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Surveying 
by Dr Hab. Eng. Zbigniew Szczerbowski

1. OBJECTIVE HIGHLIGHTS
1.1. INTRODUCTION
Surveying class provides basic knowledge about  principles of surveying for engineering purposes. Students develop skills during both desk studies and in field works – measurements with surveying instruments including measuring tapes, automatic levels, theodolites, and electronic distance measurement equipment. Starting from the bottom - gathering and analyzing information step by step, they become more and more experienced in surveying process involving complex maps and projects used in engineering practice. 

The former is to master basic computations using various angle and distance units. The latter is to understand a process of measurements with ability to identify error sources and the procedures to minimize errors according to ISO standards. Understanding basic tasks of measurements is important component of the course – it supports correct actions within measurements.  Measurements are considered as acquisition of surveying data. These raw data used in post processing are applied by students for control calculations and after adjustment them are complete for utilization in engineering projects: drafts, schemes, plans, maps. The last step is acquisition of new skills: being able to use graphical symbols and prepare graphical elaborations as plans, maps. The text is organized to follow the mentioned sequence that – according to the author ¬– satisfying both perception of the surveying measurement process and as meaning of basic tasks of the course. Lectures, projects and laboratories are organized as equal and complementary parts of  the Surveying, a course preparing students to become engineers. 
1.2. SOME OUTCOMES FROM THE CHAPTERS
The presented outcomes reflect expectations and basis of knowledge that students are expected to learn at this course. The following points can be considered as topics for exams.
1.2.1. Chapter 1: Introduction: basic terms, definitions and basic calculations
The student will be able to:

· understand and explain the difference between plane surveying and geodetic surveying 

· illustrate and apply basic geometry to detect difference in planar and arc distance over so‑called spherical earth surface for typical length survey projects

· describe and estimate the differences between random error, systematic error, uncertainties and mistakes and sources of errors in surveying

· estimate the uncertainties, errors, standard deviations, standard errors of the mean, accuracy ratio or relative precision of a set of measurements in terms used by the surveyor.

· determine the total error derived from individual random errors of several measurements, so‑called law of propagation of errors and propagation of uncertainties from independent random sources

· evaluate distance, angle between lines on the basis of certain data, calculate azimuths, areas and carried out other basic calculation essential in engineering practice.

1.2.2. Chapter 2: Distance measurements
· explain methods of basic measurements: taping and electronic distance measurement techniques and explain relative precision expected from the methods

· describe construction of basic instruments used by surveyors for measuring distances 

· identify typical sources of systematic errors in taping and calculation of errors in tape measurements (calculate the corrections for incorrect tape length, misalignment of tape, slopes, temperature, sag).

· explain procedures of measurements of distance by optic and electronic instruments as laser rangefinders, identify and categorize error types for such measurements

1.2.3. Chapter 3: Leveling
· explain methods of basic measurements for determination of heights

· describe construction of basic instruments used by surveyors for measuring distances 

· explain and describe methods, procedures and equipment used in spirit leveling, 

· explain sources of errors in leveling: misleveling, curvature effect, refraction, tides effects etc.

· determine the earth’s effects: curvature, gravity changes and explain height systems

· calculate the filed results and derive from differences in elevation from differential leveling techniques heights. Students distribute closure errors among all points in a loop circuit (or other closed circuit) and they can carry out calculation results containing the appropriate arithmetic check and adjustments

· explain system of country leveling network and regulations in leveling, accuracy standards, ISO standards etc.

· demonstrate ability to set-up non automatic and automatic levels and accurately read level rod

· calculate elevation differences and corrections (for curvature, refraction etc.) in trigonometric leveling 

1.2.4. Chapter 4: Angle measurements
· distinguish between angles from the horizon, zenith angles, nadir angles

· explain methods of measurements of angle

· explain procedure for correct setting of the instrument over a control point and attaining proper position of the levels

· describe sources of error in measuring angles with common instruments 

· explain concept and procedures in traverse measurements  

· show ability in “closing” traverses, computation of adjusted angles in a traverse using information about angular measurements at each station, calculate the errors coming from displacement of points in measurements by theodolites 

1.2.5. Chapter 5: Total Stations
· describe construction of total station instruments 

· explain methods of basic measurements by total station instruments 

· identify influence of the environmental, equipment, and human factors to the accuracy of electronic distance measurement instruments

· explain data acquisition and post processing of the data obtained from measurements by total station instruments

1.2.6. Final exercise: Project surveying and drawing
This part summarizes all abilities of students involved in the course of surveying. For single, individual student laboratory exercises are considered, for groups of students just field exercises. Students provide all details in successive steps of mapmaking process. Starting from control points mounting and traverse measurements of distances and angles, students demonstrate abilities in field works operations. Data elaboration, as a post processing phase, enables the control of correctness of measurements. After adjustment and data acquisition (points with adjusted x,y,z, coordinates) students demonstrate abilities in mapmaking process. In last step a student will demonstrate the usage of situational and contour map for a simple exercise: creation of profile lines, area calculations etc.
· measure and angles (laboratory) and evaluate the results of direct and reverse measurements of angles in a closed traverse 

· adjust angles to ensure angular closure (weighted adjustments will be presented – see lab supplement).

· calculate the azimuths of all lines in a traverse based on adjusted interior or deflection angles

· calculate the bearings of all lines in a traverse based on adjusted interior or deflection angles

· explain the relationship between the azimuth of a line AB and the back azimuth of the same line

· apply basic rules for adding ( or subtracting ) interior angles to back azimuths to have a consistent approach to calculate all azimuths of a traverse

· determine latitudes and departures for all segments of a closed loop traverse, check for closure error, and express the results in the form of the standard accuracy ratio, i.e. accuracy ratio, develop a spreadsheet program to automatically adjust angles and calculate azimuths of all lines in a closed traverse and calculate closure error using latitudes and departures (laboratory and outside the classroom time)

· evaluate the adequacy of a survey in meeting standards for typical urban construction survey projects

· expand the spreadsheet program to use standard adjustment procedures, the compass rule

· to balance latitudes and departures and calculate the “inversed” distance and azimuth for each of the original lines of the traverse

· calculate coordinates of each node of a network 

· apply the coordinate method of area computation for any closed polygon (traverse)

· determine the minimum level of precision needed in angular measurements to achieve comparable accuracy of 1/3,000; 1/5,000 or 1/10,000 

· explain how independent random errors from linear measurements would be combined with independent random errors from angular measurements to obtain the total expected error from these sources 
· compute coordinates of points using distance and angular measurements from a Total Station position that is not over a control point (triangulation and resection)

· set out construction points based on measured angles and distances. 
The next part of presented elaboration deals with specified elements of surveying measurements – theoretical and practical aspects.
2. TYPES OF SURVEYS
2.1. INTRODUCTION: BASIC TERMS, DEFINITIONS AND BASIC CALCULATIONS

What is surveying? Who needs it? Certainly it is an old branch utilized in ancient times. It is often considered as a part of geodesy or a discipline related to geodesy. Geodesy (from Greek γεωδαισία – geodaisia, lit. "division of the Earth") like an astronomy is one of the oldest scientific discipline. The great development of geodesy involved changes in its definition. The modern definition of geodesy can be formulated as: a discipline that deals with the measurement and representation of the shape of the Earth, its orientation in space and its gravity field, in a 3D time varying space. It is complicated and quite expanded to other fields: astronomy, gravimetry etc. That definition – much more complicated than in the past - results from tasks and expectations that are stated in this branch nowadays. Requiring higher and higher accuracy of geodetic surveys can set as an example of those expectations. And they are surveys, which take into account the true shape of the earth. Plane surveys are the most basic commonly practiced methods, the first approach of surveying, where the earth is treated as a flat or "plane" surface. It is correct enough for small-scale surveys in areas of limited size, where the curvature of the earth has no effect on the results of measurements, hence the computations and results can be referenced to a plane or flat surface which makes all calculations much easier. Through the ages geodesy was involved with practical aspects of determination of exact positions of points on the earth’s surface for mapping and other purposes. The development of surveying instruments and methods produced disciplines called just surveying or engineering surveying, land surveying, mining surveying etc. as its special applications. So surveying is the scientific discipline and art of determining the relative positions of points above, on or beneath the earth’s surface and locating the points in the field. So in that meaning surveying is a part of geodesy. 

The work of the surveyor consists of:
· Making decision– selecting a method, equipment and final locations of points.

· Fieldwork and data collection –measurements and writing/recording data in the field.

· Computing and data processing – preparing calculations based upon the recorded data to determine locations in a adaptable/acceptable form.

