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FOREWORD

ASME B89 Standards Committee on Dimensional Metrology, under procedures approved by the American National
Standards Institute (ANSI), prepares standards that encompass the inspection and the means of measuring character-
istics of such various geometric parameters as diameter, length, flatness, parallelism, concentricity, and squareness.
Division 4 of the B89 Committee produces standards and technical reports in the area of coordinate measuring tech-

nology, with particular focus on coordinate measuring machines (CMMs). This Standard addressing the performance
evaluation of laser trackers and similar large-scale measurement systems is the work of the B89.4.19 Project Team.
Performance evaluation of a laser tracker presents challenges different from those associated with conventional

Cartesian CMMs. Because of a laser tracker’s very large working volume, no full-scale, three-dimensional calibrated
artifacts exist, and the design of the laser beam steering subsystem is such that individual parametric errors
cannot, in general, be isolated and measured individually. For any coordinate measurement system, a test of the
system’s ability to realize the SI unit of length, the meter, is a fundamental requirement. In a laser tracker, the
length scale is often a laser interferometer (IFM), and the person checking the system’s ability to realize a meter
usually does not have a significantly more accurate reference interferometer with which to perform such a test.
For these reasons, the performance evaluation tests in this Standard consist primarily of point-to-point length

measurements using calibrated artifacts that can be realized in a number of ways. Measured lengths are compared
with the manufacturer’s maximum permissible error (MPE) specifications in order to decide conformance. Realization
of the SI definition of themeter canbe evaluated in anumber ofways, including calibration of the laser IFM,measurement
of a series of short-calibrated reference lengths, or measurement of a series of long-calibrated reference lengths. Proce-
dures are also included for testing the absolute distancemeasurement capability of laser trackers that include this option.
All reference lengths used in theperformance evaluation tests are required tobe traceable perASMEB89.7.5. Guidance

is provided on how to demonstrate this traceability, as well as the traceability of subsequent point-to-point length
measurements made with a laser tracker that has passed the performance evaluation tests of this Standard.
ASME B89.4.19-2021 was approved by ANSI on September 13, 2021.
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CORRESPONDENCE WITH THE B89 COMMITTEE

General. ASME Standards are developed and maintained with the intent to represent the consensus of concerned
interests. As such, users of this Standard may interact with the Committee by requesting interpretations, proposing
revisions or a case, and attending Committee meetings. Correspondence should be addressed to:

Secretary, B89 Standards Committee
The American Society of Mechanical Engineers
Two Park Avenue
New York, NY 10016-5990
http://go.asme.org/Inquiry

Proposing Revisions. Revisions are made periodically to the Standard to incorporate changes that appear necessary
or desirable, as demonstrated by the experience gained from the application of the Standard. Approved revisions will be
published periodically.
The Committee welcomes proposals for revisions to this Standard. Such proposals should be as specific as possible,

citing the paragraph number(s), the proposed wording, and a detailed description of the reasons for the proposal,
including any pertinent documentation.

Proposing a Case. Casesmay be issued to provide alternative rules when justified, to permit early implementation of
an approved revision when the need is urgent, or to provide rules not covered by existing provisions. Cases are effective
immediately upon ASME approval and shall be posted on the ASME Committee web page.
Requests for Cases shall provide a Statement of Need and Background Information. The request should identify the

Standard and the paragraph, figure, or table number(s), and be written as a Question and Reply in the same format as
existing Cases. Requests for Cases should also indicate the applicable edition(s) of the Standard to which the proposed
Case applies.

