Specifications for second-order reconnaissance
Specifications for third-order reconnaissance

Reconnaissanee field procedure. . - o oo iieeo-

1
1

1

1

1

4

5

5

Data furnished triangulation parties. - _ . _ . oo- 6
6

7

9

9

9

9

Reconnaissance sketch
Reconnaissance descriptions

Chapter 2.—Triangulation
General statement
General instructions for triangulation
Specifications for first-order triangulation

___________________________________________________________________

Specifications for second-order triangulation. . ___ _____._ .. _._.____.__. 16
Specifications for third-order triangulation. _ . ___.____ . __. 18
Preparations. _ ool [ 19
Project instructions. - .. e 19
Bstimates. o oo e e 20
Procurement of personnel. . ... . e 20
Procurement of equipment and supplies. . - . ... 20
Transfer of party . . e 21
Moves between projects. _ - _ e 21
Organization . _ . e 21
Tables of organization. _ . _ . s 22
Personnel . e - 22
Chief of party e e 22
Camp administration . _ e 24
Instruments _ . . _ . e 26
Theodolites . - - o e 26
Damage to instruments. . ___.__.. _______ e e e 30
Care of theodolites. _ . _ . e ien 30
Quality of a theodolite _ - - _ L emeon- 37
Auxiliary instruments. . . .. e 42
Adjustments of theodolites._ . _ . e oo. 51
Adjustments involving level vials. _ _______________ o ____.. 53
Adjustments involving optical equipment .. ___ . ___________ .. __._. 55
Adjustinent of micrometer microscopes.- . - - . e 57
Alidade adjustments_ _ _ - e 63
Adjustments prohibited to field parties_ . .. . 64
Conditions affecting observed eccentricities in the theodolite_ - ______._.________________ 64
Determination of value of one division of level bubble. ______________ . ________.________ 65
Adjustment of vertical-circle verniers_ . _ . _____ ... 66
Equipment - - - e eeceeeeo 66
Bilby steel towers. - _ . e ean 66
Trueks . . o e 68
Office trailers. - . _ . e eeeeeeees 70
et . -« o o oo e 71
Building equipment . . _ - e 72
Hoisting equipment . . __ . e 72
Packing equipment . - - . e 73



v

CONTENTS

Signal building . - e ieemeemeemm—me—e—eaomae-
Building schedules_ - ___ e mecmececaas
Steel-tower signals_ - _ e cmmm—mme-
Builders’ reports. . - - - - oo oo e —ee
Safety precautions in signal building_ - - .
Wooden signals. _ e mmmmm——mmeem—em-
Signal building for second- and third-order triangulation_ . ______ . . ...
Specifications for marks_ _ e eeeaaen
Material for concrete monuments. ... oo meeemmmaoom—eeoe
Field procedure for marking stations._ - .. i
Resetting and relocating station marks. o cee oo

Observing schedules_ _ . - - o mmmmeem—mmmmmem—cm—e oo
Observing party preparation - - . - e ememmeacm—mcmeeem—meoms
Station FOULINE . _ o e e e e memmmmmmm e —mmmm———mmmmmmmmmmm—mmm
Notes for description of station. .. .. .
Set-up procedure . - - - oo oo emmam—mmmmmeeemm s
Observing of vertical angles_ . __ . oo
Observing marks and intersection stations. - . - oo
Observing main and supplemental schemes. _ - - __ - ool
Reobservations_ _ - o e e e e m e cmmccmmmmm e —————
Eccentric stations_ _ _ - e ccmmmmm————-
Traverse connections to marks of other organizations_. . _ ... _-
Observing party office duties. . . cimccemceeeon-
Description of station._ _ .. oo
AbStracts _ _ e ee e emmmmm—— e m e e mmmmm—mmm—m—————
List of directions, Form 24A _ oo
Observing precautions. - - . o oo immmmmmmem—m—mmeon
Principal sources of error in horizontal direction measurements. .. ... ____.._____
Lightkeeper procedures . . . — - _ i eeemmemeem—mmamme oo
Lightkeepers’ preparation for day’s work. . o .o
Station procedure. - - - - - o o oo mmaae e
Posted Hghts - . - oo e oo e e maeamma
Hellotropes . - - - - oo e meaan
Heights of lights for vertical angles_ . . __ . oo
Procedure for discontinuing showing of light . _________ ... ._.
Observations with optical-prism-reading theodolites_ ... ... ...
Observations with a repeating theodolite - .- - . e
Field computations. - . - . oo mmmmmemeemaoan
Editing of records and computations received from observing units. .. ... ... .. _.._.
Descriptions of stations._ _ . _ e
Record books . _ _ e e e mcccem e cmmm——ana

Supplemental triangles_ _ . . eeiemmmeemeeoo-
Intersection triangles. - . _ - _ . ememmemm—mmemeos
T OWeET TeleaSeS _ _ o e e e e e emmmmmmm e mm—em e emmmcmmecmme————-
Side 1SS e e e e e m e eeccmcmmm———————
Two-sides-and-included-angle computation__________ .. a__._
Special angle computations. - - o - mmmemcmeoeaan

Page



CONTENTS v

Page

Computation of geographie positions_ - ___ ______ ... 175
Logarithmic computation_ - i eieaaooo. 178
Machine computation . - ... _ e 178

Short method of machine computation. . . _ . ___ . ___________ ... 178

Inverse position computation _ _ . - e eiiccecoeo 179

List of geographic positions. - - - .- 182
Landmarks for ebharts . _ . 184

Vertical angles . o e 184
Computation of data._ . __ e emeeeeo 184
Computation of elevations. _ e imeees 188

RePOItS . — - e 189
Monthly reports. - o o oo oo e m 189

Season’s report . . - o o emmemmee 190

Annual report _ . __ e eecemeee 191
Miscellaneous reports . - - - e 191
Sketehes _ _ - a2 191
Progress sketch . - - e eeemeeen 191

Annual sketeh _ . o e 192

Chapter 3.—Base measurement - - - - - o e 193
General statement _ _ _ _ __ e 193
General instructions for base measurement . __.________ ... _o... 193
Specifications for first-order base measurement___ ___________________________________ 193
Specifications for second-order base measurement._ _ ________________________________._ 195
Specifications for third-order base measurement______________________________.______. 197
Instruments _ - _ L e eeeeemees 198
B ¢ T LIPS 198
Thermometers._ . _ o e cmmem e cme——mm————mm 200
Tape stretchers. - - L o e 202
Spring balances . - . - o e ccemcmcceccenenes 203
Preparation . e e mmccccecma—a- 205
Preliminary arrangements._ _ _ _ e ceccceccan 205
Alinement . - _ e 205
Clearing and building . _ - - - oo 206
Staking _ - _ e 206
Staking equipment . - - - . - o e 207

Staking Party - - - oo e e m e e e e m e 207

Staking procedure_ - _ - - _ el 207

OfF St - o e e e e e e e mmm 209
Measurement Procedure . . - o o e e mmmm 209
Personnel e emecccceececeeeeaeemn 210
Measurement procedure over Stakes. . - - oo cecccmacaemmee 210
Measurements of less than 50 meters_ .. ___ . ... 216
Measurement on railroad rail_ o ae. 217
Measurement over pavements. - . e em—meamae 220
Measurement of offsets. . - . . e ceemm—ee e 221
Leveling - - o e e e 221
Records - o e 222
Recording of tape measurements. - - - - . _ oo ciccccmeme- 222
Recording of leveling . . _ . - . oo e 224
Corrections to measured lengths_ e laeoo-- 224
Grade COrrection.. . - - . o e oo e e e e cee—eeemmmeem 224
Alinement correction . _ . oo 225
Standardization corrections . - - . ... el 226
Corrections due to sag of tape and to stretching_ . .. ___.____.___ 226
Corrections for method of support of tape and for change in weight________________ 227

Temperature correction. . . . . . oo e eceemen 228



vi CONTENTS

Page

Precautions against error. - - - - .o 229
Friction over SUPPOIts - - - - - o oo e mmmmmmem 229

Parallax in marking _ _ - - o oo oo — e 229

Wind effect - - _ e 229
Blunders - - e 230
Extra-weight tape - - _ e 230

Field computation of measured bases_ _ - - _ . . 230
Computations in field record books . _ _ _ _ oo 231
Abstract of levels_ e em—mm e 231
Computation of base line_ . . . meoaeeean 231
Probable error of measurement _ _ __ e 234
Reduction to sea level_ _ _ e 234
DABETAIM - - - o o o e oo e oo 235
Supplemental base lines_ _ - _ e eeeeems 235
raverse $1eS _ o o oo o e — e 235
Chapter 4. —Azimuths. _ - _ oo 237
General statement _ - _ e 237
General instructions for first-order azimuths_ _ _ _ _ i icooo- 237
Instruments and equipment_ _ . . . . e 238
Theodolites _ _ - - o e eeeemmmmm 238
Chronometer. . - - o o e 238
Radio receiver_ _ - _ e meeem 238
Miscellaneous eqUIPMent - - - . o o o e ememmm e 238
Books and tables . - - - e 238
Organization of party - - _ - e 239
Time determination _ _ e mm 239
Time by radio. - - - - - oo oo e mmm e 239
Time by zenith distances of stars near the prime vertical . ________________._ ... .. 239
Observing procedure for time stars______________ e 240

Errors in time observations_ _ . . e 241
Azimuth observations _ - _ . _ e e eeeeeeeaem 242
Preparation - . ammeeee 242
Recording of observations_ _ _ - - 242
Observing procedure - _ . _ e 243
Field computations_ - _ _ _ .. e immeean 243
Computation of chronometer correction_ . . ____ - 244
Radio comparison method _ - _ .- 244

Time star method _ _ _ _ _ _ e eeecman 245
Computation of azimuth, direction method . . _ _ - ____ .. _____________. ... 247
Explanation of computation_ . .. _ . eea-- 247
Abbreviated field computations._ _ - - _ .. iemmaaan 251
Second-order azimuths . - _ _ e mem 251
Observations with a direction theodolite . _ ____ ___ . aaa 252
Observations with a repeating vernien theodolite_ ... .. ____.__ 252
Third-order azimuths _ . - . e e 254
Chapter 5.—Special SUI'Veys _ _ _ _ - s e 255
General statement . _ _ _ o= 255
Metropolitan control surveys.__ . e 255
Specifications for ¢ity SUrVeys. - - oo e e 255
Special project SUrVeYs . - - - e eeme e 256
Other methods of triangulation_______________ L meaan- 257
Shoran trilateration - - _ e eeeeee 257
Flare triangulation_ _ __ __ . e 258
Ship-to-shore triangulation_ _ - _ . eeeeoas 258

Electronic methods of measuring ground distances._ - _ oo ai el 259



CONTENTS vil

Page
Chapter 6.—APPendiX. - & - o oo e e 260
Board of Surveys and Maps specifications for horizontal and vertical control .____________._. 260
Strength of figure. . _ . . eiceeamn 267
Constants and formulas. . . - .o ..o e 270
Formulas and table for intervisibility __ .. __ . e 271
Spherical eXeess . - - oo oo i 272
Reduction t0 center. .. .o oo 274
Formula for difference of elevation . _ . ceeeaaan 275
Factors used in the computation of elevations from reciprocal and nonreciprocal
ObSEIVREIONS - - - o o e 276
Formulas for correction for run of micrometer_ ____________ oo 277
References to formulas in other publieations. _ . ___________________ .. ... 278
Lists of instruments and equipment_ ________ . ____________ - 278
Lists of books and fOrmS . - - - -« oo o e e e e m 280
List of books and publications needed by triangulation party .. _____________________.- 280
List of principal geodetic forms needed in the field. _.__ ... . ___________ ... 281
Additional Coast and Geodetic Survey publications related to geodesy_.__.__ ... _____-- 282
Standard list of common names of objects used as landmarks_.__ .. .. _____________________ 283
Special applications of vertical-angle measurements._ _ . . ____ .. .. ... _________________ 285
Determination of height of station by observing sea horizon_._________________________ 285
Determination of distance to breaker by observing angle of depression.._______________. 286
Miscellaneous tables_ _ - . . e —e 288
55 3 334
TABLES
Page
1. Requirements for horizontal control. . ... _______ L __... XV
2. Circle sebtings . _ _ .. e 11
3. Table for determining relative strength of figures in triangulation_ _ . ____________________.. 268
4, Correction for earth’s curvature and refraction_________________________________________ 271
8. O Mo oo e 273
6. Natural values of m . _ . e 274
T LOg A e e 276
8. Log Bandlog €t e 276
9. Differences of elevation and inclination corrections for varying angles of inclination__________ 288
10. Grade corrections for 50-meter tape lengths. . - . _____ .. 289
11. Grade corrections for 25-meter lengths_ . ... 292
12. Grade corrections for lengths of 5, 10, 15, 20, 25, 30, 35, 40, and 45 meters_ ... _______..___ 296
13. Factors for computing eatenary correetion..__ . _ . __ . ..o .__. 300
14. Catenary corrections for various lengths and weights of tape.____________________________. 301
15. Temperature corrections for steel tapes_ . _ . ______ . _.__ 303
16. Logarithms of radii of curvature of the earth’s surface (in meters)___._____________.______.. 304
17. Length of 1 degree of the meridian at different latitudes___.________.______________________ 309
18. Length of 1 degree of the parallel at different latitudes.________._._____.___._... ___ ... 310
19. Proportional change in a number corresponding to a change in its logarithm____.... . ... . 311
20. Fractional change in & number corresponding to a change in its logarithm___.__ _._________ 311
21. Lengths-Feet to meters (from 1 to 1,000 units) . ___.________._____. I 312
22. Lengths-Meters to feet (from 1 to 1,000 units)_____ .. ... 314
23. Corrections to log s and log A for difference in arc and sine for position computation_______._ 316
24, Arc-sine corrections for inverse position computation. - _ _______________________________.__ 317
25. Mean refraction, Fm- o ... 318
26. Pressure correction factor, Ca_ oo 319
27. Temperature correction factor, Cro ... 320
28. Log L [=colog (1—a) e oo e 321
l—a
29. Curvature correction _ . . _ .o 330



viil CONTENTS

ILLUSTRATIONS

Figure Page
1. Organization diagram, typical steel tower triangulation party (1949)______________________ 23
2. Organization diagram, typical mountain triangulation party (1949)_______________.__..___. 23
3. Parkhurst first-order theodolite (9-inch eirele) ... _. 27
4. Prism microscope theodolite, Wild T-3__ i 29
5. Repeating vernier theodolite (7-inch eirele) . _. . ...- 31
6. Sectional view (front and side) of Parkhurst theodolite._. .. _ ... . . ______.__. 32
7. Removal of vertical axis, step 1. . iccicceccaa- 33
8. Removal of vertical axis, step 2. . oo o e eiiciieeean 33
9. Removal of vertical axis, sbep 8- oo eicmeceea 33
10. Removal of vertical axis, step 4. . o oo e s 33
11. Removal of vertical axis, step 5. - icicceea- 34
12. Removal of vertical axis, step 6. - - oo cicecceeam- 34
13. Disassembly of circle bearing, step 1____ L aian 34
14. Disassembly of circle bearing, step 2. oo e 34
15. Disassembly of circle bearing, step 8. o e 35
16. Disassembly of horizontal elamp, step 1. - 35
17. Disassembly of horizontal clamp, step 2 iiceemmenn- 35
18. Disassembly of vertical circle, step 1. oo e eecccccecceccccaa 35
19. Disassembly of vertical circle, step 2. .. e ceicccaan 36
20. Removal of micrometer sCrew . e eecmcieeeen 36
21. Abstract of directions selected for cirele test - ___ . oa. 39
22. Computation of residuals, theodolite cirele test- . ... 40
23. Variations in graduations shown by cirele test _ _ .- 41
24, Vertical eollimator_ _ . e eemeeeeeea 43
25. Vertical collimator on tripod._ . e 44
26. Vertical collimator on mark _ _ e 45
27. Signal lamp (front) - - 46
28. Signal lamp (back) - . e 47
29. Signal lamps on four-foot stand . . _ - 48
30. Signal lamps on steel tower_ _ e ccee—e———a 49
31, Helotrope - -« o oo oo oo e e e 50
32. 'Tribrach plates in use on steel tower. . . e 52
33. Parkhurst first-order theodolite micrometer__.__ _____________ . 58
34. Parkhurst second-order theodolite micrometer (Model of 1947)__._ . . ________ 58
35. Diagram of drum and field of view of micrometer_ _ _______________________________.__._ 59
36. Bilby steel tower, observing tent in place_ . oo 67
37. Steel-hauling semi-trailer truck_ . .- 69
38. Office trailers of a triangulation party . .. . s 71
39. Observing tent, ground type (side walls not yet in place)_______________________________. 72
40. Observing unit back-packing to station_ . - e emeamaan 73
41. Bilby steel tower under construction.__ . i 76
42. Bilby steel tower under construction. .. .o ececceieeom—aa 77
43. Completed Bilby steel tower. . . oo e ceeceaeea 78
44. Daily report of building foreman_ ___ . eiea- 79
45. TFour-foot stand . . - . e emm———- 81
46. Ten-foot tower under construction_ ... . . eiccna 82
47. TFifteen-foot tower_ . e 83
48. Triangulation station mark_____ . eeaeaa- 84
49. Standard marks of the U. 8. Coast and Geodetic Survey. .. .o o .. 85
50. Drilling hole for reference mark___ e iieeeeemaaao 91
51. Diagram of installation of typical triangulation station monuments__.._ _______________... 92
52. Setting plumbing bench over underground mark._ _ .o oo ——- 93
53. Typical observing schedule for a triangulation party of three observing units. .- ______.... 96

54. Making horizontal measurement to reference mark ___________ . _______ .. ... 99



101.