· Mapping or data graphical representation – plotting data to produce tables, plans, charts or maps in the proper form.

At the beginning, surveyors should identify and define the key aspects of data quality, including resolution, precision and accuracy of the obtained and measured data. On the base of that they can list procedures to produce positional data, including traversing, triangulation, leveling etc. 

Positions are the products of measurements. All measurements contain some degree of error. Survey errors usually result from three sources: operational errors (human errors), instrument errors and external errors (environmental errors). Errors are also introduced when next-generation data is produced by scanning or digitizing a paper map.

Human errors include operator errors and limitations of the surveying procedure mistakes, such as reading an instrument incorrectly and judgments. Judgment becomes a factor when the phenomenon that is being measured is not directly observable. 

2.1.1. Accuracy and precision

Instrument errors result from their limitation in the process of measurements. No matter what instrument, there is always a limit to how small a difference is detectable. The figures below show the same position (the point in the center of the target disc) measured by two instruments. The two grid patterns represent the smallest objects that can be detected by the instruments. The pattern at left represents a higher-resolution instrument.

External errors arise from variations in natural phenomena such as temperature, humidity, wind, magnetic and gravity field. These environmental errors can be identified and removed.
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Fig. 1. The idea of precision
Precision has a slightly different meaning when it is referred to a number of repeated measurements. In the figure 1., there is less variance among the nine measurements at left than there is among the nine measurements at right side. The set of measurements at left side is considered as more precise.
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High accuracy
Fig. 2. The idea of accuracy

It should be noted that resolution and precision are independent from accuracy. As shown in the figure 2, accuracy simply means how closely a measurement corresponds to an actual, “true” value.
The figure 3 illustrate the distinction between systematic and random errors. Systematic errors have a tendency to be consistent in magnitude and/or direction. If the magnitude and direction of the error is known, accuracy of measurements can be improved by additive or proportional corrections. Additive correction involves adding or subtracting a constant adjustment factor to each measurement; proportional correction involves multiplying the measurement result’s by a constant. Unlike systematic errors, random errors vary in magnitude and direction. It is possible to calculate the average value of a set of measured positions, however, that average is probably to be more accurate than most of the measurements.
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Systematic error
Fig. 3. Random error vs. systematic error

Summarizing, the difference between accuracy and precision should always be distinguished and not used alternately because they are two distinctly different terms, which are important in surveying. Surveying measurements must be carried out with an appropriate degree of precision to provide a suitable level of accuracy. No measurement is perfect, and the quality of result obtained must be characterized and classified by some numerical value in standard of accuracy. 

Accuracy refers to the degree of perfection achieved in the measurement informing how close the measurement is to the true value. When the accuracy of a survey is to be improved or increased, greater precision is expected. 

Precision – degree of perfection used in the instruments, methods, and observations- in other words, to the level of refinement and care of the survey. 
Accuracy – degree of perfection achieved in the results of measurements. 

Precision – degree of perfection used in the survey. 

High precision can be costly but it is necessary for high accuracy. The essential art of surveying is the task - optimality in ability to obtain the data with a specific degree of accuracy at the lowest cost. It depends specified in technical specification of surveys degree of accuracy, what results from the type ands the purpose of the survey.
2.1.2. Standard deviation and standard error

The Standard Deviation ( is a measure of the spread or dispersion of a set of measurements. So this statistical parameter shows how much variation or dispersion from the average exists. A low value of standard deviation indicates that the data points tend to be very close to the mean value, a high standard deviation indicates that the data points are spread out over a large range of values. It can be computed from the formula:
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Where: 

Xi – an individual measurement i
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– is the mean of the set of measurements

n – the number of measurements 
Standard deviation should be based on large numbers of data, however most measurements in surveying can be satisfied by a small number of measurements and the standard deviations obtained from them may be biased. Therefore another parameter - the standard error, Sx, is a better measure of precision in surveying:


[image: image5.png]



The difference lies in replacing n with (n-1) – a parameter known as the number of degrees of freedom. It represents the number of extra measurements taken to determine a quantity of mesurand. If a distance in measured by a tape 10 times it has (10-1) = 9 degrees of freedom with 9 redundant observations, since only one is required to give the required value of the distance. 
Surveying measurements are also used to calculate other, indirect values. For example angles and distances are often used to derive heights in trigonometric leveling or they are obtained in subtracting staff readings, coordinates are obtained from a combination of horizontal angles and distances. It involves a propagation of errors. So, the original measurements in all cases will have errors resulted from other quantities and they also have errors. Such a consequence of errors is depicted in the law of propagation of variance (standard error) for a quantity f which is a function of independent measurements x, y, z…., where U = f(x, y, ….z). That is given by the formula:
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Where:
sf – the standard error of the function f, 
sx – the standard error of x, 
sy – the standard error of y, etc. 
It should be noted that all evaluation of measurements in surveying should be supported by calculation of errors. The final value of measured/evaluated values of quantity must be reported together with that calculation. 
2.2. DISTANCE MEASUREMENTS

The tasks of determining the distances between two existing points or setting a new point at a specified distance from some other fixed position are fundamental operations in surveying. Linear measurement is the basis of all surveying even when angles may be read precisely – enough for determination a certain distance ​– the length of at least one line in a tract must be measured to supplement the angles in locating points. An additional important feature in surveying accuracy is that any additional measurement increases accuracy. The surveyor must select the appropriate equipment, suitable field procedures in order to determine or set and mark distances with the required degree of accuracy or just execute the required standards. Depending on the specific application, equipment accessibility and the required accuracy one of several methods may be used to determine distance. The most common methods are: pacing, stadia, taping, and EDM. Pacing is not very precise method – sometimes applied by using a measuring wheel (as policemen usually apply in analysis of car accidents). Stadia is an indirect method. This is a method to be very generally used with great rapidity but not with very great accuracy. The distance is obtained by mathematical function and its sense is just sighting with a transit instrument at a graduated rod held at the other end of the line and noting the space on the rod included between two special cross-hairs set in the instrument at a known distance apart. From this observed interval on the rod the distance from the transit to the rod can be easily calculated. This is quite an old method utilized in optical instruments. Exemplar distance from stadia:
(High wire-Low wire) * 100 = Distance [m]

Taping is a more accurate measuring. It has been the traditional surveying method for horizontal distance measurement for many years. It is a direct method but relatively slow procedure, which requires manual skill on the part of the surveyors. There are two problems in taping: measuring the distance between two existing points and laying out a known distance with only the starting, fixing point. 

Steps of correct taping:

· lining in – shortest distance between two points is a straight line,

· applying tension – rear chain is anchored and head chain applies required tension,

· plumbing – horizontal distance requires tape to be horizontal,

· reading the tape – the graduated tape must be read correctly!.

· noting or recording the distance – the total length must be reported and recorded correctly.

Types of tapes: 

· invar tapes . They are made of special nickel steel to reduce length variations due to temperature changes. The tapes are extremely fragile and expensive. They are used mostly for standard comparison of tapes,

· standard tapes: cloth, fiberglass and PVC tapes. They have lower accuracy and are stored on reels. 
If the horizontal distance on a sloped surface is to be determined, a certain procedure must be involved: the distance can be measured directly on the slope, but the vertical or zenith angle must be obtained:

· Horizontal Distance = sin Zenith Angle X Slope Distance

· Horizontal Distance = cos Vertical Angle X Slope Distance

Otherwise there will be a taping error. So, in taping there are:

· instrumental error – a tape may have different length due to a defect in manufacture, or previous repairs or kinks,

· natural error – length of a tape changes due to temperature, wind and the weight of a tape (tape sag),

· human error – carelessness of a tape person in setting pins, misreading the tape, making notes etc. For example reading a 6 for a 9.

Instrumental and natural error can be corrected mathematically but human error can only be corrected by repeating measurements.

When a tape is obtained, it should either be standardized or checked against a standard. Tapes are standardized at certain institutions. 


It is possible to calculate corrections for tape length, temperature, tension and sag.
Error in Taping:

· tape Length: Correction per foot = Error in 50 [m]/50 [m]
If a tape was assumed to be 50.00 [m] but when standardized was found to be 50.02 [m] after distance measured at 565.75 [m]; then: Correction =(50.02-50.00)/100.00 = 0.0002 error/[m]

565.75 [m] X 0.0002[m]/ [m] = 0.11 [m] correction based upon rule, must be added, thus true distance = 565.86 [m]
· temperature – tapes are standardized at certain temperatures – for example 20(C; any other temperature will change the length of the tape

· tapes have a relatively constant coefficient of expansion of 0.0000065 per unit length per (C

· CT = 0.0000065x(Temp ((C)- 20(C)xLength

· Example: Assume that a distance was measured when the temperature was -18(C using a 100 [m] tape was 872.54 [m] => (-18-20) X 0.00000645 X 872.54 [m] = 0.21 [m] error. Because the tape is short and the distance is long, the error must be subtracted and thus 872.54 [m] – 0.21 [m] = 872.33 [m]

(note: temperature difference is absolute difference)

Tape survey is still popular, it is the most basic and inexpensive type of land survey. 
Horizontal distance is measured along a level surface. The measured line is tangent to the level surface at every point along that length and it is horizontal, as shown at figure 3. It can be measured by tape or Electronic Distance Measurement (EDM). A true horizontal distance is actually curved, like the surface of the earth. But most surveying measurements are carried out as if the surface of the earth was flat. The surveying method based on this assumption is called plane surveying. In plane surveying, the curvature of the earth is neglected and within the method, the principles of plane geometry and plane trigonometry are used to compute the result of surveys. The use of plane surveying methods makes the work of surveyors much simpler. For many practical purposes a horizontal distance measured between two points along a truly level line is the same distances measured along the straight chord connecting the two points.
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Fig 3. The problem of Earth’s curvature in distance measurements

Electronic Distance Measurement (EDM) devices measure distances more accurately and more efficiently than tapes. Electronic distance measurement instruments (EDMI) determine lengths by means of phase changes that occur as electromagnetic energy of known wavelength travels from one end point of a line to the other end and returns. The first EDM instrument was developed in Sweden in 1948. It was called geodimeter (geodetic distance meter) and it was based on a modulated light beam. The most common types of electronic instruments available nowadays are called total station instruments (electronic tacheometers). They combine electronic distance measurement and the angle measuring capabilities of theodolites in one unit. So, they incorporate a theodolite with electronic circles and an EDM. Modern EDMs display distances in digital form. They usually have microcomputers which calculate horizontal (dX and dY), vertical components (dH) of measured slope distances and they record field results electronically and transmit them to computers, plotters or other office equipment for processing purposes. 

The fundamental formula of EDM operation:

Electromagnetic energy propagates to atmosphere in accordance with the following equation: 
V = f λ

Where : 
V – the velocity of electromagnetic energy, in meters per second; 

F – the modulated frequency of the energy, in hertz; 

λ – the wavelength, in meters. 

This propagation can be represented by the sinusoidal curve. the parts of wavelengths or the positions of points along the wavelength are given by phase angles. 

There are mainly two types of EDM instruments:

1. Microwave instruments. They transmit microwaves with frequencies in the range of 3 to 35 GHz corresponding to wavelengths of about 1.0 to 8.6 millimeters. The range of these instruments is up to 100 km. Their accuracy ± 15 mm to ± 5 mm/km.

2. Infrared Wave Instruments. In an instrument of that type amplitude modulated infrared waves are used. Prism reflectors are used at the end of the line to be measured. Their achieved accuracy is ± 10 mm. The range of these instruments is up to 3 km.

3. Light Wave Instruments. The principle of these instruments relies on propagation of modulated light waves. At night its range is up to 2.5 km while during the day its range is up to 3 km. Accuracy of these instruments varies from 0.5 mm to 5 mm/km distance. These instruments are also very useful for civil engineering projects.

Errors in EDM instruments:
For example: Total error = Constant (+5 mm) + 5 ppm; 

Where: ppm = part per million 

Constant error is negligible for long distances but it is quite significant for short baselines. The proportional part varies depending on the distance measured. Possible errors in EDM can be as those below: 

A. Human errors:

1. wrong setups of EDMs and reflectors over stations

2. incorrect measurements of instrument or reflector heights

3. errors in determining atmospheric pressures and temperatures (and humidity if microwave instruments are used)

B. Instrumental errors:

1. calibration

2. electronic disturbances, they become unstable from time to time, and generate errors in frequencies (effect of magnetic sources)

3. errors in reflectors (especially corner cube reflectors)

4. constant offsets between electrical center and effective center in both instruments and reflectors.

C. Natural errors

1. atmospheric variations in temperature, pressure and humidity

2. multiple refraction of signals

The latest developments in EDM equipment provide plug-in recording modules, capable of recording many thousand blocks of data for direct transfer to the computer. In some models of instruments, a special software for data transfer or postprocessing is necessary.

2.3. LEVELING
“Leveling” is a common term used in surveying as a method of vertical measurements. Vertical measurements are made and referenced to datums, as elevations. The reference datum might be an arbitrary elevation chosen for practical purposes or a very precise value of altitude. Heights can be obtained from: barometric pressure, vertical angles, optical leveling. Height determination in surveying can be classified as geometric leveling, trigonometric leveling and GPS/leveling – depending on used instruments or the methods applied. Each method has advantages and disadvantages. The most popular is geometric leveling – called just leveling, a measurement process whereby the difference in height between two or more points can be determined with the use of levels (a dumpy level, leveling instrument or automatic level). They are instruments used to establish or check points in the same horizontal plane. The purposes of leveling in ordinary surveying: 

· to establish new vertical control points (BM or TBM)
· to determine the heights of points
· to provide spot heights or contours on a plan/map

· to provide data for road cross-sections or calculation of volumes of earthworks
· to provide a level or inclined plane/surface in the setting out of construction works.

2.3.1. Geometric leveling
As it was mentioned within the leveling measurements, a difference in elevation between any two points is determined, so the method is often called differential leveling. The establishment of differences in elevation requires a level instrument and a leveling rod (or rods). This surveying process utilizes a horizontal line of sight of known intercepts readings of backsight (starting) rod (staff) and foresight rod (staff). Differences in heights are related to a point of known or assumed elevation (usually a starting point). A rod or staff is held vertically on these point (benchmarks) and the instrument is used manually to read the rod scale or just automatically (bar code). The difference in readings from foresight and backsight rods allow to compute differences in elevations and finally elevation of the new (foresight) point. The procedure is repeated until the destination point is reached. It is usual practice to perform either a complete loop back to the starting point or close the traverse on a second point whose elevation is already known. The details of the procedure are depicted in survey regulations (standards). The closure check the correctness allowing to find residual errors and blunders in the operation. The error is to be distributed in the most likely manner among the stations. 
There are two types of leveling: single-leveling and double-leveling (double-rodding). In double-leveling, a surveyor makes two foresights and two backsights and makes sure the difference between the foresights readings and the difference between the backsights readings are equal, thereby reducing the amount of error. Unfortunately, double-leveling is more expensive although more precise than single-leveling.
2.3.2. Leveling instruments 
The dumpy levels and old instruments

The dumpy level is one of the most basic types of optical level instruments. They are optical instruments used to establish or check points in the same horizontal plane. The main body of a dumpy level is a telescope that rotates to take 360 degrees of measurements. Many of them have spirit levels, the same kind found in simple construction straight edges, built into the base so the operator can clearly see if the device is levelled. The device is levelled, when the bubble stays in the exact center and rotation of the telescope does not affect the level. Three leveling screws set over substage allow the dumpy level to be adjusted. As the old instruments with a similar construction, they differ from other levels in having a very precise spirit level tube and a micrometer adjustment for precise measurements. 

Automatic level

They utilize a compensator that ensures that the line of sight remains horizontal after the operator has approximately leveled the instrument. So, the instrument is setup quickly and it does not needed to to be relevelled carefully each time as a surveyor sights on a rod on another point. 

Digital Level

Digital levels are like scanners reading electronically a bar-coded scale on the staff. These instruments usually have the capability of data recording. Since measurements are done automatically, the operator does not have to read the scale or write down the values. Automatic measurements may also compute and apply refraction and curvature corrections automatically and cancel collimation errors.
Laser level

Laser levels produce a laser beam to determine a straight line over a distance. It is visible and/or detectable by a sensor on the leveling rod. This measurement is usually used in construction work but not for more precise control work. An advantage is that one person can perform the leveling independently, whereas other levels require one person at the instrument and one or two holding the rod.
2.3.3. Basic setup
There are certain rules that must be considered in any measurements in leveling. Students should remember that the order of setting is important.
1. Remember: an instrument should be always transported in a case.
2. Bolts and screws properly adjusted on tripod.