102.

103.
104.

105.
106.

CONTENTS X

Page
Signal lamp shown on range to-a distant station_ . _ . __________ . _eec... 102
Example, double zenith distances, Form 252___ _____ . aaaea- 105
Example, horizontal directions, Form 251a_______ . L eian-- 109
Example, horizontal directions, Form 251a_ . . iciceaaeoo 112
Example, description of triangulation station, Form 525 ____________ .. - 118
Example, description of triangulation station, Form 525__ _ ______________ . ___ ... 119
Example, description of station (traverse connection), Form 525b._ . _______________._..... 122
Example, description of triangulation intersection station, Form 525b_ ... ____________.... 123
Example, recovery note, Form 526 _ _ e ccccimaaan 124
Example, abstract of directions, Form 470 _ . _ __ .. cieaiio—aes 126
Example, abstract of zenith distances, Form 29____________________ . ____... 127
Example, list of directions, Form 24A _ _ _ _ L ieia- 129
Lightkeeper on station__ . ___ i dcccaana 138
Daily height of light report.__ e ececceee- 140
Example, readings of Wild T-3 theodolite____________ . ___.. 141
Example, horizontal angles (repetition method), Form 250________________________...... 145
Summary of abstracts_ _ _ . . e eeceena 148
Reductions of different lists of directions to one initial_ __________ . . ____________._. 149
List of directions, illustrating eccentricity . . - . oo e ieocccao- 152
List of directions, illustrating eccentrieity - _ . .. . oo ae- 153
Example, reduction-to-center computation, reverse side of Form 382_____________________ 155
Example, reduction-to-center computation, Form 382. .. _________ .. _____.______... 156
Combined lists of directions. . _ ___ ... e eeeeeeaan 160
Example of working copy of complete field computation of triangles, Form 25_____._______ 161
Computation of intersection triangles. - _________ L iae. 164
Field form for side equation tests._ _ _ . iceaes 165
Computation of triangles (first set for side equation test) ... __________________ .. ______ 166
Side tests using plane angles (first set) - - o oo iciciaiceccaaa 167
Computation of triangles after reobservation (second set).- - - ______________________.... 168
Side tests using plane angles (second set)_ _ - _ . eimicaa- 169
Computation of triangles (third set). __________ .. 170
Side tests using plane angles (third set) . - . . iiaian 171
Side tests using observed angles (first set) . ... e eamceene 172
Side tests using observed angles (second set). . ... . e 173
Side tests using observed angles (third set). .. .- 174
Example, triangle computation using two sides and included angle, Form 665____________._. 175
Example, special angle computation, Form 655a_ _ .. .. ____.. 176
Example, position computation, first-order triangulation, Form 26_____________.______.... 177
Example, position computation, third-order triangulation, Form 27________________...._. 177
Example, position computation (calculating machine), first-order triangulation, Form 26a_-... 179
Example, position computation (calculating machine), third-order triangulation, Form 27a... 180
Example, inverse position computation, Form 662______._____________ . _ao... 181
Example, inverse position computation (calculating machine), Form26a.___._________.._.... 182
Example, list of geographic positions, Form 28B_ _ __ . ciiicieaan- 183
Example, computation of elevations and refractions from reciprocal observations, Form 26A.. 185
Example, computation of elevations from nonreciprocal observations, Form 29B______...... 186
Example, computation of elevations and refractions from reciprocal obseryations (by calcu-

lating machine), Form 29C . - . . oot ccc e e ccaaa 187
Example, computation of elevations from nonreciprocal observations (by calculating machine),

Form 29D _ _ e m e mmmmmmmmmmm e emmemmm 188
Example, progress sketch, modified second-order (drea) triangulation___________ (facing page) 192
Nomogram for effect of errors in the relative elevations of the ends of a tape upon the reduced

length e e ee e m—— 196
Certificate of tape standardization (50-meter, invar) ____ ... .. o . . ___________ 199
Certificate of standardization of a 30-meter steel tape. .. .. .. ... _.o._-. 201



Figure

107.
108.
109.
110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
135.
136.

CONTENTS

Page
Base tape thermometer and holder. . - . ieaa-- 202
Tape stretcher and spring balance. . - - _ - . ieaeae-- 203
Testing spring balance._ e mmeeas 204
Adjusting spring balance_ - e eeeaa- 205
Portable iron tripod for tape support, single joint. _ . .. 206
Portable iron tripod for tape support, double joint. _ . _________________________________ 206
Middle tape support on mail . . i cemimaoaas 210
Middle tape support on Stirrup . o oo oo csccccmcmmmmae 211
Rear contact, base measurement over stakes______________ . __._ 212
Front contact, base measurement over stakes_ . _ __ _ _ .. .. 213
Base measurement along a railroad rail .. .. 217
Front contact, base measurement onrail ... ___ .. ____ . ___________._.. 218
Rear contact, base measurement on rail . _ - ... 219
Intermediate tape support, base measurement on rail ___ . _ . ____ . . ____..._ 220
Example, recording of base measurements on Form 590 ______ _________________.___.__. 222
Example, leveling record for base measurements, Form 634_______________________._.... 224
Example, abstract of wye levels, Form 635____________ .- 232
Example, computation of base line, Form 589_ . 233
Example, observations of double zenith distances of star for time determination, Form 252_.. 240
Example, azimuth observations on Polaris, Form 251a__ __ .. .. 242
Example, comparison of chronometer and radio signals, Form 605____ . _.__________._.... 244
Example, computation of time, observations on a star with vertical circle, Form 38la...._.. 245
Example, computation of azimuth, direction method, Form 380___. . . . oo .. 248
Example, observation on Polaris for azimuth, repetition method, Form 250__________.___. 252
Example, computation of azimuth, repetition method, Form 448 . ___________ .. .____ 253
Quadrilateral to illustrate C . e . 269
Illustrations of objects used as landmarks. . . e eecmieia- 284
Nomogram which may be used to determine z-correction of Form 26a_______________.._.. 331
Nomogram which may be used to determine y-correction of Form 26a____________________ 332

Nomogram which may be used to determine arc-sine correction of Form 26a._..__..._____ 333



MANUAL OF GEODETIC TRIANGULATION
INTRODUCTION

Geodetic triangulation is a very efficient method of controlling surveys over exten-
sive areas of the earth’s surface and is utilized in the basic horizontal control networks
of the major countries of the world. Triangulation is a method of surveying in which
the stations are points on the ground at vertices of triangles forming chains or networks.
In these triangles, the angles are observed instrumentally, and the sides are determined
by successive computations through the chains of triangles from selected triangle sides
called base lines, the lengths of which are obtained from direct measurements on the
ground. Triangulation in which the figure and size of the earth are taken into account
is called geodetic triangulation. The highest form of survey engineering is involved in
geodetic triangulation, necessitating extremely precise instrumental equipment and
observational techniques, capable and conscientious personnel, and detailed computa-
tions.

The data resulting from geodetic triangulation are primarily horizontal control data
which are expressed in the form of geodetic latitudes and longitudes (or equivalent plane
coordinate values) of definite established points and include the distances and azimuths
for all lines observed. These points are normally marked by bronze disks (most fre-
quently set in concrete monuments) but also include many prominent objects, such as
church spires, water tanks, and radio towers. Descriptions and geographic positions of
these established points are published for public distribution.

The basic horizontal control net of this country has many very important uses.
It provides a rigid framework for all types of accurate charting and mapping projects,
including the nautical and aeronautical charts of this Bureau; it serves in locating national,
State, and county boundaries, and will perpetuate the surveys of any private boundaries
which are connected to it; it enables local surveys and mapping of all kinds to be fitted
together and into the national mapping plan; it serves to increase the accuracy of and
to provide checks for local and city surveys, and for surveys of lower order; and it assists
in the perpetuation of marks established by such surveys. It is of over-all importance to
the nation for military defense both in furnishing a framework for correlated mapping
and for all activities concerned with long-range position control and accurate directions
and distances. Horizontal control also has a number of scientific uses including studies
of earth movement, figure of the earth, and other geophysical research. Because of its
widespread ramifications, provision of an adequate horizontal control survey network is
a function of the Federal Government.

Whereas horizontal control data may be obtained by either triangulation or traverse,
this manual does not cover the field methods of traverse but, in successive chapters, gives
discussions of the coordinated operations of reconnaissance, triangulation observations,
base measurement, azimuth determination, and special surveys.

Basic requirements for horizontal control were set forth in “Specifications for Hori-
zontal and Vertical Control” as approved by the Board of Surveys and Maps of the
Federal Government May 9, 1933. These specifications are printed on pages 260 to 267
in the appendix of this manual. The Board of Surveys and Maps no longer exists, having
been abolished in 1942. Instructions and specifications for triangulation of the U. 8.
Coast and Geodetic Survey are printed in chapter 2 of this manual.

Xi
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CLASSIFICATION OF HORIZONTAL CONTROL SURVEYS

The basis of classification of horizontal control surveys is the accuracy with which
the length and azimuth of a line of the triangulation or traverse are determined. Since
it is impossible to ascertain the absolute error in the determination of the length or
azimuth of each line of triangulation or traverse, indirect criteria must be used. On
triangulation, the principal criterion is that the length check between measured bases,
or adjusted lines, and the position closure (when applicable) shall not exceed the limits
given in table 1. These minimum requirements apply to all triangulation length
closures including loops and area triangulation. In general, most closures are much
better than the prescribed requirements. Since this criterion of length agreement
between bases cannot be applied until the necessary observations have been com-
pleted. other criteria, as listed in table 1 and defined in the specifications of chapter 2,
are applied as observations progress in order to maintain uniform accuracy along the
chain of triangles.

Schemes that are supplemental to the main triangulation are observed with the same
instruments and methods as are used for first-order observations. The allowable closures
are modified for this supplemental triangulation as listed in table 1 under the heading
of second-order. The resulting triangulation, which often approaches first-order accur-
acy and which is usually of much higher quality than that executed with second-order
methods and instruments, is called modified second-order triangulation. It is used
principally to extend area coverage of triangulation.

Table 1 shows the limits for the principal items of the specifications for first-, second-,
and third-order triangulation and traverse.

It will be noticed that the standards of accuracy prescribed in table 1 apply only
to the field observations. Other standards are used for the adjusted work. The process
of adjusting observations by the method of least squares makes the results consistent
throughout but does not remove all errors. If the observational errors are small and
indiscriminately plus and minus, then the adjustment will probably distribute them so
that there will be but a slight accumulation of errors; or, if the accumulation of error in
length between bases, or in azimuth between Laplace stations, is fairly constant in amount
and direction, then the adjustment will probably distribute the errors approximately where
they belong. Blunders and systematic errors of varying signs are not distributed correctly
by the adjustment process.

Under certain conditions the specified allowable error in the length of a line may be
found to be exceeded even when the triangulation meets the other specifications for that
particular grade of control. Where two points are close together, as compared with the
size of the triangulation figure of which they are a part, the distance between those
points may be in error in excess of that indicated by the class of triangulation of the
scheme. The accuracy of the computed length of any line can be estimated by com-
puting the £ R, from the base to that line in accordance with the formula for the strength
of figure as given on page 267.

Triangle closure and agreement in length are not the only standards for triangulation
which should be applied. It is possible by & lucky balancing of errors to secure small
triangle closures in a short scheme of triangulation even when the observations are below
standard. It is also possible to reduce triangle closures by omitting from the computa-
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tions observations which differ greatly from the mean. It may also happen that a
balancing of errors in computing a chain of triangles will result in a very small discrepancy
in length on the next fixed line. The accuracy of triangulation is perhaps best indicated
by the probable error of a direction, but since this gage of the work is not available until
after the adjustment has been made, the triangle closure and the agreement in length,
as given by the preliminary computations, are the best available field criteria. To insure
that the requisite accuracy is maintained throughout the triangulation, it is essential to
give careful consideration to the instrumental equipment and the methods of observing
in order that the systematic and accidental errors may be kept within the prescribed
limits and that no part of the triangulation will exhibit undue weakness.

The accompanying table (table 1) groups control surveys into orders and classes,
in accordance with certain standards of accuracy. The recommended spacing or
distance between survey stations is also indicated. These standards are primarily
intended for the guidance of Federal agencies in performing and classifying their control
survey operations. They were prepared by the Coast and Geodetic Survey in coop-
eration with other Federal agencies concerned in making control surveys or in utilizing
their results.

HORIZONTAL CONTROL

Generally, the density of permanently marked control points should be in direct
ratio to land values. In metropolitan areas and along interstate highway systems
a spacing at 1 or 2 mile intervals may be required and in rural areas of high land value
a spacirg of 3 to 4 miles may be desirable. Although wider spacing may suffice for
Federal topographic mapping, closer spacing may be needed for property surveys,
highway programs, transmission lines, reclamation projects, and numerous other
engineering activities. The more closely spaced stations should be so situated that
they are readily available to local engineers.

TRIANGULATION

Economic, engineering, and scientific progress has brought an increasing number
of requests for higher accuracies in basic first-order triangulation. The range of
accuracies is so great that it is necessary to divide first order into three classes so that
satisfactory standards of accuracy can be established.

First order, class I: The high value of land in urban areas, the study of small sys-
tematic movements in the earth’s crust in areas subject to earthquakes, and the testing
of military ‘equipment for the national defense require that the triangulation used by
engineers and scientists in these varied activities should have an accuracy of at least
1 part in 100,000. Extensive surveys of this nature should make adequate connec-
tions with the arcs that make up the national triangulation network. Surveys of
such accuracy are designated as class I of first order.