3. Legs of tripod should fall slowly of its own weight after being placed in a horizontal position.
4. Leg clamps should be securely tightened on adjustable legs.
5. Using hand level determines the best location to setup an instrument, which position is not strictly placed on benchmarks (free station). Remember backsights and foresights must be balanced between benchmarks but not for an individual setup. Plan route of leveling circuit, and setup locations (remember about proper distances – no more than 40 m from an instrument). All of that minimize setups and thus errors between benchmarks.
6. Leveling screw follows left-thumb rule. A bubble will move in direction of a left thumb. Right thumb should move in opposite direction. The bubble must be centered. Look at the figure 4:
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Fig. 4. “Left thumb rule” scheme
7. When automatic levels are setup, always tap the instrument to be sure that the automatic compensator is freely moving. 
2.3.4. Errors in geometric leveling 
The errors in leveling defined by Kukkamaki are considered in surveying regulations in many countries and special instructions define procedures and actions for avoidance of measurement errors. 
There are errors resulting from:

· misleveling of instruments,

· magnetic effects on the compensator,

· rod graduation errors,

· rod inclination errors,

· vertical refraction,

· vertical movements of the instrument and the rods,

· Earth tides effects.

The most basic element of the correct procedure preventing from errors in leveling is carrying out measurements with equal back and foresights (“leveling from the middle”), at less than 40 m distance. There are basic factors affecting measurements results, which should be considered: refraction and the earth curvature. 

The curvature of the earth makes a horizontal line of sight inadequate for evaluation of elevations which are curves and the instrument will be higher and higher above a spheroid at greater and greater distances. That effect may be significant for precise surveying, especially at longer distances,like hundreds meters or kilometers. The line of sight is assumed as horizontal. It is at the instrument but it is not a straight line because of refraction in the air. The fact that air pressure changes with elevation causes the line of sight to curve towards the Earth. The amount of refraction depends on air temperature and pressure. For precise work, these effects need to be calculated and corrections applied. For most work, it is sufficient to keep the foresight and backsight distances approximately equal so that the refraction and curvature effects cancel out. 
2.3.5. Trigonometric leveling

The name of this leveling method relates to principles of triangulation and trigonometric calculations that are used in determining the difference of elevation between two points. Trigonometric leveling is often necessary, where accurate elevations are not available by geometric leveling or when the elevations of points are inaccessible or geometric leveling is insufficient, impracticable or too time consuming (measurements of high buildings). The idea of the method is presented in the figure 5:
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Fig. 5. The idea of trigonometric leveling
So, if the vertical angle and either the horizontal or slope distance between two points are known, the fundamentals of trigonometry can be applied to calculate the difference in elevation between the points. If the strength of that angles and distances are to be measured, so the method is an indirect leveling with the transits, total station, theodolite and other instruments determining angles and distances. 
The important factor in this leveling method affecting the results is the earth’s curvature and refraction. 

2.3.6. GPS leveling 
GPS may be used for leveling. Such technique requires locations of benchmarks with an open sky above them. This is not suitable in dense urban areas. The error determination is quite large and depends on the duration of the measurements and the dependence of distance between stations is very low. The error increases with the height difference, depends strongly on the observations duration and the type of computation. An elevation above the geoid is defined as an orthometric height. GPS receivers cannot produce orthometric heights directly but they produce heights relative to the WGS 84 ellipsoid. Elevations determined by GPS are called ellipsoidal (or geodetic) heights. The conversion between “geoidal” and ellipsoidal heights is possible when the discrepancy between the official altitude and the ellipsoidal height is known. For that purposes a model of geoid is elaborated and established in country regulations.

2.3.7. Postprocessing in geometric leveling
When the survey is finished, an arithmetic check should be done (in digital level with recording it is not necessary) to make sure that no mistakes in addition or subtraction was made in the field notes. When the line of levels is run back to benchmark or the starting point, a closed loop, or level circuit was made and any leveling measurement should close back either on the starting benchmark or on some other point of known elevation, in order to provide a check against errors. 
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Fig. 6. The problem of the Earth’s curvature in leveling

As the horizontal shifts from a level surface because of curvature of the earth the deviation should be taken into account (see figure 6). The effect can be expressed approximately by the formula: 

Csurf = 0.0785L2
Csurf  – a shift f level surface in meters and L – the distance in kilometers

For horizontal sight, refraction Rm in meters can be expressed by the formula: 

Rm= 0.011 L2
A very popular, approximated formula combining correction for curvature of the earth and refractions applied in surveying is:

hr+m= 0.0675 L2
Where hr+m is in meters. So, for example for a 1 km length there is a value of the error and the correction about 0.0067 m.
2.3.8 Error of Closure and Precise Leveling
The required accuracy for leveling survey or its vertical control depends on the purpose of measurements. Surveying standards and specifications giving a guideline for surveyors express terms of an acceptable error of closure. The error of closure is a function of the length or total horizontal distance of the leveling line. The error is expressed in the following form:

Error = Constant × square root(distance)

The higher the order of the accuracy, the smaller the constant. For example, for a level circuit with a total length of 2 km, at the accuracy of the first order leveling network, the maximum error of closure would be 2 √2 = 2.8 mm. 

2.3.9. Adjusting Benchmark Elevations 
The significance of running a line of leveling surveys back to the starting point (benchmark), or to other fixed point of known elevation is to avoid mistakes and calculate errors. It is much less expensive to find and correct them in the field by closing the loop than to have to return and repeat the work later. There is no measurement free of errors, so when the level circuit is completed, there is usually some small difference between the given fixed elevation of the benchmark and the observed elevation and notes evaluated in the survey. If the calculation checking surveys out is all right – the discrepancy is quite small, then it may be assumed that it is the effect of random or accidental errors. Presuming that a leveling survey closes within the error value of desired order and class of accuracy –there is an error of closure, but it is acceptable. The next problem is how to distribute that total error of closure among the various benchmarks in-between or sections of the line and how to adjust the circuit making its closure exact. It may be assumed that the error of the elevation for each point of the circuit or line of levels is directly proportional to the distance of the point from the starting benchmark. The relationships for adjusting the leveling line or circuit may be formulated as follows: 
Correction = Error of Closure X distance from the starting benchmark (Total length of level run)

Error of Closure = given benchmark elevation - Observed benchmark elevation 

Adjusted Elevation = Observed elevation + Correction

If the Earth's gravity field were completely regular and gravity constant, leveling loops would always close precisely:
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around a loop. In the real gravity field of the Earth, this happens only approximately; on small loops typical of engineering projects, the loop closure is negligible, but on larger loops covering regions or continents, it is not.
2.3.10. Leveling loops and Gravity Variations

All surveying measurement are carried out in gravity field of the Earth. It involves some problems. The main is that the instruments are oriented according to gravity vector (plumb line) and varying gravity field implies certain correction due to inadequacy of geometrical and physical (equipotential) elevations. So, it is sensible to combine both units: instead of height differences, geopotential differences are considered:
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where gi is for gravity at the leveling interval i. For precise leveling networks in a country scale, the latter formula should always be used.
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should be used in all computations, producing geopotential values Wi for the benchmarks of the network with respect to changing gravity.

As it was mentioned, a combination of spirit leveling data and GPS/GNSS data for determination of heights requires a model of geoid. This is just a transformation between “geometrical” and “physical” heights with respect to gravity variation. 

2.4. ANGLE MEASUREMENTS
The locations of points and orientations of lines frequently require measurements of angles and directions. In surveying, directions are given by azimuths and bearings. Both of them are reference lines forming an ray or side of an angle with defined orientation. In surveying angles are measured in vertical or horizontal plane, so depending on the plane in which they are measured, angles are classified as horizontal or vertical angles.

In the first case they are measured for basic purposes just determining bearing and azimuths. The vertical angles are determined mostly for trigonometric leveling or for reducing measured slope distances to horizontal planes. Nowadays there are several types of instruments used for determination of angles: total station, theodolite, compass. It is possible to evaluate an angle from indirect measurements like by tapes. There are elements in angle measurements to be determined:
1. Reference lines 

2. Direction of angle (turning). 

3. Angular distance - values of the angle in common units: degrees, grads (gons, decimal system), radians. 

There are horizontal angles to be distinguished: 

1. Interior angles: They are measured on the inside of a closed polygon. Normally, the angle at the apex with in a polygon is measured. Then a check can be made on their value because the sum of all angles equals (n-2)*180 deg. Polygons (closed traverse) are commonly used for boundary surveys. Exterior angles are located outside a closed polygon and they provide a check, i.e. the sum of interior and exterior angles at any station must be total 360 deg.
2. Angles To The Right. Angles may be determined by clockwise measurement from the preceding to the following line. Such angles are called angles to the rightor azimuths from the back line.
3. Deflection Angles. They are measured from direction of the back line to the forward station. They are measured to the right (c.w or +) or to the left (c.c.w or -) depending on the direction of the route. They are always smaller than 180 deg., and the direction of turning is identified by Right or Left. 
So, angular measurements are used for orientation of lines or to establish both horizontal or vertical coordinates of points. Depending on the purposes, there are different elements of angular orientation to be measured. 
2.4.1. Basic elements of angles
Direction of a line 

The direction of a line is just the horizontal angle between it and a Meridian, a closed reference line passing the average Earth’s surface and joining the north and south poles. The following meridians are distinguished: a. True Meridian the north-south reference line passing through the earth’s geographic poles, b. Magnetic Meridians defined by a freely suspended magnetic pointer, whose orientation is determined by earth’s magnetic field only. c. Assumed Meridian – a line that can be established by just conveying any arbitrary directions. 
Bearings 

A bearing is just the horizontal angle between a reference meridian and the line of a measurement. The angle is measured sometimes from the main geographical directions: either the north or south towards the east or west, to make it easier for perception readings. There are bearings that are called quadrants – and they represent angle between the measured direction and the nearest cardinal direction (calculated counter wise): N,E,S,W.
Azimuths 

They are horizontal angles from any reference meridians and they are measured clockwise. Generally, they are measured from the North. They can range from 0 to 360 deg., so they do not require labels for identification of the quadrant that is represented by the angle. The sense of azimuth of the section line is as in direction of any vector. So there is a forwarding azimuth of AB line. It can be converted to back azimuth (or vice versa) by adding or subtracting 180 deg: azimuth BA = azimuth AB + 180 deg. There are instruments that can read azimuth directly as girotheodolites. 
Computation of azimuths 

Azimuths are utilized by surveyors because they are important in computations of coordinates or they easily outline line’s orientation. They are helpful for computations of azimuths sketches of measured lines and it is important to check all bearings beforehand to see if the figure of line sections is geometrically closed: (n-2)*180 deg.
Compass Survey 
One of the simplest instruments used in surveying is a compass. It is a navigational instrument as well. It consists of a magnetic pointer (usually a steel needle) mounted on a pivot at the center of a graduated circle. The needle aligns itself indicating the direction of the magnetic north of Earth's magnetosphere. Magnetic declination is the horizontal angle from the true geographic meridians to the magnetic meridian. The magnetic pole positions are changing, magnetic declinations at all locations also undergo continual changes. This problem belongs to basic tasks of geodesists duties, according to regulations in many countries. Establishment or maintenance of magnetic network is in response of geodetic survey as it is case of geodetic or gravimetric networks. Modern instruments as vector magnetometers measure all components of the magnetic field electronically. Using three orthogonal magnetometers, both azimuth and dip (inclination) can be measured and the total magnetic field strength (total magnetic intensity) is derived from the square root of the sum of the squares of the components.

Vertical angles 

As opposed to transits – old instruments, theodolites are equipped with a telescope level. Modern theodolites have an indexing system that utilizes an automatic compensator responding to the influence of gravity. In properly leveled theodolite, the compensator allows to bring the vertical circle index to its true position. An average zenith angle is obtained by first adding the direct and reverse readings to obtain the algebraic difference between their sum and 360 deg. This difference is divided by 2 and the result is algebraically added to the first (direct) series of measurement. Then the result is the zenith angle is corrected for any residual index error.

2.4.2. Elements of angular orientation
The position of an angle’s vertex and orientation of its arms (bearings) play fundamental role in determination of orientation of angles. Arms of an angle are just lines and the lines’ directions is defined by a horizontal angle with respect to a reference line. This reference classifies if the direction of the line is termed as absolute or relative (when the reference line does not remain fixed over time). 

The direction of a line is expressed by quantities used depending upon the type of survey: bearing, included angle, deflection angle etc. They can be measured directly in the field or they can be obtained indirectly by computation. 

The basic element of angle orientation is the survey line making before the mentioned bearings – clockwise or anticlockwise direction with the meridian. Different criteria define various types of bearings. The most important are azimuths or true bearings mentioned before. For determination of a point’s coordinates, usually angular measurements are carried out and the observed line must be orientated. Because straight line has two diametrically opposite directions, there are two types of bearing depending on the direction of the line for which it is being determined: the direction in which a survey work proceeds is called a forward direction and the opposite direction is just a backward direction. Thus, there are distinguished: Fore Bearing and Back Bearing. 
Fore Bearing  –  the bearing of a line measured in the forward direction – according the progress of survey.
Back Bearing  – the bearing of a line measured in the backward direction – in opposite to the direction of progress of survey. 
Back Bearing = Fore Bearing ± 180° and Fore bearing = Back bearing ± 180° 

As it was mentioned, the direction of a line can be referred to cardinal directions (geographical) and in that way the quadrantal bearing (Q.B.) or reduced bearing (RB) is measured. In that orientation a line is defined by the acute angle which the line makes with the meridian. Thus, it depends on the quadrant in which the line presents. It is measured in clockwise or counter wise direction, either from the North or from the South – the nearer and which provides a minimum angle. Thus, reduced bearing of a line is chosen by the direction from which it is measured (for North or for South) followed by the value of the angle at the end, the direction to which it is measured (for East or for West).

Whole Circle Bearing 
So, as opposed to quadrant veering the whole circle bearing of a direction of a line is the horizontal angle measured clockwise from the North arm of the meridian. It varies from 0° to 360°. 

2.4.3. Basic instruments and measurements
A theodolite is an basic instrument which is used primarily to measure angles, both horizontal and vertical. Having technical options, it is also used for many other work during surveying such as prolonging a line, laying out traverse etc. 

There are different types of theodolites available. They may be classified in many ways but there are three basic instrumental categories. 
1. Transit theodolite 

2. Digital theodolite 

3. Total station 
Each type of a theodolite has specific construction and the mode of operations. But there are some common fundamentals of all of them. The most important details of classical, vernier type of theodolite which is still very popular and widely used are as below:
· Leveling Head

· Shifting Head

· Lower Plate

· Upper Plate

· Plate Levels

· Standard (or a Frame)

· Vernier Frame

· Telescope

· Vertical Circle

· Altitude Bubble

· Screws

· Tripod Stand 

Temporary adjustment
Adjustment of vernier theodolite at station point is required prior to its usage. What is more, the operations should be to carried out in sequence. The group of operations required to be done on an instrument in order to make it ready and correct for observations is called temporary adjustment. Temporary adjustment is a group of the following operations: 

· setting, 
· centring, 
· leveling 
· focussing. 
Setting 

The setting operation includes fixing the theodolite with the tripod stand along with approximate leveling and centering over the station 9 control points). Setting up the instrument is done when the tripod is placed over the station with its legs widely spread so that the centre of the tripod head lies above the station point and its head is approximately level. The instrument is then fixed with the tripod by screwing through. The height of the instrument should be such that an observer can see through the telescope suitably. After this, a plumb bob is balanced and it should be pointed near to the station mark. 

Centering
The operation involves orientation of the vertical axis of the instrument exactly over the station mark, which is known as centering. First, the approximate centering of the instrument is done by moving the tripod legs – due to radial movement of the legs, the plumb bob is shifted in the direction of the movement of the leg without significantly affecting the level of the instrument. But when the legs are moved sideways or circumferentially, the plumb does not shift much but the level is affected. Sometimes, the instrument and the tripod have to be moved for centering. The centering and leveling of an instrument are interrelated and all procedure can be described as trial-end-error method. Finally, the exact centering is done by using the shifting head of the instrument: the screw-clamping ring of the shifting head is released and the upper plate of the shifting head is moved over the lower one until the plumb bob is exactly placed over the station mark. Having the exact centering, the screw clamping ring is tightened again.
Leveling  

Leveling of an instrument is done to make its line of sight horizontal axis which makes the vertical axis of the instrument is truly vertical. For that procedure there are three leveling screws and two plate levels are in a theodolite instrument. Leveling is being achieved by carrying out the following steps: 
Step 1: Rotate the instrument and bring one of the level tubes parallel to any two of the foot screws.
Step 2: The bubble is brought to the centre of the level tube by rotating both the foot screws either in inward or outward direction. The bubble moves in the same direction as the left thumb.
Step 3: The bubble of the other level tube is then brought to the centre of the level tube by rotating the third foot screw either inward or outward. 
Step 4: Step 2 and step 3 are repeated in the same quadrant till both bubbles remain central.

Step 5: Rotate the upper part of the instrument through 180°, the level tube is brought parallel to first two foot screws in reverse order. The bubble will remain in the centre if the instrument is in real and correct adjustment. 