First order, class II: The basic national horizontal control network consists of
arcs of triangulation spaced about 60 miles apart in cach direction, forming areas
between the arcs which are approximately square. The arcs are planned as chains of
quadrilaterals or central point figures, so that the lengths of the sides may be com-
puted through two different chains of triangles. The program for the completion of
the network in the United States includes establishing area networks of triangulation



TABLE 1.—Requirements for Horizontal Control

TRIANGULATION

AIX

First order

Second order

Criterfon for— Third order
Class I (Special) Class II (Optimum) Class III (Standard) Class 1 Class II
Principal uses_ __________ ___-| Urban surveys, | Basic network___| All other_______ Area networks Coastal areas, Topographic
scientific and supple- inland water- mapping.
studies. mental cross ways and
ares in engineering
national net. surveys.
Spacing of arcs or principal | Stations: 1-5 Arcs: 60 miles. | Stations: 10-15 | Stations: 4-10 As required._ . ___ As required. -
stations.! miles or Stations: miles. miles. 5
greater as 10-15 miles. g
required. =]
Strength of figure: =]
ZR, between bases: E
Desirable limit_ . _____ 25 . 60 ... 80 .. 80. ... 1000 . 125. S
Maximum limit__________ 30 _____ 80 . _________ 110 _______ 1200 ______ 130 ... ___ 175.
Single figure:
Desirable limit:
S 5. ... 10, . ____. ) T 15 .. ___ 25 . 25.
Ry . 10 ____. 30 . _____ 50 . _ [ . 80 . . 120.
Maximum limit:
Ry . 100 _______ 25 . __. 25 . 25 .. 40 .. __ 50.
Ry . 15 ... 60__________. _ 80 . . . ___ 100 . _.___ 1200 ... ___ 170.
Base measurement:
Actual error not to exceed. .| 1 part in 1 part in 1 part in 1 part in 1 part in 1 part in
300,000. 300,000. 300,000. 300,000. 150,000. 75,000.
Probable error not to exceed-| 1 part in 1 part in 1 part in 1 part in 1 part in 1 part in
1,000,000. 1,000,000. 1,000,000. 1,000,000. 500,000. 250,000.
Triangle closure:
Average not to exceed_.____ | ) R ) LA "5 .. 3 5.
Maximum seldom to exceed.| 3'/____._________ 3 .. 3 . 8 .. 5 107",
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) First order Second order
Criterion for S A Third order
Class I (Special) ‘ Class II (Optimum) Class III (Standard) Class T Class 11
Side checks:
Ratio of maximum differ- | 1.5 o | 152 2 L 4. . o 10-12.
ence of logs of sides to
tab. diff. for 1’ of log sine
of smallest angle.
Or in side equation test, aver- | 073. . _ ___ ___| 074 _______| 074 S 0% . . __108 I AN
age corr. to direction not to
exceed.
Astro. azimuths:
Spacing-figures. . .. ___ . _| 6-8____ _ o 6=100 .. | 810... . .| 810__ .. ___ 10-12__. _o.| 12-15.
Probable error____ .. ___ 0"3 . IR X 1 SRR B | 1 SR B I 1 L S |05 ] 2%0.
Closure in length (also posi- | 1 part in 1 part in 1 part in 1 part in 1 part in I part in
tion when applicable) after 100,000. 50,000. 25,000. 20,000. 10,000. 5,000.
side and angle conditions
have been satisfied, should
not exceed.
TRAVERSE
First order Second order Third order
Number of azimuth courses between azimuth | 15 ___ . ... __ 25 .. 50.
checks not to exeeed.
Astronomical azimuth: Probable error of re- | 0%5__ . .. . ________ _____ 290 .. 570.

sult.

Azimuth closure at azimuth check points not
to exceed.?

Distance measurements accurate within___ ___

After azimuth adjustment, closing error in
position not to exceed.?

2 sec. YN or 1.0 sec. per sta-
tion.

1in 35,000______

0.66ft.yMor1in25,000__ __

10 see. /N or 3.0 sec. per sta-
tion.

1in 15,000 _ _

1.67 ft. /M or 1in 10,000.__

30 sec. /N or 8.0 sec. per sta-
tion.

1 in 7,500.

3.34ft. VM or 1 in 5,000.

N is the number of stations for carrying azimuth.
M is the distance in miles.

1 Additional stations of same accuracy may be interspersed among principal stations. . .
2 The expressions for closing errors in traverse surveys are given in 2 forms. The expression containing the square root is designed for longer lines where higher proportional accuracy is
required. The formula which gives the smaller permissible closure should be used.

NOILOAdOHULNI

AX



xvi INTRODUCTION

within these squares or loops formed by the arcs. To maintain satisfactory mathe-
matical consistency within the area networks, these basic ares should be measured
with an accuracy of at least 1 part in 50,000. Most of these primary arcs have closures
in leagth and position which are of the order of 1 part in 75,000 or 1 part in 100,000.
Triangulation of this standard of accuracy is designated as class II of first order.

First order, class III: There are many additional demands for first-order trian-
gulation within this national framework, and in some cases even independent of the
national net. State, county, and private engineering organizations as well as branches
of the Federal Government have need for horizontal control that would have a mini-
mum accuracy of 1 part in 25,000. Surveys of this accuracy have long been recog-
nized both nationally and internationally as first order and have attained the status of
a widely accepted standard.

In the adjustment of the first-order national network, the surveys of class I will
have precedence and should not be distorted to adjust them to surveys executed under
the specifications of class II. When the surveys of class III are rigidly adjusted to the
basic network, their accuracy should be improved.

The placing of first- or second-order control points within the loops of the basic
network requires the extension of area networks, cross arcs, or traverses. These
specifications list two classes of second-order triangulation.

Second order, class I: This class includes the networks covering the areas within
the arcs of the basic network and, if area nets are not feasible, it includes the cross arcs
which would be used to subdivide the area. The internal closures of this class of survey
should indicate an average accuracy of 1 part in 25,000, with no portion less than 1 in
20,000. This class approximates very closely what heretofore has been considered
modified second order.

Second order, class II: This class of triangulation is used to establish control for
hydrographic surveys along the coastline and inland waterways. It may also be used
for further breakdown of control within any of the higher classes of triangulation.
This class of survey or any of the higher classes may be used by engineers for control-
ling extensive property surveys. The minimum accuracy to be allowable in class II
of second order is 1 part in 10,000.

Third-order triangulation: Triangulation of this order should be supplemental to
triangulation of a higher order for the control of topographic or hydrographic surveys,
or for such other purposes for which it may be suitable. Although it will usually be
established as needed for a specific project, third-order triangulation should be perma-
nently marked, and azimuths should be observed to visible prominent objects, so that
the work may be available for future projects and miscellaneous uses in the area.
Points located by third-order triangulation may be expected to have an absolute posi-
tion determination within 10 feet or less in relation to the adopted datum defined by
higher order positions in the area. The work should be performed with sufficient ac-
curacy to satisfy the standards listed in Table 1.

Standards for surveys below third order are not included in these classifications.

BASES

Bases for the control of the lengths of lines in the triangulation should be measured
by appropriate methods and instruments, so that the standards in table 1 are satisfied.
Recent developments in electronics indicate that accuracies comparable to those ob-
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tained with invar tapes may be expected from the Bergstrand geodimeter or similar
instruments. The intervals between bases should be such that the standards regard-
ing strength of figure (ZR,) also are satisfied.

TRAVERSE

Traverses are used to supplement all orders and classes of triangulation, and to
provide closer and more adequate spacing of horizontal control points. A triangula-
tion net in an urban area provides a framework for a complete traverse network of first-
and second-order accuracies. It is neither economical nor feasible to use triangulation
for this closer spacing. There are some sections of the United States in addition to
these urban areas where traverse can be used efficiently to subdivide the basic network
and provide the fundamental spacing of control specified in the national program.

First-order traverses should preferably be connected to first-order triangulation
stations of class I or class II. If they are connected to class III of first order they
might be used and given some weight in the adjustment of this class of triangulation.
The minimum requirement of accuracy for a first-order traverse is 1 part in 25,000, yet
first-order traverse networks, properly executed, will average about 1 part in 40,000.
This value is expected and desired. Detailed standards are listed in table 1.

Traverses of second- and third-order accuracy are tied to triangulation or traverse
of the same or higher order. They are used extensively for cadastral or property sur-
veys and mapping. For property surveys, the value of the property should, in general,
determine the accuracy to be used. For map control, the scale of the map and the
positional accuracy required usually govern. Details of these orders of traverse are
also listed in table 1.

TRILATERATION

Electronic techniques are increasingly used for the measurement of distances and,
through the geometric combination of these distances, networks of trilateration or
traverse are developed. In general, the same standards in regard to position closure
may be applied as are used in triangulation and traverse.



Chapter 1.—RECONNAISSANCE
GENERAL STATEMENT

All triangulation is necessarily preceded by some form of reconnaissance to select
the station sites.

The general term ‘‘triangulation’ properly includes, in addition to the observation
of horizontal angles, the operations of reconnaissance, base measurément, and Laplace
azimuth observations, since the specifications for each must be decided upon with due
regard for the others. Starting with a base of specified accuracy, the computed lengths
of the successive triangle sides will gradually become less accurate until finally a new
base is necessary if the required accuracy is to be maintained. The strength of the
geometrical figures through which the lengths are carried by the triangulation process
and the accuracy of the observations are factors in determining the number of figures
between measured bases.

RECONNAISSANCE PARTY

Reconnaissance for triangulation is normally carried on by a separate field party,
usually operating well in advance of the observing party.

The requirements of reconnaissance are briefly discussed in this manual for the
information of triangulation parties. Special Publication No. 225, “Manual of Recon-
naissance for Triangulation,” discusses reconnaissance in detail.

A reconnaissance party usually consists of a chief of party with two assistants,
equipped with truecks, binoculars, altimeters, sextants, transits, compasses, protractors,
packboards, and tree climbers.

The reconnaissance party is furnished project instructions defining the arc or area
to be surveyed, specifying the class of triangulation required, stating the desirable spac-
ing of stations, outlining necessary connections to previously established surveys of the
Coast and Geodetic Survey and other organizations, and indicating the desired location
of base lines. Any unusual use to be made of the survey is also described. Sketches,
descriptions and geographie position data of existing triangulation stations, and available
maps and charts of the area are furnished.

GENERAL INSTRUCTIONS FOR RECONNAISSANCE
SPECIFICATIONS FOR FIRST-ORDER RECONNAISSANCE

All reconnaissance for first-order triangulation must conform to the following
specifications.

1. Character of figures.—The chain of triangulation between base nets shall be
made up of completed quadrilaterals or of central-point figures, with all stations occupied.
Single triangles should not be used on main-scheme arcs except by specific permission of
the Director.

It is desirable to have two ways of computing the lengths through each figure.
On the other hand, there should be no overlapping of figures and no excess of observed
lines beyond those necessary to secure a double determination of every length, except
as follows: In a four-sided central-point figure one of the diagonals may be observed; in
a figure used in expanding from a base the observation of additional lines is often desirable;

1
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and in a network of triangulation over a city or other wide area, a few overlapping figures
to meet special conditions may be used.

2. Strength of figures.—Strength of figure is an expression of the comparative pre-
cision of computed lengths in a triangulation net as determined by the size of the angles,
the number of conditions to be satisfied, and the distribution of base lines and points of
fixed position. Strength of figure in triangulation is not based on an absolute scale but
rather is an expression of relative strength. The number expressing the strength of a
triangulation figure is really a measure of its weakness, since the number determined by
formula increases in size as the strength decreases.

The strength of figure is derived from that portion of the formula for probable error
of a triangle side which is independent of the accuracy of the observations. An explan-
ation of the terms and the method of computing the strength of figure are given on pages

267 to 270.

In the chain of first-order triangulation of class 11 between base nets the value of
the quantity I :(D;(])E{&A?—{— 3485+ 857) must not exceed 25 for any one figure in the
selected best chain (call it 1)) nor exceed 60 in the second best (call it R;) in units of
the sixth place of logarithms. These are extreme limits never to be exceeded. The
quantities R, and R, are kept down to the limits 10 and 30 for the best and second-
best chains, respectively, whenever the estimated total cost does not exceed that for a
chain barely within the extreme limits by more than 25 percent. See table 1, p. xv,
for the limits for triangulation of classes T and III. The values of £ may readily be
obtained by the use of table 3 on page 268.

3. Length of lines.—A line of the first-order triangulation outside of the base nets
should in general not be less than 3 miles in length, if it is to be used directly in carrying
the length forward through the scheme, that is, if it is opposite a distance angle used in
computing R;. Lengths of lines of from 4 to 10 miles are most desirable in order to obtain
better distribution of stations for mapping control and local use. Lengths of lines in
various classes of triangulation are usually governed by the requirements of the project
instructions, by topographic conditions, and by strength-of-figure considerations.

4. Frequency of bases.—If the character of the country is such that a base site
can be found near any desired location, 2R, between base lines in triangulation of class
11 should be made about 60. This will be found to correspond to a chain of from 10
to 20 triangles, according to the strength of the figures secured. With strong figures,
relatively few base lines will be needed, and a corresponding saving will be made on
this phase of the work. If topographic conditions make it difficult to secure a base site
at the desired location, TR, may be allowed to approach but not exceed 80. See table
1, p. xv, for the limits for triangulation of classes I and II1.

" 5. Base sites and base nets.—In selecting basé sites it should be kept in mind that
8 base can be measured with the required degree of accuracy on any site where the
grade on any 50-meter tape length does not exceed 10 percent, and that narrow valleys
or ravines less than 50 meters wide in the direction of the base are not insuperable ob-
stacles to measurement. The length of each base should in general not be less than
4 kilometers. In each base net great care should be taken to secure as good geometric
conditions as possible. There should be no hesitancy in placing the base on rough
ground, provided the roughness is not greater than that indicated above, if by doing so
the geometric conditions in the base net are improved. Each base net should not be
longer than two ordinary figures of the main chain between bases.
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6. Stations near cities.—There should be established in or near the city limits of
all cities and towns of more than about three thousand population at least one triangu-
lation station which may be located from two or more stations of the main scheme.
Base lines should be measured near cities with a population of about 100,000 or more.

7. Connections to existing triangulation.—In starting from or connecting with
either first- or second-order triangulation, it is important to consider the strength of the
previously determined connecting line. Observations shall always be made from the two
ends of that line upon a third point of the existing triangulation as a check on thé re-
covery of the old stations. (See p. 14.) Even when connecting to third-order tri-
angulation it is better if possible to connect with a line rather than a point, for the com-
parison of the lengths of the line common to the two systems of triangulation may give
information of great value in adjusting the weaker scheme. Connection in position
alone, namely, to a single point, or in position and azimuth, namely, to a single point,
but with a direction observed from that point to another old station, may sometimes
advantageously be made at intervals between the connections in length.

8. Connection to surveys of cther organizations.—Connections will be made to
monuments established by other surveying and mapping agencies, including the U. S.
Geological Survey, the U. S. Bureau of Reclamation, the U. S. Corps of Engineers, the
Mississippi River Commission, the Missouri River Commission, the Bureau of Land
Management (General Land Office), the U. S. Forest Service, and State geodetic organ-
izations; and to boundary monuments of States, counties, and reservations.

9. Project instructions.—Standard specifications for reconnaissance may be modi-
fied or strengthened still further by the project instructions. The maximum and de-
sirable limits of R, and R, of a single fizure may be smaller than those listed in table 1,
p. xv; also, length of main-scheme lines may be limited and additional supplemental
figures required. Instructions mayv also include directions for connections to bench
marks for use in trigonometric leveling, and state the desired spacing of these ties.

10. Supplemental figures.—For area triangulation and figures that are supplemental
to first-order triangulation, the following modifications should be made to paragraph 1:

(a) The network should consist of simple figures, preferably single triangles, to
avoid unnecessary observations and excessive computation.

(b) Chains or networks of single triangles shall have as many connections as practi-
cable to lines of equal or higher order. Normally, if a point can be determined from only
one known line, a chain of triangles should not be continued beyond that point unless
the chain is to be connected to another known line.

(c) Whenever any two stations are relatively close together, either the line between
them should be the observed side of a triangle, or the stations should be connected by
a traverse measurement.

(d) It is desirable that stations be established near crossroads, or at other points
easily identifiable on aerial photographs, whenever practicable.

11. Stations at airports.—Station sites should be selected at all airports within the
project area. The airport manager should be contacted relative to the most desirable
site. The signal-building party will be prepared to install such aircraft warning lights
as may be required.

12. Stations at colleges.—Points observable from two or more main-scheme stations
should be selected for occupation on or near the campus of all recognized technical col-
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leges and universities. The college authorities should be contacted relative to the
location.

13. Intersection stations.—As many prominent objects as possible, such as church
spires, water tanks, standpipes, towers, beacons, tall chimneys, and prominent mountain
peaks, should be selected as intersection stations. The three most suitable occupied
stations from which the intersection stations are to be observed should be indicated by
short rays from the intersection station’s symbol on the reconnaissance sketch.

14. Connections to bench marks.—Connections should be made to bench marks
wherever practicable. Bench marks may be used as reference marks at main-scheme
stations, or as station marks at supplemental stations. Where vertical angles are to
be observed, such connections are desirable about every third quadrilateral.

SPECIFICATIONS FOR SECOND-ORDER RECONNAISSANCE

The preceding specifications for reconnaissance for first-order triangulation also
apply to second-order triangulation, except as modified in the following paragraphs.

15. Character of figures.—The main scheme of the triangulation shall be made up
of figures of from four to seven points each, in which certain stations may be left un-
occupied as indicated under paragraph 16, “Strength of figures.” It may be reduced
in exceptional cases to a chain of single triangles with all angles observed where other-
wise the cost and time would be excessive. On the other hand, there should be no
overlapping of figures, except that in a four-sided, central-point figure one of the diagonals
of the figure may be observed, and with the above exception there should be no excess
of observed lines beyond those necessary to secure a double determination of every
length. It is permissible, however, to observe between stations which are not in the
same figure in order to avoid a back computation in locating supplementary or inter-
section stations. Observations over lines which will make the main scheme any more
complicated than that defined above will practically be wasted. If it is necessary to
occupy other stations than those in the main scheme in order to locate by intersection
certain stations which must be fixed to control hydrographic or topographic operations,
these additional occupied stations (which will be called supplementary stations) should
be connected with the main scheme by the simplest figures possible in which there is a
check. WSingle triangles with all the angles measured will, in general, be sufficient for the
purpose. (See par. 10 for area and supplemental triangulation.)

16. Strength of figures.—In second-order triangulation of class I the value of the

D-¢C

quantity R=—D—E[5A2+5453+632] for any one figure should not, in the selected best

chain of triangles (call it R;), exceed 25, nor in the second best (call it R) exceed 100 in
units of the sixth place of logarithms. In second-order triangulation of class II the
limits shall be 40 and 120 for R, and R,, respectively. These are outside limits never to
be exceeded except when it is extremely difficult under existing conditions to keep
within them. The quantities R, and R, should be kept down to the limits 15 and 70
for class T (25 and 80 for class II) for the best and second-best chains, respectively,
whenever the estimated total cost does not exceed that for the chain barely within the
extreme limits by more than 25 percent. One station in each quadrilateral or central-
point figure may be left unoccupied or certain lines in a figure may be observed over in
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one direction only, if the values of R, and I, do not exceed the specified limits and if a
considerable saving of time can be effected thereby. When a supplementary station is
connected to the main scheme by a single triangle, the angle at the supplementary sta-
tion should be greater than 30° if possible.

17. Frequency of bases.—If the character of the country is such that a base site
can be found near any desired location, ZI?; between base lines, whether these are actu-
ally measured base lines or lines of first-order triangulation used as bases, should be made
about 80 for class I, 100 for class II. This value will be found to correspond to a chain
of from 10 to 25 triangles, according to the strength of the figures involved. With strong
figures, relatively few measured base lines will be needed, and a corresponding saving will
be made on this part of the work. Tf topographic conditions make it difficult to secure
a base site at the desired location, Z/2, may be allowed to approach but not to exceed 120
for class I, 130 for class II. There will be danger, when this is done, that an intervening
base will be necessary to meet the requirements stated in the next sentence. If in any
case the discrepancy between adjacent bases is found to exceed 1 part in 20,000 for class
1, 1 part in 10,000 for class 11, after the side and angle equations have been satisfied, an
intermediate base must be measured or the angle observations made more accurate.

SPECIFICATIONS FOR THIRD-ORDER RECONNAISSANCE

The same principles and methods are applied in reconnaissance for third-order
triangulation as for that of a higher order, though the allowable limits of some of the
controlling factors are different, as noted below.

18. Strength of figures.—In the main scheme the value of R, (see p. 269) for any
one figure must not exceed 50, and that of R, for the figure must not exceed 170, except
when conditions are such that it is very difficult to keep within these limits. The quan-
tities R, and R, for a single figure should be kept down to 25 and 120 for the best and
second-best chains, respectively, whenever the total estimated cost for the reconnaissance
and observing does not exceed that for the chain barely within the extreme limits by
more than 25 percent.

19. Frequency of bases.—When a base site can be found near any desired location,
2R, between base lines, whether these are actual measured bases or lines of first- or
second-order triangulation used as bases, should be made about 125. Where topographic
conditions make it difficult to measure a base near the desired location, TR, between
bases may be increased but should never greatly exceed 175. When this upper limit is
approached an intervening base may be necessary, for if the discrepancy in length be-
tween bases exceeds 1 part in 5,000, after the side and angle equations have been satis-
fied, either an intermediate base must be measured or the angle observations made more
accurate.

RECONNAISSANCE FIELD PROCEDURE

The field party plots existing triangulation on available maps and then lays out on
the map a desirable preliminary scheme that fulfills the requirements of the Specifications
and of the project instructions. The points selected in this preliminary scheme are
then visited in the field, and the scheme is revised as necessary to obtain suitable points
for the necessary intervisible signals. Doubtful lines are given detailed investigation.
The formula for determining heights of signal necessary to clear an intervening obstrue-
tion and the table of corrections for curvature and refraction are included on page 271.
(See Special Publication No. 225 for complete discussion of reconnaissance methods and
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procedure.) Special effort should be made to avoid having any obstructed lines. With
a steel-tower party, an obstructed line usually costs the loss of a day or more to one or
two observing units, a tear-down party, and a building party and adds to the unit cost
of operation. It is also economically important that as many stations as practical be
in locations to which trucks may be driven.

The final selection of a station site is a compromise of several requirements which
are principally: Intervisibility of stations, permanence of marks, strength of figures,
wishes of property owners, accessibility to the triangulation party, and availability of
the station for future use of surveyors, both governmental and private.

DATA FURNISHED TRIANGULATION PARTIES

The final product of the work of a reconnaissance party is the information furnished
the triangulation party. This is submitted to the Washington Office in the form of a
neat sketch of the scheme and reconnaissance descriptions for each station site selected.
Multiple copies of these are made and furnished the triangulation party.

RECONNAISSANCE SKETCH

To be of maximum value to the triangulation party, the sketch should show:
Main scheme by double-weight lines.

Supplemental scheme by single-weight lines.

Intersection stations with short rays toward observing stations.

New stations with a triangle A.

Recovered stations with a triangle inscribed in a circle®.

Intersection stations with a small circle ©.

Parallels of latitude and meridians of longitude.

Statute mile scale (graphic); and inches to mile scale (equivalent).

True north and magnetic north.

Title label including State, date, project number, and personnel, similar to:

—

UNITED STATES COAST AND GEODETIC SURVEY
LEO 0. COLBERT, DIRECTOR
RECONNAISSANCE SKETCH

FIRST-ORDER TRIANGULATION

PROJECT G-555

MICHIGAN
HILLSDALE TO SAGINAW
........................ CHIEF OF PARTY
........................ ASSISTANT

JULY, 1930

11. Station names in capital letters near each station symbol. (A special effort
should be made to obtain the correct spelling of names.)
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12. Recovered station names followed by date of establishment.

13. Height in feet of signal required near each station name.

14. Approximate time of climbing at all pack stations.

15. A “D” after the name of each drive station, unless all stations on a sketch are
stations to which a truck can be driven.

16. Roads with dashed lines (main highways and roads to all drive stations).

17. Highway numbers on roads, followed by a small letter to show condition, such
as p. — paved; g. — gravel; d. — dirt.

18. Rivers sketched in and named, and road crossings indicated.

19. Towns with concentric circles; i.e., one circle for towns of less than 100 popu-
lation, two circles for towns of between 100 and 1,000 population, three circles for towns
of between 1,000 and 10,000 population, etc. Large cities may be indicated by cross
hatching.

20. Names of towns, using a different style of lettering from that used for station
names.

21. Initials after names of stations of other organizations, such as (USE), (USBR),
ete.

22. Bench marks for trigonometric connections in mountainous regions.

23. Traverse ties in parentheses below station names, such as (USE tie), (GLO
tie), (BLM tie), (USGS tie), etc.

The final sketch should be carefully checked against the rough field sketch and
notes before being forwarded to the Washington Office.

RECONNAISSANCE DESCRIPTIONS

Reconnaissance descriptions of stations should include the following data:

1. General location with respect to State and county, and distances and directions
from larger towns or other well-known and easily found features.

2. Location with respect to local features, namely settlements, highways, topo-
graphic features, township, range, section, etc.

3. Land ownership and whether consent of owner has been obtained to establish
a station and special agreements, if any. (The reconnaissance party should obtain
permission to enter upon private property to establish a station in all cases including
those which may require correspondence. The observing party should be furnished all
details.)

4. Directions for reaching the station starting from sizeable towns, adequately
describing roads and junctions, stating mileages, and including descriptions of alternate
routes, if advisable.

5. Detailed location with respect to roads, fence lines, buildings, trees, etc., includ-
ing directions and paced or measured distances, and notes of special markings.

6. Special information such as location of supplies, state of cultivation, arrange-
ments about crop damages, amount of clearing, special types of marks required, seasonal
or wet-weather restrictions, etc.

7. Height and type of signal required.

A brief summary of additional instructions to reconnaissance parties regarding
descriptions is as follows:
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1. Check the spelling of all proper names and in particular the names to be given
to stations and names of property owners.

2. For all except drive stations, state amount of back packing or horse packing re-
quired, or whether boat, plane, or other means of transportation is advisable. Indicate
where proposed means of transportation can be hired.

3. Use the nearest towns or crossings of main numbered highways shown on standard
highway maps as initial points for highway mileages shown in giving distances to station
sites.

4. Show both direction of turn and new course, such as—Turn left (west).

5. Do not use the expression ‘“Follow main travelled road” unsupported by addi-
tional information.

6. For recovered marks, include information on any work necessary to repair the
monuments.

7. In describing marks of other organizations include complete data on the type
and condition of existing marks. Include any old descriptions that are available.

8. Check sketch and descriptions against each other before forwarding them to the
Washington Office.



Chapter 2.—TRIANGULATION
GENERAL STATEMENT

Triangulation is a method of surveying in which the location of a new point is de-
termined from the mathematical solution of the triangle whose vertices are the new point
and two other points of known position. The length and azimuth of the known side of
the triangle are determined by accurate field measurements or from the computation of
a previous triangle. The angles of the triangle are determined by accurate field meas-
urements. Using these angle measurements, the lengths and azimuths of the two un-
known sides of the triangle and the geographic position of the new vertex point are
computed. The vertices (or triangulation stations) are permanently marked or monu-
mented points. Successive points are computed through a continuous chain of triangles.
These triangles may be in quadrilaterals, central-point polygons, or complex networks,
designed to comply with the standards of a class of triangulation and the requirements
of a project. Triangulation is required in executing surveys of high accuracy over
large areas, particularly in areas of rugged terrain, and for precise surveys in small areas
where traverse cannot be used economically.

First-order triangulation is the term applied to the highest grade of triangulation.
It is attained by the use of precision instruments and methods, and by adherence to
certain accepted high standards of accuracy.

This chapter will define and discuss the specifications and field operation methods
now used by the U. S. Coast and Geodetic Survey to obtain triangulation surveys of
first-order, modified second-order, second-order, and third-order accuracy.

GENERAL INSTRUCTIONS FOR TRIANGULATION

The general instructions for first-order and modified second-order triangulation are
contained in the following specifications. Specifications for second- and third-order
triangulation are contained in the sections which follow the first-order specifications.
Specifications for the collateral operations of reconnaissance, base measurement, and
azimuth observations are listed in this manual under their respective subjects.

SPECIFICATIONS FOR FIRST-ORDER TRIANGULATION

1. Figures.—The scheme and figures for first-order triangulation shall be designed
in accordance with specifications for first-order reconnaissance as listed in chapter 1 in
paragraphs 1 to 5 inclusive.

2. Length requirement.——For first-order triangulation, the discrepancy between a
computed length and the measured length of a base or the adjusted length of a check
line shall not exceed 1 part in 50,000 for class I (1 in 100,000 for class I and 1 in 25,000
for class III), after the aungle and side conditions have been satisfied.

3. Angle requirement.—For first-order triangulation, the closure of.each triangle
shall not exceed 3 seconds and the average closure of the triangles shall seldom exceed
1 second. The closure of a triangle is the difference between the sum of the observed
angles and 180° plus the spherical excess, the amount by which the sum of the angles
of a spherical triangle exceeds 180°. (See p. 272 for formula.)

4. Side checks.—For first-order triangulation, the following limits shall be used in
obtaining satisfactory side checks. For a regular quadrilateral in which the triangles

9
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have been closed by applying one-third of the error of closure to each angle, the log-
arithms of the length of a side, as computed through the R; and R; chains, should not
differ by more than one and a half to two times the tabular difference for one second
of the log sine of the smallest angle entering into the computations of that length.
(See table 1, p. xv.) For figures other than regular quadrilaterals, a comparable limiting
value for side checks can be obtained by multiplying the tabular difference for one
second of the smallest angle used in the computation by one-half of the total number of
triangles involved.

Side equation tests may also be applied. The average correction to a direction
obtained by dividing the constant term of the equation by the sum of the coefficients
of the other terms without regard to sign should not be greater than 0.4 second for
classes 1T and TII (0.3 second for class 1). Side equation tests should be applied to all
figures with excessive side closures in order to help isolate the error and to indicate the
station vequiring a reoccupation.  Using the short form of the side equation test which
is described on page 165, the mean correction to an angle should not exceed an average
of 077 for a first-order arc or arca; should seldom exceed 0”7 for any figure; and,
should not exceed 270 even in the exceptional case of an equation using only one
small angle.

5. Instruments: In general, direction instruments of the highest grade should be
used on first-order triangulation. Repeating theodolites are used only when the station
to be occupied is in such a position as to be difficult of occupation with a direction in-
strument or when there is doubt that the instrument support is of su¢h a character as
to insure that the movement of the observer about the instrument does not disturb it
in azimuth. Such conditions may occasionally occur on lighthouses, buildings, or in
rough terrain. Also under these conditions, instead of a repeating theodolite, an opti-
cal reading theodolite, such as the Wild, may be used, measuring each angle separately
and closing the horizon.

6. Circle settings.—At each station occupied with a direction theodolite, the angles
between lines of sight to stations observed upon will eventually be determined by taking
differences between their relative directions expressed in angular measure. One measure,
with the telescope both direct and reversed, of the horizontal direction from the arbitrarily
selected initial station to each of the other stations is called a position. For greater
precision, the means of a number of positions determined with various initial circle
settings are used for the final observed values of the directions, each position being given
a number corresponding to the circle setting of the initial pointing. In order that the
readings of the micrometer microscopes may be uniformly distributed around the grad-
uated circle during the measurement of any set of directions, the graduated cirele should
be oriented to give successive readings on the initial station corresponding approximately
to the settings listed in table 2.

Settings given in table 2 are for the “A’’ micrometer and with the telescope reversed
on alternate positions require changing the circle almost 180° in orientation for each new
position. When observations are made at night the differential temperature effects are
negligible, therefore at even-numbered positions where observations are to be begun with
telescope reversed it is permissible to add 180° to the settings listed, which in effect
changes the orientation of the plate only about 11 degrees for each of the 16 positions.