Focusing 

As in other optic instruments, it is important to obtain the clear reading. In a certain sense it is other type of adjustment – the act of adjusting something to make a beam focus. In that case the image formed by the objective lens should fall in the plane of a diaphragm and the focus of eye-piece should also be at the plane of a diaphragm. So parallax is removed by proper focusing of objective and eye-piece. Thus, focusing operation involves two steps: focusing of the eye-piece lens and focusing of the objective lens. 

To make instrument correct

Theodolite is an instrument working in rotations of its main part. To make the movement correct, there are some conditions should be fulfilled. They relate to so called fundamental lines of the instrument. The fundamental lines are conceptual in a theodolite instrument and they are as follows: 
1.Vertical Axis 

2. Horizontal axis 

3. Line of collimation 

4. Axis of the altitude level tube 

5. Axis of the plate level 

In a correctly adjusted instrument, the fundamental lines bring correct relations as follows:

1. The vertical cross hair should lie in a plane perpendicular to the horizontal axis 

2. The axis of each plate level should lie in a plane perpendicular to the vertical axis 

3. The horizontal axis should be perpendicular to the vertical axis 
4. The axis of the telescope level should be parallel to the line of sight 

5. The line of sight should be perpendicular to the horizontal axis at its intersection with the vertical axis . Also, the optical axis , the axis of the objective slide , and the line of sight should coincide. 

Testing and adjustment of Fundamental relations 

An instrument is in correct position and its adjustment satisfies all the relations among its fundamental lines. An observer should remember to occasionally check corrections of the state of relationship among fundamental lines and, if necessary, he should correct them, if required. The operations are based on the geometry of the fundamental lines so the permanent adjustment should be made in the order as of the following adjustment: 

· of vertical cross hair
· of plate level axes
· of line of sight
· of horizontal axis
· of the axis of the telescope
· of vertical circle index. 

Permanent adjustment of vertical cross hair of telescope of transit.
The vertical cross hair should be in a plane perpendicular to the horizontal axis. In this test firstly the instrument is to be for the time being adjusted on any station and sight a well defined (sharp) point object at a distance of about 90-100 m. Next is to get the object point bisected on the vertical cross hair. Keeping both the upper and lower plate main screw fixed, the telescope should be swung in vertical direction. If the point appears to move continuously on the vertical hair, the cross hair lies in a plane perpendicular to the horizontal axis. If not – adjustment is needed. So, if the point looses the cross, two adjacent capstan screws are to be used and twisting the cross-hair ring in the telescope tube enables the point to appear on the vertical cross hair. The two screws must be tightened again. The test again should be carried out as adjustment ​– of course if required, until the point traverses the entire length of the hair as the telescope is in vertical direction. 

Another problem deals with a permanent adjustment of plate level axes of transit. Correct measurements can be carried out if the axis of each plate level lie in a plane perpendicular to the vertical axis. It should be controlled, so the following test should be made:
· the level tubes is brought parallel to any two of the foot screws by rotating the upper part of the instrument, so the bubble is brought to the centre of the level tube by rotating foot screws. 
· the level tube is then brought over the third foot screw again by rotating the instrument. The bubble is then again brought to the centre of the level tube just by rotation of a third foot screw. These actions are repeated by rotating the upper part of the instrument in the same quadrant and leveling till the bubble remains central in both positions. Now the upper plate main screw should be clamped and the lower plate main screw is released and then rotation of the whole instrument through 180°. The bubble in the plate level should remain in the centre, the axis of the plate level lies in a plane perpendicular to the vertical axis. If not, a special rectification is needed. 
In a properly adjusted instrument, the line of sight is perpendicular to the horizontal axis.

Permanent adjustment of horizontal axis of a telescope 

The horizontal axis should be perpendicular to the vertical axis. For testing that first the instrument is temporarily adjusted in front of high building or structure on which a well-defined point (X) can be distinguished at a certain height. Then the vertical clamp is opened, sight at the point X appearing on the vertical cross hair of the telescope. Now, with the horizontal motions is clamped and the telescope is set a point Y on or close to the ground. If the horizontal axis is perpendicular to the vertical axis, points X and Y will be in the same vertical plane. 
Adjustment requires special procedures. Students have to read about it in literature mentioned at the end of this elaboration. The following is to be read out:
· permanent adjustment of axis of the telescope of an instrument and test 
· permanent adjustment of vertical circle index of an instrument
Making angular measurements 

Measurement of horizontal angles
To represent the direction of any line, the horizontal angle from a reference line is to be measured. It should be done in following steps:
1. two points one on each of the lines are to be marked. 

2. a theodolite is to be set at the point of intersection of the lines. Initially, the instrument is in the face left condition and its temporary adjustment is to be done over the point. 

3. Both the lower and upper plate main screws are released and get the vernier A set to 0° (or 360°) mark on the main scale. After clamping the upper main screw, index of vernier A is to be brought exactly to zero of the main scale using the upper plate tangent screw. 

4. the reading of the vernier B should be 180°. 

5. swing the telescope in the horizontal plane and point it to the left station L. Tighten the lower plate clamp screw, bisect the signal at L precisely using the lower plate tangent screw. 

6. the upper plate should be loosen by main screw and the telescope turned to the signal at R to be sighted. Tighten the upper clamp screw and bisect the ranging pole at R exactly, using the upper plate tangent screw. 

7. after reading both the verniers A and B record the values. The reading of the vernier A is the angle LOR. The vernier B gives the value of angle LOR after deducting 180° from it. The mean of two values of the angles obtained from the verniers A and B is the required angle L'O'R'. 

8. the next is to change the face of the instrument to the face right by transiting the telescope and swinging it by 180°. 

9. steps 3 to 8 are to be repeated and another value of the angle L'O'R' should be determined. 

10. The mean of the face left and face right observations is the final required angle L'O'R'. 
Method of Repetition 

That method was popular in the past, when the precision of measurement was much lower than the requirements of accuracy in determination of positions. So repetition method can be recommended if measured angle is desired to be more than the least count of the instrument. In this method, the desired angle is measured several times, and the average of the observed values is assumed as the value of the angle. The precision obtained is to a much finer degree than the least count of the vernier. The steps involved in the measurement of the horizontal angle by the method are as follows: 

First steps are the same as given in the method of usual measurement of horizontal angle mentioned before, but record readings are in the different form. The next, is to get lower plate unclamped and the telescope turned to sight the signal. The lower clamp should be tightened. Then the lower plate should be tangent screwed for exact bisection of the signal. After releasing the upper clamp, the telescope should be oriented to sight the signal. After that, the upper clamp is tightened. The next, is to bisect the signal exactly using the upper tangent screw. These steps are to be repeated once again. The final reading of the vernier will be approximately 3 times the angle but if it is necessary more repetitions are to be done. The next step is to divide the final reading by the number of repetition (readings) to obtain the value of the angle. Afterwards, the instrument should be faced right and the telescope must be in the inverted condition. And in that position all former steps are to be repeated with the face right, and determine another value of the angle to be measured. The next is determination of the average value of the angles obtained with the face left and face right. The procedures of the method of repetition eliminate different errors occurring in the measurement of a horizontal angle. These errors are due to the following: 

A. eccentricity of verniers and centers being eliminated as readings from both verniers are taken,
B. 
inaccurate graduations being eliminated because the readings are observed at different parts of the circle,
C. 
lack in adjustment of line of collimation and the horizontal axis of the instrument get eliminated for assumed both faces readings,
D. inaccurate bisection of the object, eccentric centering. 

Method of Reiteration 

The method of reiteration for measurement of horizontal angle is popular when the angles are related to well distributed points that are observed from the same instrument station, with high precision. In this method, angles are measured successively starting from the opening station. The angle between the next station and the opening station, as finally the last horizon, is closed. This process of measuring the angles around the point enables obtaining a check on sum of angles being equal to 360° and what is called closing the horizon. When the horizon is closed, the final reading should be the same as its initial reading. First steps are the same as mentioned in measurement of horizontal angle. The next is to release the upper plate clamp screw and to turn the telescope clockwise until the forward station is sighted and the upper clamp screw is tightened. The upper tangent screw is next to be used - for placing the object on the vertical cross hair. Read both the verniers, and write down readings. Compute the angle and record it. Similarly, the next angle is to be determined. Finally, the horizon is closed by sighting the reference point again. And the readings are to be noted. The vernier should now show zero or 360°. Next, is to change the position of the instrument – it should be changed by moving to the face right by transiting the telescope and swinging it through 180°. All the mentioned steps are to be repeated in the anti-clockwise direction. Finally, observed values of the angles are obtained as the average value of each angle with the face left and the face right. 
Measurement of vertical angle

A vertical angle is the angle between the inclined line of sight and the horizontal plane passing through the main axis of the instrument. What is very important in the measurement of vertical angle is that the instrument must be leveled with reference to the altitude level. 