The pattern of the minutes and seconds in the settings tabulated provides for a
compensating distribution of the small errors due to the run of the micrometers. (See
p. 277.)
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TABLE 2.—Circle sellings

Circle initial settings for direction theodolite
2-micrometer theodolite

TWO POSITIONS OF CIRCLE

11

Circle settings for a repeating theodclite with a 10-minute
circle and two 10-second verniers

TWO SETS
Set No. Setting
Qo ! i1
1 0 00 00
2 90 03 30
THREE SETS
1 0 00 00
2 60 03 30
3 120 o7 00
FOUR SETS
1 0 00 00
2 45 02 30
3 90 05 00
4 135 07 30
SIX SETS
1 0 00 00
2 30 01 40
3 60 03 20
4 90 05 00
3 120 06 40
6 150 08 20

Settings for Wild T-3 theodolite

Position | 1 division of 1 division of 1 division of
0. circle =4’ circle =5’ circle =10’

o ’ fll -] 1 ” - ’ "

1 0 01 00 0 01 00 0 02 30
2 90 03 00 9% 03 40 90 07 30

FOUR POSITIONS OF CIRCLE
1 0 00 30 0 00 40 0 01 20
2 45 01 30 45 01 50 45 03 50
3 90 02 30 90 03 10 90 06 20
4 135 03 30 135 04 20 135 08 50
EIGHT POSITIONS OF CIRCLE
1 0 00 30 0 00 40 0 01 20
2 22 01 30 22 01 350 22 03 50
3 45 02 30 45 03 10 45 06 20
4 67 03 30 67 04 20 67 08 50
5 9 00 30 90 00 40 90 01 20
6 112 01 30 112 01 50 112 03 50
7 135 02 30 135 03 10 135 06 20
8 157 03 30 157 04 20 157 08 50
TWELVE POSITIONS OF CIRCLE
[One division of circle =5 minutes]
2-micrometer theodolite “ 3-micrometer theodolite
St l s
Pof\'xéx‘un Setting ! Polsivxél.on Setting
o ’ 1 o 14 ”
1 0 00 40 1 0 00 40
2 15 01 50 2 15 01 50
3 30 03 10 3 30 03 10
4 45 04 20 4 45 04 20
5 60 00 40 5 65 00 40
6 75 01 50 6 80 01 50
7 90 03 10 7 95 03 10
8 105 04 20 8 110 04 20
9 120 00 40 9 130 00 40
10 135 01 50 10 145 01 50
11 150 03 10 11 160 03 10
12 165 04 20 12 175 04 20
SIXTEEN POSITIONS OF CIRCLE

1 0 00 40 1 0 00 40
2 11 01 50 2 15 01 50
3 22 03 10 3 30 03 10
4 33 04 20 4 45 04 20
5 45 00 40 5 64 00 40
6 56 01 50 1] 79 01 50
7 67 03 10 7 94 03 10
8 78 04 20 8 109 04 20
9 90 00 40 9 128 00 40
10 101 01 50 10 143 01 50
11 112 03 10 11 158 03 10
12 123 04 20 12 173 04 20
13 135 00 40 13 192 00 40
14 146 01 50 14 207 01 50
15 157 03 10 15 222 03 10
16 168 04 20 16 237 04 20

Position . Micrometer
No. Circle readings
° 4
1 0 00 10 units
2 1n 00 25 units
3 22 00 35 units
4 33 00 50 units
5 45 00 10 units
6 56 00 25 units
7 67 00 35 units
8 78 00 50 units
9 90 00 10 units
10 101 00 25 units
11 1n2 00 35 units
12 123 00 50 units
13 135 00 10 units
14 146 00 25 units
15 157 00 35 units
16 168 00 50 units
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Sixteen positions shall be observed on first-order and modified second-order triangu-
lation. In exceptional cases, the number of acceptable positions may be reduced to 12
or even 10 on one or more directions at a station if the triangle closures have been
satisfactory and if observations necessary to obtain the missing measurements would
require an extra day or more at the station. However, every effort should be made to
obtain 16 positions.

At each station occupied with a repeating theodolite, the angles between adjacent
stations are usually measured by sets of six direct and six reversed repetitions of each
angle. The initial circle settings for successive sets are also listed in table 2. Six sets
are observed on first-order and modified second-order triangulation, although the
occasional omission (or rejection without reobservation) of one of the sets is per-
mitted when satisfactory triangle closures are obtained.

7. Rejections.—For first-order triangulation, any measurement of a direction
deviating by more than 4 seconds from the mean shall be rejected and reobserved,
using the same position setting.

8. Incomplete sets.—In the event that one or more lights are not visible during all
or a part of the time that observations can be made upon other stations, observations
are continued on as many lights as are visible. Little time should be spent in waiting
for a station light to show. When a broken set.is observed, the missing stations are to
be observed upon later in connection with the chosen initial or some other one, and only
one, of the stations already observed in that set. With this system of observing, no
local adjustment is necessary. When a new initial is used for observations upon one or
more stations in all positions of the circle, the regular tabulated position settings may
be used on the new initial; but, when a new initial is used to complete a set on a station,
that position angle between the old and the new initial should be added to the setting
for each position given in the table in order to distribute the readings on each station
properly about the circle.

The values of a direction determined from two or more sets of 12 or more positions
should be given equal weight, regardless of whether observed on the same night or on
different nights. When two sets of 12 or more positions differ by more than 1 second, the
set which best closes the triangles is retained and the other set rejected. In case of three
sets, sometimes two sets which agree with each other must be rejected, and the third re-
tained. Usually the set or sets retained are thpse which are observed under the least
harmful conditions of horizontal refraction. When there are more than two sets, any
set which falls within one-half second of the individual or mean value which best satisfies
the triangles should also be meaned with that value.

9. Obstructed lines.—Obstructed lines on first-order triangulation which prevent
double determination of lengths should be corrected by extending the height of signals,
or by revising the figure. Revision of the figure is usually most readily accomplished
by adding a central-point station near the obstruction. In exceptional cases, the omis-
sion of an occasional R, diagonal on short arcs will be permitted. The requirement for
double determination of lengths should be strictly adhered to for work in large unsurveyed
areas.

In second-order area triangulation that is supplemental to first-order triangulation,
connected networks of single triangles may be used. These figures can usually be re-
arranged to effect a substitution should there be obstructed lines. In rearrangement,
unsupported spurs of single triangles consisting of more than one triangle should be
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avoided. It is also desirable to avoid placing two stations relatively close together unless
they are connected.

10. Supplemental triangulation.—For triangulation that is supplemental to first-
order triangulation, specifications for second-order triangulation (see p. 16) will be mod-
ified and improved as follows. Sixteen positions will be observed with a first-order
theodolite, following the criteria: (1) Any measurement of a direction deviating by more
than 5 seconds from the mean shall be rejected and reobserved, using the same position
setting; and (2) a station in the supplemental scheme will be reoccupied only when the
closure of a triangle involving that station is more than 5 seconds. The mean of the
triangle closures shall not exceed 1.5 seconds for class 1 of second order or 3 seconds
for class II of second-order triangulation.

In addition to improved average accuracy, modified second-order triangulation
provides economy of operations. If only eight positions were taken it might often be
necessary to reobserve; with 16 positions observed it is seldom necessary to reoccupy
stations to improve closures. The most time-consuming work in occupation of a station
is transportation and station preparation. Actual observing of 16 positions at a normal
station can usually be completed in less than 2 hours.

11. Side checks, supplemental figures.—For triangulation that is supplemental to
first-order triangulation, and is not to be used for further extension of control, the fol-
lowing limits shall be used. For regular quadrilaterals, in which the triangles have been
closed by applying one-third of the error of the closure to each angle, the limit of the
side check shall be two to four times the tabular difference for one second of the log
sine of the smallest angle entering into the computation. (See table 1, p. xv.) For
figures other than regular quadrilaterals, a comparable limiting value for side checks
can be obtained by multiplying the tabular difference for one second of the log sine of
the smallest angle used in the computation by the total number of triangles involved.

For all figures where side equation tests are used, a limit of 0.6 second for an average
correction to a direction is specified for second-order triangulation of class I. The limit
is 0.8 second for class I1. Using the short form of the side equation test which is
described on page 165, the mean correction to an angle for modified second-order
triangulation should not exceed an average of 172 for an arc or area, should seldom
exceed 172 for any figure, and should not exceed an upper limit of 370 even in the
exceptional case of an equation using only one small angle.

12. Intersection stations.—At each occupied first-order or modified second-order
station, directions will be taken (with four positions, using first-order theodolites) onobjects
such as church spires, water tanks, towers, standpipes, lighthouses, prominent mountain
peaks, and tall chimneys. A line of the occupied scheme should be used as an initial
direction. (See par. 13 of ch. 1 on p. 4.)

The descriptions and the lists of directions should leave no doubt as to the exact
points of various objects sighted upon. If an object is too large to bisect readily and
accurately it is best to observe on its tangents.

It is important to have three lines to each intersection station in order to secure a
check upon its position, but an intersection station which can be positively identified,
should not be’ignored because only two lines to it can be secured.

Prominent objects which are visible from the ground should be observed for addi-
tional azimuth points even when it is not practical to secure observations from other
stations. Also, where there is a scarcity of intersection stations, observations should
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be made on prominent objects (visible from tower or ground) in order to furnish ad-
ditional azimuths for photogrammetric use.

13. Connections to established triangulation.—In making line connections to es-
tablished triangulation, check angles to a third previously established station shall be
observed from each end of the line, except where the work connected to has been
accomplished within the past two years. Any unusually large discrepancy that cannot
be reduced by field investigation should be called to the immediate attention of the
Office. (See par. 7 of ch. 1 on p. 3.)

Observed angles should normally check the previously observed angles within less
than 3 seconds. When the value exceeds 1.5 seconds, a second set of 16 positions should
be observed if this would not delay the progress of the work. If the value exceeds 3.0
seconds, additional investigation and report should be made. In case the values of
previously observed angles are not furnished with the data accompanying the project
instructions, they will be furnished by the Washington Office on request. If the dis-
crepancy is in excess of 2 seconds the Washington Office should be notified.

In cases where the old station cannot be recovered, a new station should be established
nearby and after the field position has been determined, an inverse computation between
the two stations should be made. A further attempt at recovery should be made using
the computed azimuth and distance. Should the old station be found, a precise connec-
tion to the new station should be made.

14. Marks.—Detailed specifications for marking stations are given on pages 84 to 95.

Each station will be permanently marked. Surface and underground marks are to be
used where local conditions permit. There should be at least two reference marks at
each triangulation station. These should be so located as to avoid the probability of
both being disturbed by the same cause, and they should be set so that the angle at the
station between these marks will approach 90°, if possible.

An azimuth mark is to be established at each station in a location that will be visible
from the ground at the station and not less than Y4 mile distant. The primary purpose
of azimuth marks is to furnish accessible azimuths to engineers and surveyors using
geodetic data. Azimuth marks will not be required where another triangulation station,
intervisible from the ground at a distance of not more than two miles, is available.

Since triangulation stations are sometimes used as magnetic stations they should
not contain iron or steel reinforcing material.

Observations made on azimuth marks should consist of at least 4 positions with a
first-order instrument. Observations on reference marks should consist of at least 3
positions with the direction theodolite or be made by closing the horizon with a transit.
Extreme care must be taken in centering the instrument over the station mark and in
leveling the theodolite so that the angles to nearby objects may be correctly measured.
Linear distances from the station to the reference marks shall be measured with the
steel tape in meters to thousandths and checked with a measurement in feet to hun-
dredths. Where it is at all practicable to do so, the distance between the reference
marks should be measured.

Standard witness posts should be established at stations as specified on page 89.

15. Connections to surveys of other organizations.—Connections by methods that
insure second-order accuracy will be made to monuments established by other agencies.
These monuments should be included in the scheme as occupied stations or connected
by short traverses. See pages 3, 89 and 115.
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16. Descriptions of stations.—A description on Form 525 shall be submitted for each
new triangulation station established. The descriptions of the intersection stations shall
be submitted on Form 526b, and whenever possible a personal visit to the site of the
intersection station shall be made to obtain information for the description.

Form 525 will also be submitted for each station of another organization for which
no position has been previously determined by the Coast and Geodetic Survey.

A thorough search should be made for all previously established stations within the
project area. A recovery note on Form 526 shall be submitted for each previously
established station recovered or for which a search has been made.

17. Landmarks for charts.—A report on Form 567, “Landmarks for Charts,”
should be submitted for those prominent objects and landmarks which should appear on
nautical and aeronautical charts. The positions given in latitude and longitude may be
those obtained from the field computations. Positions are given in seconds for points in
the interior of the country and in seconds and meters for points to be listed on nautical
charts (i.e. coastal points).

18. Vertical angle measurements.—Reciprocal observations of double zenith dis-
tances shall be made at all occupied stations in areas specified by project instructions.
Three determinations of the double zenith distance of each object will be made. Each
determination shall consist of one direct and one reversed pointing. If the separate
determinations of the zenith distance fall withim a range of 10 seconds, no further observa-
tions are required. If they do not, then additional observations will be made until a
satisfactory set is obtained. The telescope must be reversed between consecutive point-
ings on the same object in order to insure a separate and independent value for each
pointing. If the instrument is of unusual construction a sketch of the vertical circle and
verniers will be placed on the first page of each volume for each instrument, with a
notation whether diagram shows circle left or circle right (see p. 104).

The index correction of the vertical circle should be kept low, generally within two
or three minutes in order to facilitate checking and computation, and should not exceed
five minutes.

Unless called for in the project instructions, computations of elevations determined
by vertical angles are not made in the field, but a check on the consistency should be made
so that errors and omissions may be detected and corrected before the records are trans-
mitted to the Washington Office.

An approximate check may be made in the following manner: After the observations
have been reduced for t—o (see p. 184), multiply the length of the line (over which the
observations have been made) in kilometers by 0.46. The result should equal, very
nearly, the number of minutes by which the sum of the two zenith distances exceeds
180°. A difference exceeding about one minute will normally indicate an error in the
observations or computation, or unusual refraction conditions.

All computations and all transfers from the records to the abstracts and other entries
on the abstracts will be carefully checked in the field.

Observing procedure is described in detail on pages 103 to 106.

It is desirable that these observations be made between 12:00 noon and 4:00 P.M.
since refraction is smaller and more constant during that part of the day. When ob-
servations cannot be obtained to all stations during this period, then the vertical angles
to the stations omitted may be measured on lights at night. If thisis done, it is desirable
that observations should also be made on the lights of one or more of the stations on

494470 O -59 -3
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which vertical-angle observations were obtained during the afternoon period. When
frequent connections are made to bench marks, vertical-angle observations may be made
later than the time of least refraction, but then reciprocal observations should be made
at all stations at nearly the same time of day. Whenever practicable, connections
should be made to bench marks established by spirit levels and, in general, such con-
nections should be made about every third quadrilateral.

19. Base measurement and azimuth observations.—Base measurement and azimuth
observations are an integral part of the work of geodetic triangulation. Specifications
for and discussion of these important operations are treated separately in chapters 3
and 4 of this manual.

20. Field computations.—Unless otherwise directed by the project instructions, the
field computations shall be carried through the determination of geographic positions for
all stations, including supplemental and intersection stations. Original record books
should be forwarded to the Washington Office as soon as the record books, abstracts, and
lists of directions are checked. Records, descriptions, and computations are to be for-
warded monthly by registered mail to the Washington Office. No records are to be kept
on hand in the field more than one month. To prevent total loss in mailing, the abstracts,
lists of directions, and computations should not be sent on the same day as the original
record books involved. Final field computations and progress sketches are to be sub-
mitted within one month following the completion of an arc or project.

Permission to depart from the procedure outlined in this section must be obtained
from the Director.

21. Sketches.—A large sketch to scale showing the scheme in detail shall be sub-
mitted on tracing cloth for each project or season’s work. (See p. 191.)

A small (preferably 8- by 10l4-inch) generalized sketch showing types of work ac-
complished and locality covered are required for each project at the end of the fiscal
year. (See p. 192.)

22. Reports.—An informal mid-month report of progress in letter form is required.
(See p. 189.)

A formal report shall be made each month on Form 20, Monthly Report and Journal
of Field Party. (See p. 189.)

A detailed season’s report is required on completion of each season or project. (See
p. 190.)

An annual statistical report by projects is required at the end of each fiscal year.
(See p. 191.)

23. Recommendation of changes.—If at any time the local conditions are such that
in the opinion of the chief of party it would be advisable to change the triangulation
scheme or the program of carrying on the work, the Director should be informed and
any recommendations considered pertinent should be submitted.

SPECIFICATIONS FOR SECOND-ORDER TRIANGULATION

The preceding specifications for first-order triangulation also apply to second-order
triangulation, except as modified in the following paragraphs. Second-order triangula-
tion is frequently observed on pole targets by daylight. It is used principally in coastal
areas by the Coast and Geodetic Survey.

24. Figures.—Figures used shall be as described in paragraph 15 of chapter 1 (p. 4).
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25. Length requirement.— For second-order triangulation, the discrepancy between
a computed length and the measured length of a base or the adjusted length of a check
line shall not exceed 1 part in 20,000 for class I or 1 part in 10,000 for class IT, after the
angle and side conditions have been satisfied.

26. Angle requirement.—For second-order triangulation, the closures of each
triangle shall seldom exceed 5 seconds for both classes and the average closure of the
triangles shall not exceed 1.5 seconds for class I or 3 seconds for class II.

27. Side checks.—For second-order triangulation, the limits described in paragraph
11 shall be used as criteria for satisfactory side checks.

28. Instruments.—Either a direction or a repeating instrument may be used in
triangulation of this class, though the required results can usually be obtained more
quickly and economically with a direction theodolite with micrometers.

29. Circle settings.—The initial settings for successive positions observed with a
direction theodolite or successive sets observed with a repeating theodolite should differ
by amounts depending upon the number of positions or sets to be observed and the
number of micrometers or verniers on the theodolite. The interval in degrees between

. L, . 360 . .
successive settings is given approximately by the formula I = prved where I is the interval,

m the number of micrometers or verniers, and » the number of positions or sets. In
addition, the pattern of the minutes and seconds in the settings used should provide a
compensating distribution of the small errors due to the run of the micrometers or the
error of graduation of the verniers. The most commonly used circle settings are tabulated
in table 2 on page 11.

30. Observations with a repeating theodolite.—A set of observations should consist
of six repetitions of the angle with the telescope in the direct (or reversed) position, fol-
lowed immediately by six repetitions of the explement of the angle with the telescope
in the reversed (or direct) position. With the common type of 7-inch repeating theodolite
equipped with verniers reading to 10 seconds, the accuracy specified for second-order
triangulation will usually be obtained by making from two to three sets of observations
of each angle.

With a repeating theodolite, measure only the single angles between adjacent lines of
the main scheme, including the angle necessary to close the horizon. In the cases in
which the failure of adjacent signals to show at the sauie time prevents carrying out this
program, make as near an approach to it as possible and then take the remaining signals
in another series together with some one, and only one, of the signals observed in the
first series. Measurement of an angle which is the sum of two or more observed angles
should be avoided. With this scheme of observing, the only local adjustment made is
to distribute each horizon closure uniformly among the angles measured in that series.
Sets which contain only angles measured between the same stations may be meaned
directly. Other sets may be combined on summary or analysis sheets in the field in the
same manner as described on page 148 for combining abstracts of directions.

31. Observations with a direction theodolite.—Depending on the type of direction
theodolite available, from 6 to 12 positions are usually observed to secure second-order
accuracy. Any measurement of a direction deviating by more than 5 seconds from the
mean shall be rejected and reobserved, using the same position setting.

32. Intersection stations observed from second-order triangulation stations.—At
each occupied second-order station, observations will be taken on intersection stations
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as described in paragraph 12 on page 13 with the following exceptions. Observations
may be made with two positions of a direction theodolite provided they agree within
a range of 6 seconds (on well-defined objects). If more than two positions are observed
the regular 5-second rejection limit should be used. If observations are made with a
repeating theodolite, a set of three direct and reversed repetitions should be made of each
angle and the horizon should be closed. Objects which are not sharp and well-defined
should be included in separate sets using one and only one previously observed well-
defined signal in subsequent sets. It is usually undesirable to observe more than 6 to
10 objeets in a set (without closing the horizon). A line of the occupied scheme should
be included in each set of intersection station observations.

SPECIFICATIONS FOR THIRD-ORDER TRIANGULATION

The preceding specifications for higher orders of triangulation also apply to third-
order, except that the requirements are less rigid, thus permitting fewer observations
and smaller instruments. These requirements are summarized in the tabulation of
table 1 on page xv. Most third-order observations are made on pole targets by day-
light. Third-order triangulation has been largely replaced in the Coast and Geodetic
Survey by higher orders of triangulation.
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PREPARATIONS

The purpose of this section is to summarize the principal steps which are preliminary
to beginning field work by a Coast and Geodetic Survey triangulation party. For further
details, refer to Serial No. 685, “Regulations of the Coast and Geodetic Survey” and to
serial C. & G. S. circulars.

Field work in the Coast and Geodetic Survey is initiated by the Director who issues
instructions to a chief of party for a specific project. On receipt of the project instruc-
tions, the chief of party prepares estimates for all anticipated expenditures; makes
requisitions on the Washington Office for instruments, books, and stationery; makes
arrangements for transfer or purchase of equipment and consumable supplies; and
arranges for assembly of personnel. Normally, project instructions for triangulation
are issued to parties which are already organized and at least partly equipped for the
project. Although the chief of party should be qualified to organize and train a new
party, it is seldom necessary for him to organize an entirely new party. A skeleton force
of experienced personnel is usually transferred to a new party.

PROJECT INSTRUCTIONS

Project instructions are the detailed instructions issued by the Director for each
project. Geodetic projects are numbered serially preceded by a “G,” as G-840. Project
instructions designate the chief of party, name of project (usually by type of survey and
general locality), project number, date, and other preliminary conditions for beginning
project. Frequently a specific purpose of the project is mentioned. The specific project
is then defined, including limits, reference to reconnaissance sketches included, classes
of work, order or priority of operations, beginning and connecting lines, junctions, base
lines, and azimuths required, and appropriations to which expenses of operation are
chargeable. Project instructions refer to and include specifications of the General In-
structions (see pp. 9 to 18 of this manual) and appropriate instructions published in
other manuals of this Bureau, with any necessary additions or modifications required
for the project.

Data which are furnished the field party along with project instructions usually
include the following:

Reconnaissance sketches (about 25 copies for a standard party).

Reconnaissance descriptions (about 25 copies for a standard party).

Triangulation diagram of State.

Geographic positions of old stations.

Descriptions of old stations.

Data consisting of observed directions at old stations where check angles are required.

Standardization data for tapes.

Copy of reconnaissance party’s instructions.

Leveling index map of State (where vertical angles are required).

Elevations of bench marks (where needed for vertical angles or base lines).

Copies of existing maps of other organizations, such as Geological Survey quad-
rangles, Forest Service maps, and county maps.

Supplemental instructions may be issued, as work on the project progresses, to limit
the work or to define additional work.
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ESTIMATES

Estimates are prepared by the chief of party on Form 1 (Estimates) on receipt of
instructions for the project; or, for continuing projects and parties, by six- month periods
beginning 1 July and 1 January. The principal expenses are usually grouped under:
pay of personnel; consumable supplies; tools and equipment and other inventorial items;
rentals; repairs to trucks and equipment; hire of animals, tractors, and emergency vehicles;
liquidated damages to property; and miscellaneous expenses, such as tolls, shipping,
communications, and utilities. These items are arranged by monthly expenses where
practicable and otherwise as seasonal items. Where unusual expenditures are necessary
for putting the party in the field or taking the party from the field, these are shown as
separate items.

No expenditures can be made until the estimates are approved and an allotment is
made. The allotment may not necessarily be as much as the amount of the estimate.
Expenditures must not exceed the amount allotted.

Supplemental estimates (Form 493) shall be submitted when necessity arises for an
expenditure not covered by any previously approved estimate.

PROCUREMENT OF PERSONNEL

The total complement of a field party is limited by a personnel ceiling which is fixed
by the Washington Office. Personnel employed are further limited to the number and
positions approved in the estimates. Most of the personnel have Civil-Service ratings.
Party complements are filled mostly by transfers on official orders and from Civil-Service
registers. Usually a few temporary positions may be filled by the chief of party from
any qualified personnel available in the locality.

In moving personnel between projects, travel orders must be requested from the
Director for each individual, with the method of travel specified.

PROCUREMENT OF EQUIPMENT AND SUPPLIES

Typical lists of items used by triangulation parties appear on pages 278 to 282.

All instruments are requisitioned from the Washington Office on Form 12.

Stationery and forms are requisitioned from the Washington Office on Form 11a.

Technical books and logarithmic tables are requested from the Washington Office
by letter.

A few items of equipment such as tents, field desks, observer’s bags, and special
items are requisitioned from the Washington Office on Form 12.

Principal items of equipment such as trucks, towers, and tools may be obtained
from storage, by transfer from other parties, or by purchase. In general, trucks and
steel towers are purchased by the Washington Office. (See par. 899 of Regulations.)

Consumable supplies are purchased for delivery at the field base camp.

Items such as gasoline, oil, tires, batteries, and spark plugs are purchased on annual
Treasury or Navy contracts. Most mobile parties use credit cards for gasoline purchases
on these contracts. Items such as brushes, brooms, and canvas usually have to be
purchased from the Federal Prison Industries.

Facilities of the Federal Supply Service should be used for purchases of required
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classes of items, and for other classes wherever practicable. (Refer to pars. 881—4 of
Regulations.)

For certain purchases direct from dealers, the chief of party may issue invitations
for bids and award the contract.

Purchases may be made in open market (without contract) up to a limited amount
(usually $100). (See par. 892a of Regulations.)

Petty purchases not exceeding $5.00 may be made on sub-receipts. However, when-
ever possible, it is desirable to use the purchase voucher (Standard Form 1034) and to
make payment by Government check.

Except for sub-receipt and emergeney purchases, serially numbered purchase orders
(Form 98) issued by the chief of party should be used for all purchases.

TRANSFER OF PARTY

When a triangulation party is transferred from one chief of party to another the
following steps are taken:

1. Separate lists of instruments, general property, books, and accountable forms
such as Government bills of lading, tax exemption books, and identification cards are
itemized on Form 573. Note: Blank checks and transportation requests cannot be
transferred in the field.

2. Pay cards showing dates and amounts earned and amounts paid by each assistant
disbursing officer are initialed.

3. The new chief of party is furnished an itemized list of uncompleted field and
office work.

4. A season’s report to date on all completed or partially completed projects is
submitted.

5. A statement of allotment balances (Form 474) to date of transfer with careful
listing of outstanding bills is furnished. The new chief of party takes over party’s allot-
ment and assumes all proper outstanding bills.

6. Relieving chief of party telegraphs the Director, U. 8. Coast and Geodetic Survey,
on effective date of transfer: “Relieved ____________ as chief of party this date.”

MOVES BETWEEN PROJECTS

When a party shifts base between projects from a working area in one part of the
country to a working area in another part of the country, steel towers are usually shipped
by freight as carload shipments. Steel-tower shipments should be classified as structural
steel to obtain minimum rates.

In order to provide for continuous efficient operation of all un ts of a triangulation
party, the work in the area being completed should be so planned that a carload of
towers and an advance building unit can be sent ahead to begin signal building on a
new project from one to three weeks in advance of the main party.

ORGANIZATION

First-order triangulation, as now carried on by the Coast and Geodetic Survey, is
executed by mobile field parties usually operating from a central camp conveniently
located in each project working area. Transportation is generally by truck (except for
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pack horses in some mountain areas, and boat and airplane in remote sections, such as
Alaska). The basic building unit consists of from 2 to 5 men, depending on the type of
signal to be built. The building parties drill or dig holes for marks and tower footings,
mix the concrete and set the marks, build and collimate wooden or steel signal towers,
and clear any needed lines. On a standard steel-tower party, a special unit of 4 builders
acts as a tear-down unit. The basic observing unit consists of an observer, recorder, and
lightkeeper. The lightkeeper also reads the ‘“B’ micrometer. Triangulation parties
usually operate with from 2 to 4 observing units, with the necessary building units,
lightkeepers, and computers.

TABLES OF ORGANIZATION

Typical organization charts of first-order triangulation field parties are shown in
figures 1 and 2.

O-party is the designation of the first observing unit, OO-party is the designation
of the second observing unit, etc.

PERSONNEL

Personnel generally have professional or sub-professional Civil-Service ratings. Chiefs
of parties can usually hire a limited number of temporary non-Civil-Service personnel in
the working area. The duties of most of the field party personnel are quite flexible de-
pending on the current requirements of the project. Many of the older and more experi-
enced personnel can do any job on the field program. Most of the personnel are carried
under the title “Cartographic Survey Aid,” and may be shifted by the chief of party
to any necessary duty for which the man is capable. In addition to technical qualifica-
tions for the job, a common requirement of all field party personnel is good physical
condition with ability to climb mountains and to work on high survey towers, to drive
trucks, and to be adaptable to mobile camp life. All personnel should learn as much
of all field party duties as opportunity and time permit. In particular, each employee
should learn the duties of the next higher job to which he might be promoted.

Duties may change to meet various project requirements, and also to fit the capa-
bilities of the personnel available. Any employee on a triangulation party may be
assigned by a chief of party to any duty in which he is needed and which he is considered
capable of performing.

CHIEF OF PARTY

The chief of party is responsible for the efficiency and economy of operation of his
party in carrying out instructions issued by the Director. He sees that the party is
governed in accordance with the Regulations of the Coast and Geodetic Survey; that
the technical specifications for the surveys are rigidly adhered to; that economy in
expenditures is exercised; and that proper measures are taken to protect Government
property in his custody from loss or damage.

When bonded by the Secretary of Commerce as certifying officer and designated
as an assistant disbursing officer, he acts as a disbursing officer for Government funds
and complies strictly with the regulations of the Treasury Department and General
Accounting Office in matters relating to the custody and expenditure of funds.
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Figure 1.—Organization diagram, typical steel tower triangulation party (1949).
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He is responsible for the disposition of personnel and for the scheduling of opera-
tions so as to most effectively accomplish the field surveys and for seeing that the field
records and computations are complete and kept up to date.

CAMP ADMINISTRATION

Multiple-unit first-order triangulation parties normally operate from a base camp
with sub-camps where needed. This base camp is usually moved at about monthly
intervals so as to maintain a central location in the working area.

Base-camp sites are selected to fulfill as many of the following considerations as
practical: Proximity and accessibility to triangulation stations; availability of supplies,
including building supplies, food, drinking water, and electricity; suitable accomodations
for personnel; and economy of expenditures.

A contact man, usually the field foreman, makes the contract for the camp site
in advance of each move. Suitable temporary camp sites can occasionally be obtained
on property controlled by Federal, State, or local governments by obtaining a permit
from the proper authorities. Recreation parks and fairgrounds can usually be obtained
at very nominal rentals in off-seasons. It is sometimes necessary to rent space in a
commercial camp or in private fields. Whenever possible, it is desirable in the interests
of camp sanitation, morale, and efficiency of personnel to obtain camp sites with toilet
facilities, piped drinking water, shade, and a minimum of dust and mud. When toilet
facilities are not available, tents should be maintained over sanitary dug latrines. Camp
sites in or near small modern towns are most satisfactory. This also permits those
personnel who so desire to obtain room and board in town.

The camp layout is usually made by the field foreman with approval of the chief
of party. Living quarters should be placed farthest from the entrance where they will
be least disturbed by truck traffic. Usually, house trailers which are occupied mostly
by families are placed in one group, tents of bachelor personnel in another group, and
supply tents and office trailers in another group. Groups should have an orderly aline-
ment or arrangement. Trucks not in use should be kept parked in orderly lines.

At each move, definite details of personnel should be assigned for the following
duties: Digging and fill-in of latrines, piping water supply, making electrical connections,
loading and unloading supplies, setting up supply tents and office trailers, disposing of
rubbish, and policing of camp site. All personnel living in camp are required to keep
the camp, and in particular their immediate surroundings, clean and sanitary. In
addition, a detail, usually of two men daily, is assigned in rotation for general policing,
sanitation, and disposal of garbage and rubbish. Personnel living in house trailers pay
their own utility bills. An elected committee from these personnel usually handles
these utility funds and reports to the chief of party that all bills are paid before camp
moves.

The use of privately owned house trailers should be encouraged on a triangulation
party, since they provide a family home on a necessarily nomadic life, and therefore
are conducive to a happier and more permanent personnel.

Privately owned automobiles are personally convenient, but a part of each man’s
job on a mobile field party is to drive a truci.. Trucks have priority on a camp move,
and if the number of trucks exceeds personnel without private cars, some personnel
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will inevitably have to make private arrangements to move their private cars between
camps.

An outdoor glass-covered bulletin board should be maintained near the office trailers
for posting operation schedules and other announcements. A mail box should also be
maintained in the same vicinity.

A board for truck keys should be maintained in the office trailer and keys for all
trucks should be kept thereon when not in official use. Arrangements should be made
for turning in keys whenever trucks return to camp.

The storekeeper should keep a record in which individuals sign for instruments and
major items of equipment. The computer should keep a list on which observers receipt
for pre-numbered record books.
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INSTRUMENTS

A typical list of instruments used by a triangulation party is given on page 278.

Instruments in daily use are normally issued to the custody of personnel in charge
of various units and to individual personnel. The storekeeper keeps a record of all in-
struments and the individuals to whom assigned. He should keep all instruments not
in use in locked storage. The chief of party should make frequent checks to insure that
instruments are being cared for properly.