The procedure for measuring a vertical angle is as follows: 

1. After the temporary adjustment of the instrument on the station leveling of theodolite is to be done using altitude level and all operations are same as leveling using plate level. 
2. The next is to loosen the vertical circle clamp while orientation of the telescope should be towards the object whose vertical angle is to be measured. After clamping the vertical circle, bisect the point by turning the vertical tangent screw.

3. Now it is time to read and record or just note down the scale with vernier. 
4. After changing the face of the instrument read the vertical angle again. 

5. The average of the values obtained in previous steps is the vertical angle. 

2.4.4. Errors in measurements of angles
The Error of a point’s position is a resultant of errors in the measurement of an angle or a direction and the error of measured distance. So, it is important for a surveyor to realize all sources of error and calculate the resultant error to be certain that it is within specified limits. Similarly to other surveying methods, there are errors in angle measurements caused by instrumental, personal or natural sources. 

Instrumental Error 

Errors caused by any imperfections as non-adjustment of an instrument are systematic and these can either be eliminated or reduced to the satisfying values by utilization appropriate methods. The instrumental errors involved in theodolite surveying are as below:
· due to incorrect adjustment of the plate level in horizontal angles

· in vertical angles due to incorrect adjustment of the plate level

· due to the line of collimation which is not perpendicular to horizontal axis

· due to horizontal axis which is not perpendicular to the vertical axis

· other instrumental errors 

Personal Errors

Personal errors result from the limitations of human competence and experience in making adjustment and in making observations. Personal errors in theodolite observations occur: 

· in setting up of the instrument
· in centering of the instrument 
· in setting and reading the vernier 
· in ranging pole location or staff station 
·  parallax (focusing)
Error due to natural causes  

Errors due to natural causes are usually small and they do not affect the measurements significantly. But even an ordinary settlement of a tripod can result in a serious error. The following reasons for errors can be distinguished:
· due to settlement of the tripod leg 
· due to atmospheric condition 

Elimination of errors  

Errors due to instrumental sources are all systematic and, without exception, they can be either eliminated or reduced. This can be achieved knowing the mean of two values: one observed before and the other observed in a reversal position of the horizontal plate, when the telescope is rotated about its vertical axis. The inclination error in either horizontal or vertical angle can be eliminated by leveling the plate bubbles again. 

The personal errors are random and they cannot be eliminated. They form a significant component of the resultant error. 
Natural errors are generally random, but there are systematic and occurring in certain conditions. So in special surveys where very high precision is required there are special procedures to eliminate natural systematic errors. 

5. TOTAL STATIONS
A total station is an instrument used for measuring distances, both horizontal and zenith angles, as well as slope distances. In addition, some models also have features for measurement of points as determination of coordinates even though they cannot be directly observed (so called offset measurement) etc. Most total stations have the ability to make horizontal angular measurements using either the directional method or the repetition method, mentioned in the previous chapter. Total stations become more and more popular and they are used extensively in surveying, civil engineering and construction. Those electronic theodolites combined with an EDM and an electronic data collectors can be extremely productive, because they integrate the data coming from the distance meter with those coming from the angular measurements obtained with the theodolite. Therefore, it is possible to immediately calculate other quantities, indirectly obtained, such as horizontal distances, azimuths or rectangular coordinates, areas etc. So the name of the instruments explains a lot – a total station or integrated station are surveying “aggregates”, “totally equipped, operational instrument”. The surveyed data can be registered in a ‘field book’, but due to their digital nature, the data can be stored in the instrument’s memory. 
Total stations are able to store large amounts of data and carry out automatically a number of different survey tasks and related calculations, sometimes based on data loaded before, as coordinates of points. All the functions of a total station are controlled by its microprocessor and communication with surveyor is by using a keyboard and display screen. The most important advantage of total station is an automation of many operations of surveying such as angular and distance readings, data recording, the input of station details etc. 
The procedure for using the total station is similar to the procedure of operating theodolites: setting over one end of the line to be measured and reflector that is positioned at the other end such that the line of sight between the instrument and the reflector is free. The reflector is just a prism attached to a detail pole and the telescope is aligned and pointed at the prism. The measuring sequence is initiated and a signal is sent to the reflector and a part of this signal is sent back to the total station. This signal is then processed and calculated to obtain the slope distance together with the horizontal and vertical angles. Of course total stations can also be used without reflectors and the telescope is pointed at the point that needs to be measured and all procedures are like in optical instruments. 

Some total stations have motorized drivers and can use automatic target recognition, so they search and lock into a prism – this is a fully automated process and an operator is not required then. 
Procedures of setup of total stations are the same as a theodolite – the way of level and center are the same. Most total stations have a long range of distance measuring: up to a few kilometers, when a prism is used. In a reflector lens mode range is at least 100 m. The accuracy of instruments is within 2-3mm at short ranges and it decreased to about 4-5 mm at 1km. 
Angles and distances are measured simultaneously and combine an electronic theodolite with a distance measuring system and a microprocessor. 

The axis conditions are identical and involve the vertical axis, the tilting axis and line of sight (or axis of collimation). The other components include the tribrach with levelling screws, the keyboard with display screen and the telescope, which rotates around the tilting axis. Levelling is carried out in the same way as for a theodolite. The telescope can be used in the face left (or face I) and face right (or face II) positions. Horizontal rotation of the total station about the vertical axis is controlled by a horizontal clamp and rotation of the telescope about the tilting axis by vertical one. 

The total station is used to measure angles in the same way as the electronic theodolite and the same methods of angular measurements, described before, can be applied.

Distance measurements are carried out as in EDM instruments. But in this case all total stations will measure a slope distance which their computer together with the zenith angle recorded by the line of sight so the horizontal distance can be calculated. The most accurate is precise measurement of distances taken with the use of a prism or reflecting foil. 
It is possible to carry out rapid measurement by a total station. Although this option reduces the measurement time for singular prism to between 0.5 and 1s, the accuracy may be worse. Another option is tracking measurements with setting out or for machine control, since readings are updated very quickly and vary in response to movements of the pole-mounted prism. The measurement of distance is repeated automatically (intervals are less than 0.5 s).
As it was mentioned, total station is operated through its control panel, which consists of a keyboard and display screen (usually multiple line LCD). The instruments have usually two control panels, one on each face, which makes them easier to operate the instrument.

There are models of total stations with the universal keyboard compatible with other total stations and GPS receivers. This technique is called integrated surveying.
The most important feature of total station is software applications. The micro processor built into the total station is a small computer for controlling the measurement of angles and distances and making some computations: 
- slope corrections and reduced levels

- horizontal circle orientation

- coordinate measurement

- traverse measurements

- resection (or free stationing)

- missing line measurement

- elevation measurement

- areas.
What is more, the surveyor is guided by LCD screen during measurements. The instructions built in a computer can be used for the operator to carry out calibration checks as well.
The latest generation of total stations have many of the features, as a fit servo-motors for controlling their horizontal and vertical movement. They are called motorised total stations. Using them, the surveyor does not have to look through the telescope to align the prism or a target because of the servo-motors.
Their full potential is utilized when they are remotely controlled and used as robotic total stations. By providing remote control of the total station from the prism, these are surveying systems that permit single-user operation for either mapping or setting out. They are utilized in special cases, as in places dangerous for humans or in open mining, where instruments control excavation front.
They use a 360° prism fitted as well as a small computer and a radio or optical communication between the prism and the total station. During the measurements, the instrument automatically follows the movements of the prism. When a contact is lost, re-establishment is needed. It is also utilized during topographical surveys: the surveyor places the pole at a point of interest and uses keys on the controller to measure angles and slope distances. 
Some constructions of total station require checking instruments that use using procedures outlined in manuals. By observing on two faces of the total station, what is important to determine the magnitude of instrumental errors and to correct them, some instrumental errors are eliminated. For total stations, instrumental errors are evaluated and corrected using electronic calibration procedures. The procedures of the mechanical adjustments are done in service labs by technicians. Since calibration parameters can change because of mechanical shock, temperature changes etc. and an electronic calibration should be carried out as pointed below:

- before using the instrument at the first time

- after long time storage 

- after rough, shocking or long transportation

- after long time of work

- at big changes in temperature

Before each calibration, it is essential to allow the total station, as other electronic instruments, to reach the ambient temperature. It must be noted that total stations, like other electronic instruments, are more sensitive and damageable than instruments with older constructions. 
As GPS receivers, total stations are one of the major instruments used for surveying and they belong to the most developing group of surveying instruments. 
6. FINAL EXERCISE: PROJECT SURVEYING AND DRAWING
A student is obligated to project a network for traverse measurements. The traverse should contain several control points and its geometry is for student’s decision. There will be angles, distances and coordinates to determine. So angle and distance measurements are to be done. The final surveys will be just leveling for determination of points’ heights. There are some basic information essential for traversing surveys. 
Traversing is a group of successive lines (series lines, courses, chains etc.) with ends called a traverse station. these must first be located well and marked or mounted in the field and their lengths and directions have been determined by measurements. Angles are measured and used to compute line directions (azimuths) and distances for determination of coordinates. Reference data: reference coordinates and azimuths are very important and determining types of traverses. There are two basic types of traverses:

· open
An open traverse originates from a point whose position may be known or unknown but goes to a point whose position is not known. In open traverse a check by computation is not possible to detect error or blunder in distances or directions. Repeated observations for measurements are required to be taken to minimize errors. For example, there is a traverse ABCDE to consider. It originates from the point A which may be unknown or may be determined in reference to the known point P lying on the line PZ of known azimuth, but it goes to an unknown point E. That traverse is an open traverse. This type of traverse generally occurs in areas, where there is a problem with references, such as in mine surveying (underground passages).