THEODOLITES

A theodolite is a precision surveying instrument used for the accurate measurement
of angles. It consists of an alidade with telescope, mounted on a base carrying an ac-
curately graduated horizontal circle, and equipped with necessary levels and reading
devices. The alidade usually carries a graduated vertical circle. There are two general
types of theodolites, namely, repeating theodolites and direction theodolites. A repeating
theodolite is so designed that successive measures of an angle may be accumulated on
the graduated circle. The reading of the accumulated sum is divided by the number
of repetitions to obtain the observed angle. With a direction theodolite the circle remains
fixed while the telescope is pointed on a number of signals in succession with the circle
being read for each direction. There are two principal types of direction theodolites:
In one the circle, usually graduated on silver, is read by equally spaced micrometer micro-
scopes (usually two which are diametrically spaced); in the other type, the circle grad-
uations are usually on glass and are read through a single auxiliary microscope by means
of prisms which bring diametrically opposite portions of the graduated circle into view,
along with a micrometer scale on which is read the proportional part of the movement
needed to bring opposite circle marks into optical coincidence.

The theodolite is the prinecipal instrument used in triangulation. The quality of
the theodolite has a direct relation to the quality of the results obtained. Direction
theodolites of the best workmanship are the preferred instrument for first-order tri-
angulation. Although a repeating instrument gives good results, its mechanical opera-
tion is not readily adaptable to an efficient observing program. Use of a repeating
theodolite on first-order triangulation is confined to stations where there is not room
for a direction instrument or where the support is unstable.

The Coast and Geodetic Survey has a number of instruments of various types and
designs, both of domestic and foreign make. The Parkhurst and Wild theodolites,
which are representative of their general types of direction theodolites, and a common
type of a repeating theodolite are described in the following sections of this manual.

Parkhurst theodolites.—The standard first-order theodolite of the Coast and Geo-
detic Survey is the Parkhurst theodolite with a 9-inch graduated circle (fig. 3). This
instrument was designed by D. L. Parkhurst, Chief of the Instrument Division of the
Bureau. It is generally favored by observers because of its eomparatively rugged and
simple construction and its ease of operation and adjustment.

The distinctive design features of this theodolite are its non-binding centers, ball-
bearing clamp ring, electrical connection through the central axis for illumination, dis-
continuous conical bearings for the horizontal circle, illuminated glass micrometer drums,
and improved designs for tangent-screw assembly, clamp-block assembly, and micrometer
mountings.
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Fi1cure 3.—Parkhurst first-order theodolite (9-inch circle).
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This theodolite has two micrometer microscopes which are attached to the telescope
standards and are easily adjustable. The micrometer drums read to seconds. The
nine-inch circle is graduated to five minutes. The micrometer box contains two sets of
parallel wires and a comb notched to minutes. Degree numbers are inscribed on the
circle. In reading the circle it is helpful to remember that the part of the circle being
read is at the center notch of the comb. The degrees and minutes can be read directly,
checking the minutes when necessary by the notches on the comb, and then reading the
seconds on the micrometer drum twice, once backward with the right pair of microm-
eter wires centered over the first circle graduation mark to the right of the comb center,
and then forward with the left pair of micrometer wires centered over the first circle
graduation mark to the left of the comb center. These readings should check to about
3 seconds provided the two sets of hairs are spaced properly. There are clamps and
slow-motion tangent screws on the horizontal motion of the alidade and the vertical
motion of the telescope. The circle has no clamps or slow-motion screw. It is held
fixed during observations by a friction disk and is easily set for a new position by hori-
zontal pressure and finger tapping on small knobs on the lower side of the circle plate.
The instrument has three leveling screws with a clamp screw on each. The plate level has
a sensitivity of about 15 to 20 seconds per division and is easily adjustable. Striding levels
are usually of 5 to 6 seconds in sensitivity, and are freely adjustable. One of the
standards is adjustable. The reticle ring is fully adjustable. The telescope has internal
focusing. Illumination of the telescope is controlled by a rheostat and also by a small
reflecting mirror at the intersection of the optical and horizontal axes of the telescope.
A small lamp bulb lighting the telescope is mounted at the right end of the horizontal
axis of the telescope and is easily accessible. There are separate spring contact switches
for each micrometer and separate bulbs lighting the circle and micrometer drum. There
is also a lighted sighting tube along the telescope which facilitates pointings. All lamp
bulbs are ordinary commercial 2.8- or 3.5-volt screw-base flashlight bulbs and are easily
replaceable.

The vertical circle is attached to the telescope. It is read by 10-second verniers
which are attached to an adjustable level.

Additional details of the Parkhurst first-order theodolite are given on pages 32 to 37.

The Parkhurst second-order theodolite is similar in design and construction to the
first-order theodolite, except for smaller dimensions and larger graduation intervals.
The horizontal circles are 614 inches in diameter. The circle is graduated to 10 minutes,
and the micrometer drum is graduated to 2 seconds.

The latest design of the Parkhurst second-order theodolite, called the model of 1948,
has been further improved with a circle which is strengthened to prevent warping, a
tangent screw with an improved adjustment for fit of the screw, improved illumination
of the circle, improved micrometer bearings, and lighter weight because of aluminum
telescope and a strong aluminum alloy which is used largely throughout the instrument.

Wild theodolites.—The Wild T-3 is a prism-microscope type of direction theodolite
and is a satisfactory first-order instrument. (See fig. 4.) The principal operating
characteristic of this type of instrument is the method of reading the circles by means
of an auxiliary telescope (microscope) alongside the sighting telescope. Both sides of
the circle are reflected simultaneously in this reading microscope through a chain of
prisms. A micrometer in this optical system is arranged so that movement of the microm-
eter screw will bring the opposite sides of the circle into optical coincidence with the



TRIANGULATION 29

amount of the movement being read on the micrometer. Shifting of a change-over knob

on the side of the instrument allows either the vertical or horizontal circle to be read

from the single microscope eyepiece. The vertical circle has a coincidence-type level.
Detailed operation of this instrument is described on page 141.

10
11
2 12
3
4
13
5
14
6
15
7 16
17
18
8
9 19
20

1 Prism reader for altitude level 10 Vertical clamp
2 [llluminating mirror forvertical cir- 11 Knob for cross-line illumination
cle 12 Micrometer milled head
3 Focussing ring for telescope 13 Change-over knob
4 Adjusting screw for cross-lines 14 Vertical slow-motion screw
5 Slow-motion screw for altitude 15 Plate spirite level
level 16 Reading eyepiece
6 Telescope eyepiece 17 Horizontal slow-motion screw
7 Horizontal clamp 18 Milled head for circle setting
8 Fixing lugs for packing 19 Adjusting screw for foot-screw
9 llluminating mirror for horizontal 20 Foot-screw

circle

FI1GURE 4.—Prism microscope theodolite, Wild T-3,

The following technical data of the Wild T-3 theodolite are listed in the manufac-
turer’s publication.
Glass eireles_ .- . 360°
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Diameter of vertical eirele. ... 3.8in.
Graduation-interval of vertical eirele__ . .. . S 8’
Graduation-interval of micrometer drum... ... 0".2
Clear aperture of object glass ... .. IR OO 2.4 in.
Length of telesecope . ... OO U 10.2 in.
Magnifications of telesecope _ . ... 24, 30, 40 X
Sensitivity of plate level .. 7" per 2 mm.
Sensitivity of vertical-cirele level ... U ~12" per 2 mm.
Coincidence-adjustment of vertical-cirele level to........ ... . e 072
Weight of instrument. . .. ...242]bs.

of steel ease _ ... .. S 8.3 lbs.

of packboard carrier. ... .. ... U SUUER 3.9 lbs.

of tripod. U 16.5 Ibs.

Repeating theodolites.—Commonly used types of repeating theodolites have 7-inch
horizontal circles which are read by two verniers to 10 seconds. (See fig. 5.) Repeating
instruments have an upper motion {with clamp and tangent screw) which carries the
alidade and verniers, and a lower motion with its clamp and tangent serew which control
the movement of the plate circle.

DAMAGE TO INSTRUMENTS

All personnel should be impressed with the necessity of taking proper care of delicate
instruments. Many instruments used are very valuable and in some cases irreplaceable.

In the event of loss or damage of any instrument, the chief of party should make
a thorough investigation, require all personnel involved to make written reports to him,
then make a report to the Washington Office for action and disposition.

Damaged, useless, and unused instruments should be returned to the Washington
Office promptly.

CARE OF THEODOLITES

One of the characteristics of a good observer is that he takes proper care of his as-
signed instruments. Instruments that are kept clean and oiled and in the best of repair
and adjustment are a good indication that an observer is making every effort to obtain
the best possible results.

It should be kept in mind that a theodolite is a delicate precision instrument. Jolts
and rough handling should be carefully avoided. When an instrument is received, it
should be unpacked carefully and slowly, noting the exact manner in which it is fitted
in its case. When replacing the instrument in its case, avoid forcing any part into place.
When not in use, the instrument should be properly secured in its case and kept in an
upright position. Only objects that can be properly secured should be placed in the
case with the instrument. Observing-party trucks should have specially prepared boxes,
padded with sponge rubber and secured well forward in the truck, in which the cased
theodolite is carried. The theodolite should always be lifted by the lifting ring on the
tribrach, and never by the standards or micrometer arms. Adjusting and clamping
serews should be set securely but not tight enough to cause undue strains or strip the
fine threads. In use in the field, the theodolite should never be left unattended. It
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F1cURE 5.—Repeating vernier theodolite (7-inch circle).

should be protected from the sun and weather. If it should become wet or dusty, it
should be cleaned as soon as possible.

Detailed instructions for cleaning and oiling of Parkhurst theodolites are given in
the following section. Frequent cleaning is desirable. Parts to be cleaned in the field
are lenses, axis centers, tangent screws, micrometer screws, telescope pivots, standard
bearings, clamp collars, and foot screws. All moving parts should move freely and not
bind. Binding may cause not only erratic results but also permanent damage to the
instrument. When cleaning and oiling the center and micrometer bearings and other
parts which require partial dismantling of the instrument, the work should be done in a
clean work space in a room as dust-free as possible, and parts should be laid out in order

494470 O -59 -4
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so as not to be misplaced or damaged. Particular care is necessary never to allow the
hand, oil, or anything harmful to touch the fine circle graduations.

The outer surfaces of the lenses require frequent cleaning but should be rubbed as
little as possible. First brush off the dust with a soft camel’s-hair brush, then take lens
tissues or clean soft lint-free linen and lightly flick the surface with a circular brushing
motion to remove any dirt which may remain. If necessary, cloth may be moistened
with water or aleohol, but no alcohol should be allowed to remain on lens or get between
the lenses as it affects the balsam cement.

Cleaning and oiling Parkhurst-type theodolite in the field.—There are certain parts
of the theodolite that require cleaning and lubrication in the field if satisfactory perform-
ance is to be attained.

Any disassembling of the instrument should, as far as possible, be done in a place
free from dust and dirt. Use only the oil provided with the instrument, except in cases
of definite emergency, and then only clock or watch oil should be used.

x
CE
I“/{AL{
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I

F1GUure 6.—Sectional view (front and side) of Parkhurst theodolite.

Frequency of cleaning and lubrication will depend upon circumstances of use. Hot,
dry, or dusty conditions will cause the instrument to need more frequent attention.
Never use the instrument if it drags or binds. Locate the cause and correct it, otherwise
serious damage can be caused quickly.

The following description and illustrations may prove helpful to the user in caring
for this instrument.

Normally, operations requiring field attention are:

(1) The vertical axis “A’” should be cleaned and oiled frequently. To remove,
turn the contact cup ‘“B”’ to the left until it stops, then pull down (battery wires need
not be removed). Remove nut “C” and pull back and lock the tangent-screw plunger
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“H.” Hold the leveling head “D” with one hand and lift up on standards “E” giving
it a twisting motion. The oil sometimes causes considerable suction and if this occurs,
press upward on the lower end of the axis. When the axis has been loosened, lift straight
up. Promptly plug the socket with a lint-free cloth. (See figs. 6 to 12.)

F1cure 7.—Removal of vertical axis, step 1. Turn Ficure 8.—Removal of vertical axis, step 2. Remove
contact cup to left and pull down. contact cup thereby exposing axis holding nut.

F1GURE 9.—Removal of vertical axis, step 3. Remove Figure 10.—Removal of vertical axis, step 4. Pull
axis holding nut. back tangent screw plunger and lock by turning until
pin will catch.



34 U. S. COAST AND GEODETIC SURVEY

F1cure 11.—Removal of vertial axis, step 5. Lift up
on alidade, turning back and forth. Lift out straight
up, vertically. If the axis does not come out easily,
even though it turns freely, oil is probably causing
suction. To relieve, press up on end of axis.

Ficure 12.—Removal of vertical axis, step 6. When
disassembled as shown, plug socket with lint-free
cloth.

Ficure 13.—Disassembly of circle bearing, step
1. Remove the circle nut. Be careful, in
every move in this operation, not to touch the
polished ring carrying the graduations. Do
not loosen or tighten the six holding-down

SCrews.

Ficure 14.—Disassembly of circle bearing, step 2.
Place thumbs on top of socket and press up on under
side of circle, keeping palms of hands off the
graduated surface.
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F1GUure 15.—Disassembly of circle bearing, step 3. Hold so as to Fi1cure 16.—Disassembly of horizontal
protect the graduated surface when cleaning and oiling the bearing clamp, step 1. Loosen the two screws
surfaces. by turning backward about half a

dozen turns. Screws are made so
that they will not fall out. Itis not
necessary to remove the circle or
alidade, as was done in this illustra-
tion.

Fi1Gure 17.—Disassembly of horizontal clamp, step 2. Ficure 18.—Disassembly of vertical circle, step 1.
Pull clamp apart. Remove nut and lift off reading glass arm.
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F16ure 19.—Disassembly of vertical circle, step 2. Twist Ficure 20.—Removal of micrometer screw.
vernier circle slightly and lift off. Turn drum counterclockwise. Quite a num-
ber of turns may be required before anything
seems to happen. The micrometer slide
eventually comes against a stop after which
the micrometer screw will back out. When
reassembling, be careful not to cross the
threads.

Clean both axis and socket with alcohol or benzine, then oil using only enough to
lightly smear the bearing surfaces. A few drops are sufficient, and too much oil will
cause inaccurate results.

(2) If the bearing for the horizontal circle “J”’ requires cleaning, back off nut “K”
and lift out the circle and its bearing (do not touch secrews “L’’). Lift the circle out very
carefully being careful not to touch the polished and graduated surface. Do not allow
anything harmful to touch this surface as it is easily damaged. If dusty, clean with the
camel’s-hair brush provided with the instrument. Do not wipe. Do not attempt to
clean the graduated surface if it is tarnished. Unless the tarnish is very bad, it will not
appear bothersome in the microscope. (See figs. 6, 13, 14, and 15.)

(3) Clamp “F” may require frequent cleaning. (See figs. 6, 16, and 17.) First
pull plunger “H’’ back as far as it will go, then turn until its pin catches and holds in the
“out’ position. Loosen the two large screws ““G’’ at the sides. In order to prevent their
loss, these are designed so that they will not drop out. Half a dozen turns should allow
the two halves of the clamp to be pulled apart. (Note: When reassembling, lower
plunger “H”’ against the clamp. Do not let it snap into position.)

The ball bearings for the clamp cannot be readily removed, nor is removal necessary.
The bearing may easily be cleaned and oiled in the same manner as the axis, using a more
liberal amount of oil.

(4) The leveling screws “N’’ should not ordinarily give any trouble. If after con-
siderable use they commence to run dry, clean and oil, or use a good cup grease (do not
use fiber grease).

(5) The vertical circle assembly may be easily taken apart after the telescope is lifted
from the wyes, by removing nut “M.” ‘See figs. 6, 18, and 19.) Its bearing is fre-
quently neglected, whereas it should be oiled with reasonable frequency. This also applies
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to the telescope clamp ‘““P,”” which can be disassembled in a similar manner. Be careful
not to lose the small clamp block when taking apart.

(6) Tangent screws “R’ should be oiled frequently, and a drop of oil should occa-
sionally be put on the micrometer screw “S.” This screw is removed by turning the
micrometer drum backward until it comes off. On replacing, take care that the thread
is not crossed. (See figs. 6 and 20.)

These are the principal parts of the theodolite that may require field lubrication.
The telescope trunnion bearings should be cleaned frequently but not oiled.

Emergency repairs.—FExcept for a few minor repairs, it is usually desirable to return
an instrument to the Washington Office for repairs.

When extra reticle rings and micrometer slides mounted with wires are kept on hand
in the field it becomes a minor repair job to replace either set of wires whenever they
become slack or broken. These replacements for a Parkhurst theodolite are furnished
mounted and packed in a protective package suitable for keeping on hand until needed.