· closed
The name relates to their geometry. It is called a closed traverse, if a traverse starts from a known position and also goes to the determined position. When the origin and ending points are the same then it is called closed-loop. When it starts at one point of the known position and ends on another of the known position, it is a type called link traverse. Necessary angles and lengths are observed to provide computational checks. That is, one angle at each station and the length of every section. An internal check on the accuracy of measurements is possible in this type of traverse. So, it provides an indication of the consistency of measured distances and angles. This type of traverse is recommended in surveying and the most reliable, when the high accuracy is required. So, the most recommended in surveying is a closed traverse that originates from a known point and terminates on another known point, because such a closure enables and provides computational checks allowing detection of systematic errors in both distance and direction.
Traversing is the most frequently utilized method for establishment of horizontal control points for surveys of limited extent.
Types of angles and directions

· interior angles traverse, they are clockwise angles measured in the interior of polygon traverses,
· angles to the right - clockwise angles, where the backsight direction is always the proceeding station,

· deflection angles - used in alignment surveys, but not very often used today with total stations,
· azimuths; azimuth can be measured directly. It happens, when first backsight is entered into total station and subsequent azimuths are observed along traverse. 
6.1. STATIONS AND MEASUREMENTS
A student is obligated to project a network for traverse measurements. The traverse should contain several control points and the traverse’s geometry is for student’s decision. There will be angles, distances and coordinates to determine. So angle and distance measurements are to be done. The final surveys will be just leveling for determination of points’ heights. 

Having an idea and general plan of the surveys a student is to make a reconnaissance, to check possibilities of carrying out of measurements. The following is important:

· to be careful in design of traverse stations before observations, the number of stations and observations should be reduced to minimum. A student should walk around the area that is to be traversed before beginning of observations,

· sight lines should be checked to find barriers to be removed. A student should ensure inter visibility among traverse stations. In another case stations should be moved or reduced; 

· long sight lines are preferred, because it reduces the size of errors caused by instrument and target miscentering.

· the next is to decide the method of traversing and the type of instruments suitable to field condition; 

· to collect miscellaneous information related to traverse surveying – they can be collected by cameras etc. The important information dealt with: transport facilities, general conditions of surveys – shelters in case of rainy weather etc.
The next step is to mount or just mark stations for traverse observations ​‑ after setting the sites for locations of traverse stations. The station mark should be made as that same stations can also be used in future, if required. 
The field measurements in traverse surveying consist of measurement of length and direction of traverse sides and so linear and angular measurements are to be carried out.

The length of traverse sides is measured by direct method using tape or EDM, as it was explained before. A student should test and utilize both methods to show his ability in measurements. It can be carried out as the check of the linear measurements by EDM or total station each traverse line determined by taping before. If possible in the reverse direction on different dates and by different parties, by other method of measurements. If a total station is utilized, angular measurements can be determined in the same time as distance measurements. The direction of traverse sides are measured by deflection angles, interior angles, azimuth etc. The methods of measurements were explained before. After completion of a set of observation, a check on the angular error of closure is required to be performed in the field to detect any blunder or strange, serious error in angular measurements. For higher accuracy azimuth of one line or two lines, depending on the method of traverse, is required. The following parameters may have to be determined: deflection angle, interior angle, azimuth. These parameters classify the method of traversing and they define the direction of its sides.
6. 2. COMPUTATIONS AND ELABORATION
As a result of traverse surveying in the field, angles or directions and length of the traverse sides are observed. These parameters are used in traverse computations, which are to be outlined in a plane rectangular coordinate system. The traverse computations involve calculation of successive coordinates of traverse stations, checking error of closure, determination of the amount of closing error, adjustment of traverse by balancing of consecutive coordinates, calculation of independent coordinates and determination of corrected distances and azimuth of sides.
The first is to compute angle closure. For a polygon traverse, the sum of the interior angles should be (n - 2)∙180°. So, for a polygon traverse with six sides the theoretical geometric angular closure is (6 − 2)∙180° = 720°. When all the interior angles of a closed traverse are summed, they may not provide the value of degrees required for geometric closure. That is a result of systematic and random errors. The angles should be balanced by distributing the angular error equally for each angle, then traverse computation can be started. The acceptable total error of angular closure in this exercise is <03’; otherwise the fieldwork will have to be repeated by a student. 
After initial calculation of angles the next is to compute coordinates of the stations. They could be located by polar coordinate or rectangular coordinate system. So there will be latitudes and longitudes to be determined. Where latitude is north/south rectangular component of a line, where north is considered as plus and whereas south as minus, departure is just the east/west rectangular component of a line, where east is assumed as plus and west negative. Knowing field data, it is possible to work with azimuths: 

Latitude (ΔY) =distance (H) cosα

Departure (ΔX) = distance (H) sinα

Where: Α is the bearing or azimuths of the traverse course, and distance (H) is the horizontal distance of the traverse course. 

Traverse adjustment is necessary to provide a mathematically closed figure by making closure in latitudes as well as closed departures. The methods for adjustment of traverse are classified into two types: approximate methods and rigorous methods.
The methods of approximation for traverse adjustment are based on the conditions established in precision of the combinations of linear and angular observations. So, there are three types of conditions: a. precision in angular measurement is higher than in linear measurement, b. both precisions are the same, c. precision in linear measurement is higher than that in angular measurement.

The most rigorous method of traverse adjustment is the method of least square, which allows variation in precision in the observations, minimizes random variations in the observations, provides the best estimates for positions of all traverse stations and gives statistics relative to the accuracies of adjusted observations and positions. This method is beyond the exercise and the approximate method is discussed further on.

The process of the computation of latitudes and departures requires the following steps: 

1. Balance the angles. 

2. Compute the bearings (azimuths). 

3. Compute the latitudes(Δy) and departures(Δx). 

If the traverse computation begins at A and is concluded at A1, the error of closure is given by the line A1A, and the correction of latitude (Clat) and the correction of departure (Cdep) are in fact the latitudes and departures of the linear error of closure. The mentioned error of closure (linear error of closure) is the net combination of the random errors resulted from the measurement of the traverse angles and traverse distances. 
Latitudes and departures are to be used for the computations of coordinates. Prior to it they must be adjusted, so that their errors are suitably distributed, and the algebraic sums of the latitudes and departures are each zero. The effective method is distribution of the errors in latitudes and departures or each traverse course in the same proportion as the course distance is to the boundary.
The relative positions of control stations are to be defined by XY coordinates, because they best define the relative positions of control stations. Usually in surveying, the X coordinates are oriented toward north, the Y – east. Coordinates of a station are to be computed by successive algebraic addition of the adjusted latitudes and departures to the assumed N and E coordinates, respectively. 
N2= N1+ Lat1-2 





E2= E1+Dep1-2
Where: 
N1and E1 are the Y and X coordinates of station1, N2 and E2 are the Y and X coordinates of station 2 

Lat1-2= the latitudes of course 1-2, Dep1-2= the departure of course 1-2
Summary of Traverse Computations 

1. Balance the field angles 

2. Correct (if necessary) the results of field observations 
3. Compute the bearings or azimuths 

4. Compute the linear error of closure 

5. Compute the balanced latitudes and balanced departures 

6. Compute the coordinates 

The last element of the exercise is to present the data as a map. This outline will show locations and thus the coordinates of the adjusted stations. All data and computations should be enclosed as a documentation of the exercise, usually formatted as a table (example shown at figure 7).
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Fig. 7. Example of the table of surveying results.
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