The reticle ring of a Parkhurst theodolite is removed by unscrewing the eyepiece
assembly and balance cover ring, then removing the four capstan-headed adjusting screws
which hold the reticle ring in the telescope tube. The new reticle ring is installed by the
reverse process. A match or adjusting pin temporarily in one of the screw holes of the

“reticle ring permits it to be handled without damage to the wires. After installing the
new reticle ring, it is necessary to center and adjust it for verticality and collimation of
the wires. These adjustments are deseribed in the section beginning on page 56. The
micrometer wires can be replaced by removing the top cover from the micrometer box
(4 screws), then removing the four small screws which fasten the parallel wire plate to the
slide block, and lifting the plate off the slide. Replace with a new plate mounting having
new wires, and reassemble. Cross wires can be replaced in the field from a spider’s
cocoon. However, that method requires considerable skill, time, and patience and is not
always satisfactory.

Other minor repairs, such as replacing level bubbles, tangent screws and springs,
electrical fittings, and an occasional lost screw or setting knob, can be done easily in the
field after requisitioning the necessary parts from the Washington Office. There have
also been occasions in remote localities where emergency repairs were largely a matter of
ingenuity, with such items as sealing wax and adhesive tape taking a prominent part.

QUALITY OF A THEODOLITE

The quality of an instrument is not measured by its size nor by the minuteness of the
least reading of the micrometers. The best measure of the excellence of a theodolite is
its performance in actual field work, but if a new theodolite is being used it is necessary
to apply other tests.

A preliminary examination will show a great deal about the workmanship and
accuracy of the instrument. The four structural features which must be scrutinized to
form an estimate of the accuracy of a theodolite are: The graduation of the circle; the
design of the micrometers and the workmanship on them; the fit of the centers and tangent
screws; and lastly the optical properties of the telescope. Although the accuracy of the
graduation of the circle is the most important, each of these features must be entirely
satisfactory in order to secure the best results.

Before testing an instrument, place it in as good adjustment as possible by the adjust-
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ments deseribed in the section beginning on page 51. Test the centers for fit and play
by setting the micrometer microscope on graduations on different parts of the circle and,
with the micrometer wires centered on a graduation and the alidade clamped, test the
movement of the wires resulting from gentle pressure upon different parts of the graduated
circle and upon the alidade. The friction in the centers can be judged by unclamping
the alidade and applying a gradually increasing tangential force to the alidade until
motion about its vertical axis occurs.

The relation between the greatest magnification obtainable by the telescope and the
pitch of the tangent screw should be such that a barely perceptible movement of the
tangent screw causes a barely perceptible movement of an object across the telescope
wires. A similar relation should exist between the magnification of the micrometer
microscope and the pitch of the micrometer screw.

The tangent-screw assembly should be tested for friction by sighting through the
telescope and noting if any lag is apparent in the motion of the telescope across an
object when the tangent screw is moved slightly away from the spring. The microme-
ter screws should be tested in the same way. Theoretically the final motion of a
tangent screw or a micrometer screw should always be against the spring. As a matter
of practice it has been found by extensive tests that if micrometer and tangent screws
are properly made and kept clean there are no appreciable errors resulting from making
the final pointing by moving the screw indiscriminately against or away from the spring.
If it is found, however, that with the screw properly cleaned and oiled there is a lag
when the screw is moved away from the spring, then either the spring must ke strength-
ened or the final movement of the screw must always be against the spring.

The design and construction of the micrometers can best be tested by clamping the
alidade and taking a series of readings, about 20 in number backward and forward with
one pair of wires upon some one graduation. The total range of the readings should not
exceed two divisions on the micrometer drum.

With some theodolites a tendency is noticed for certain positions of the circle to
give values for all directions either higher or lower than the mean, irrespective of the
size of the angle between the initial staticn and the object sighted upon. Such a condi-
tion can be caused only by the graduation at the setting for the initial station being in
error in its angular position with reference to the mean of the other graduations of the
circle. The relative position of the graduations may be fairly well determined from a
set of observations made in the field.

Curve to indicate the quality of a theodolite.—A curve which will indicate the quality
of a theodolite circle may be made from field observations in the following manner. An
Abstract of Directions should be selected from any station where observing conditions
were good and at which at least five lines, well distributed around half the horizon, were
observed. Figure 21 is an abstract of actual field observations. The means of all di-
rections are computed to the nearest tenth of a second for this purpose. The upper
half of figure 22 lists the residuals, i.e., the amounts necessary to correct each observation
to the mean. In column A these are zero, as station C(GLO) was used as the initial.
In column G are listed the average residuals for each position, with the sign reversed.
For the first position this is 41.7, the mean of all residuals, with opposite sign, including
the zero for the initial. The lower half of figure 22 lists the corrected residuals for all
directions including the initial. The values are derived by applying algebraically for
each position the values of column G to those in the other columns. The figures in
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TRIANGULATION
State Arigona

Station ____.BN_33..1947 Computed by ... L+ G.: B Date 5-26-47

Observer ... L. G. B Checked by M. G. Inst. No. . G=301
PoiTion STATIONS OBSERVED

¢(G10) | Rooky | Pole 8a2| T® | wWhite litenrield
oo |25° 23’ |e0” 18" |108 20° |128 16’ [16D 15 !
' ” ” 14 n” ”n ”

1 0.00 56.2 22.2 03.8 05.2. 06.8

2 0.00 54.4 19.3 01.0 03.5 02.9

3 0.00 55.6 20.4 04 .6 04.8 06.8

4 0.00 52.6 19.6 59.3 03.4 03.8

5 0.00 51.9 21.2 59.7 03.2 05.5

8 0.00 52.6 21.4 00.3 02.9 05.2

7 0.00 50.8 18.2 01.6 03.8 01.2

s 0.00 54.6 21.8 04.3 06.2 07 4
9 0.00 52,7 22.1 02.0 07.9 06.5

10 0.00 49.5 19.1 02.6 06.7 04.4

1 0.00 53.0 23.8 02.5 01.5 01.5

12 0.00 49,7 21.1 59.0 02.1 01.3

13 0.00 55.3 21.1 58.3 03.2 04.8

14 0.00 55.4 23.2 59.2 03.5 05.1

15 0.00 53.1 24.9 00.7 02.9 03.2

16 0.00 53.0 19.7 01.1 04.6 04.6
Sum,
Mean, 53.2 21.2 01.2 04.1 04.4

F1GURE 21.—Abastract of directions selected for circle test.
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A B c D E F G
POSITION WHITE SUM
NO. ¢(GLo) ROCKY POLE 842 TANK WHITE LITCHFIELD - T8
1 0.0 -03.0 -1.0 -246 -1.1 ~2.4 +1.7
2 0.0 - 1.2 +1,9 +0.2 +0.€ +1.5 -0.5
3 0.0 - 24 +0.8 -3.4 -0.7 -2.4 +1.4
4 0.0 + 0.6 +1.6 +1.9 +0.7 +0.6 =0.9
5 0.0 + 1.3 0.0 +1.5 +0,.9 ~1.1 -0.4
6 0.0 + 0,6 =0.2 +0,9 +1,2 -0.8 -0.3
7 0.0 + 2.4 +3.0 -0.4 +0.3 +3.2 -1.4
8 0.0 -1.4 -0.6 -3.1 -2 -3.0 +1.7
) 0.0 + 0.5 -0.9 -0.8 -3.8 -2.1 +1.2
10 0.0 + 3.7 42,1 -1.4 -2.6 0.0 -0.3
11 0.0 + 0.2 -2,6 -1.3 +2.6 +2.9 -0.3
12 0.0 + 3.5 +0.1 +242 +2.0 +3.1 -1.8
13 0.0 - 2.1 +0.1 +2.9 +0.9 -0.4 -0.2
14 0.0 - 2.2 -2,0 +2 .0 +0.6 -0.7 +0.4
15 0,0 + 0.1 =347 +0.5 +1.2 +1,2 +0.1
16 0.0 + 0.2 +1.5 +0.1 ~0.4 ~0.2 -0.2
1 +1.7(0) -1.3{(25) +0.7(60) -0.9(106§ +°'62122§ ~0.7(160
2 -0.5(11) -1.7(36)  +1.4(71) -0.3(117) +0.1(133 +1.o§171g
3 +1.4(22) -1.0(47) +2.2(82) -2.0(128) +0.7(144) -1.0(2)
4 -0.9(33 -o.s(sag +0.7(93) +1.o(139§ -0.2(155) -0,3(13
5 -o.4(45§ +0.9( 70 -0.4(1053 +1.1(151) +0.5(1687) .1,.5(28
6 =0.3(56 +0.3(81) -0.5(116) +0.5(162) +o.9§17s ~1.1(36
7 -1.4(67)  +1.0(s2) +1.6(127) -1.8(173) -1.1(9)  +1,8(47
8 +1.7(78) +0,3(103) +1.1(138) -1.4(4) -0.4(20)  -1.3(58
9 +1.2(90) +1.7(115) +0.3(150) +0.4(16) =-2.6(32 ~0.9(70)
10 -o.3é101 +3.4(126) +1.8(161) ~1,7(27 -2.9(43 ~043 81;
11 -0.3(112 -0.1(137) -2.9(172) -1.6(38 +2.3(54 +2,6(92
12 -1.8(123 +1.7(148) -1,7(3) +0.4(49 +0.2(656 +1,3(103
13 -0.2(135) -2.3(160) -0.1(15) +2.,7(61) *0.7(77 -0.6(115
14 +0.4(246)  -1.8(171) -1.6(26) +2.4(72) +1-0(88§ ~0.3{126
15 +0.,1(157) +o.2§2) -3.6(37; »o.e(ss; +1.3(98)  +1.3(187)
i6 -0.2(168) 0.0(13)  +1.3(48 -0.1(94 -0.6(110) -0.4(148)

Ficure 22.—Computation of residuals, theodolite circle test.

parentheses represent the portion of the circle, to the nearest degree, at which each
residual was developed. It will be noted that these figures are for the portion of the
circle between 0° and 180°. The residuals are the result of the combined portions of
the circle 180° apart, as they are derived from readings taken by two opposing microm-
eters. The numerical work may be checked by adding horizontally and vertically the
rows and columns of corrected residuals. These sums should approach zero.

Figure 23 shows the plotting of the residuals at the corresponding portions of the
circle. A series is plotted for each column or direction and a curve drawn for each
series (actually the points are connected by straight lines). A series of mean values is
then computed at intervals of 10° and a mean curve plotted. The example in figure 23
indicates that readings taken at the 30° and 210° portions of the circle should be corrected
by —1”5 to bring them into accordance with the average position of all other portions
of the circle.

The observed value of the direction to station WHITE, ninth position, is 779 which
is rather high in comparison with the mean value of 4”1. The two portions of the
circle used in this measurement were near 90° and 212° or 32°. As taken from the
mean curve the correction at 90° is +170 and 32° is —175. The total correction to
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this direction would then be — (+170) + (—1%5) or —2”5 which applied to the observed
value of 7”79 will give, as a corrected direction, 574. Thus it is shown that when the
corrections are taken from the mean curve in figure 23 and applied to the observations,
the reduced observations will be more closely in agreement. However, the effects of
periodic errors in a- well-graduated cirele are eliminated from the results if the position
settings are properly made.

If the micrometers have been carefully adjusted for run, the mean curve for the
variations of graduations for a first-order circle, as determined from field observations,
should not have a range greater than 3.5 seconds.

This test can be made with better results in a laboratory, employing collimators as
sighting targets. Under these conditions the range of the variations should not exceed
274 for the best circles.

AUXILIARY INSTRUMENTS

Auxiliary instruments are listed on pages 278 to 280. A few of the principal types
in use will be deseribed in the following sections.

Vertical collimator.—A vertical collimator is a telescope so mounted that its col-
limation axis may be made to coincide with the vertical. This instrument serves as an
optical plumb line designed to place a mark directly under the center of a signal tower,
or more generally to project the center point of the station mark vertically to the top
of a high tower for centering of the light plate and the instrument, and also for use in
checking and determining eccentricities of the signal light or instrument.

A vertical collimator is illustrated in figure 24. It consists of a broken telescope,
mounted with the objective tube vertical in supporting collar bearings. A mirror set at
a 45° angle in the tube reflects the vertical line of sight to the horizontal eyepiece section
of the telescope. The telescope can be rotated about the vertical axis of the collar
bearings for about 300° of arc for purposes of adjustment. The frame carrying the center
bearing collars is supported by three leveling foot screws. The instrument may be used
on a tripod (fig. 25), or may be set directly on the station monument (fig. 26). An
adjustable level bubble is mounted on the vertical part of the telescope at right angles to
the collimating axis. The reticle is mounted in the eyepiece section in the focal plane
of the objective and eyepiece. There is a hook for a plumb line at the bottom of the
vertical telescope axis in the plane of the foot screws.

To adjust the instrument, set it up under a signal tower. (1) Adjust the level bubble
in the same manner as the plate level of a theodolite (p. 53) as follows: Bring the bubble
axis parallel to two foot screws; center the bubble with foot screws; rotate the telescope
180° about the vertical axis; adjust half of the displacement of the bubble with the foot
secrews and half with the bubble adjusting screws, rotate 90° and level with the third
screw; repeat above adjustment until the bubble remains centered to within less than one
division for all directions of rotation about the vertical axis of the instrument. (2) Focus
the eyepiece on the cross wires and the objective on the target in the usual manner to
obtain clear and distinet images, and at the same time to eliminate parallax. (3) Place
temporarily a fixed horizontal target near the top of the tower (such as a board clamped to
the top of the tripod, or a piece of adhesive tape stuck to the under side of the light plate).
Line-in a pencil point with the cross wires of the collimator and make a dot on this target.
Rotate the telescope 180° and make a second dot. Join the two dots with a straight line.
Rotate the telescope about 90°, and make a third dot. Rotate the telescope 180° from
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F1Gure 24.—Vertical collimator. This instrument is centered and leveled on the ground over the station mark. The
telescope projects a vertical line of sight by which the light plate and theodolite on the tower are centered.
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the third position and make a fourth dot. Join the third and fourth dots with a straight
line. The intersection of the two lines marks the true center of prolongation of the
vertical axis of the instrument. Adjust for the collimation error of the telescope by
bringing the center of the cross wires to coincide with the point of intersection of the above
lines, by adjustment of the reticle with the four capstan-headed reticle adjusting screws

F1cure 25.—Vertical collimator on tripod.

near the eyepiece. Adjust these screws by opposite pairs, alternately slackening and
tightening. Care is necessary not to overtighten these screws in order to avoid distorting
the reticle ring and thus causing the wires to slacken, and also to avoid stripping the fine
threads. When the adjustment is properly made, the intersection of the cross hairs will
remain on a point during rotation of the telescope. It should be noted that the adjust-
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F1cure 26.—Vertical collimator on mark.

ment of the level and the adjustment of the collimation axis are two separate and inde-
pendent adjustments. Although both these adjustments must be completed before the
instrument can be used properly, it is not essential that the instrument be level while
making the adjustment of the cross-wire collimation. It is important not to disturb the
position of the vertical axis in any way during the collimation adjustment.

Signal lamp.—Signal lamps are almost invariably used as the targets on first-order
triangulation and on some second-order triangulation. Figures 27 through 30 illustrate
some typical designs of signal lamps now in use. Signal lamps consist of a frame or box
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F1Gure 27.—Signal lamp (front).

with the top and bottom faces parallel to the horizontal axis of the lamp and with the
vertical alinement screw holes in the plane of the focal point. The frame carries a lamp
case pivoted about the horizontal axis. The case has a plate-glass cover lens and contains
a parabolic reflector and an electric light bulb. Usually a 3.7-volt 0.6-ampere bulb is
used. Higher amperage and also 6-volt bulbs are sometimes used if necessary. Lamps
are operated with combinations of 134-volt dry cell batteries. There is usually an adjust-
able focusing screw on the back of the case. Vertical tilt of the case in the frame is con-
trolled by an adjusting screw and counter spring. Bulbs and lenses are readily replace-
able. Lamps are equipped with switches and binding posts for electrical connections.
Signal lamps are adjusted by pointing on a wall or some other vertical flat surface.
Adjust the focus by moving the lamp socket in or ou