Interpretations. Upon request, the B89 Standards Committeewill render an interpretation of any requirement of the
Standard. Interpretations canonlybe rendered in response toawritten request sent to theSecretaryof theB89Standards
Committee.
Requests for interpretation should preferably be submitted through the online Interpretation Submittal Form. The

form is accessible at http://go.asme.org/InterpretationRequest. Upon submittal of the form, the Inquirer will receive an
automatic e-mail confirming receipt.
If the Inquirer is unable to use the online form, he/she may mail the request to the Secretary of the B89 Standards

Committee at the above address. The request for an interpretation should be clear and unambiguous. It is further rec-
ommended that the Inquirer submit his/her request in the following format:

Subject: Cite the applicable paragraph number(s) and the topic of the inquiry in one or two words.
Edition: Cite the applicable edition of the Standard for which the interpretation is being requested.
Question: Phrase the question as a request for an interpretation of a specific requirement suitable for

general understanding and use, not as a request for an approval of a proprietary design or
situation. Please provide a condensed andprecise question, composed in such away that a
“yes” or “no” reply is acceptable.

Proposed Reply(ies): Provide a proposed reply(ies) in the form of “Yes” or “No,” with explanation as needed. If
entering replies to more than one question, please number the questions and replies.

Background Information: Provide the Committee with any background information that will assist the Committee in
understanding the inquiry. The Inquirer may also include any plans or drawings that are
necessary to explain the question; however, they should not contain proprietary names or
information.
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Requests that arenot in the formatdescribed abovemaybe rewritten in theappropriate format by theCommitteeprior
to being answered, which may inadvertently change the intent of the original request.
Moreover, ASME does not act as a consultant for specific engineering problems or for the general application or

understanding of the Standard requirements. If, based on the inquiry information submitted, it is the opinion of
the Committee that the Inquirer should seek assistance, the inquiry will be returned with the recommendation
that such assistance be obtained.
ASMEprocedures provide for reconsideration of any interpretationwhen or if additional information thatmight affect

an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
Committee or Subcommittee. ASME does not “approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary
device, or activity.

Attending Committee Meetings. The B89 Standards Committee regularly holds meetings and/or telephone confer-
ences that are open to the public. Personswishing to attend anymeeting and/or telephone conference should contact the
Secretaryof theB89StandardsCommittee. FutureCommitteemeetingdates and locations canbe foundon theCommittee
Page at http://go.asme.org/B89committee.
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ASME B89.4.19-2021
SUMMARY OF CHANGES

Following approval by the ASMEB89 Committee and ASME, and after public review, ASMEB89.4.19-2021was approved
by the American National Standards Institute on September 13, 2021.

The figures, forms, and tables in ASME B89.4.19-2021 have been redesignated based on their parent paragraphs. ASME
B89.4.19-2021 also includes the following changes identified by a margin note, (21).

Page Location Change
1 1 Revised
1 2 Revised
2 3 Revised in its entirety
4 4 Revised
5 Form 4-1 Title and subheadings revised
6 Form 4-2 Title revised
4 5 Revised
4 6 Revised in its entirety
13 Table 6.3.1-1 Title revised
18 7 Revised in its entirety
19 Figure 7.1-1 Title revised
22 Figure 7.4.2-1 Title revised
21 8 References updated
23 Mandatory Appendix I Revised in its entirety
25 Nonmandatory Appendix A Revised
26 Table A-2-1 Revised
27 B-1 First sentence and subpara. (a) revised
27 B-2.1 Third paragraph revised
27 B-2.2 Second and fifth sentences revised
28 Figure B-2.2-1 General Note added
29 B-3 First, second, ninth, and tenth paragraphs revised
34 C-4 Second and fourth paragraphs revised
34 C-4.1 First sentence revised
34 C-5 First paragraph revised
37 Nonmandatory Appendix D Revised in its entirety
49 E-1 First sentence revised
55 Nonmandatory Appendix F Revised in its entirety
56 Figure F-5.1.2-1 Added
57 Figure F-5.1.2-2 Added
58 Figure F-5.2.2-1 Added
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PERFORMANCE EVALUATION OF LASER-BASED SPHERICAL
COORDINATE MEASUREMENT SYSTEMS

1 ð21ÞSCOPE

This Standard prescribes methods for the performance evaluation of laser-based spherical coordinate measurement
systems and provides a basis for performance comparisons among such systems. Definitions, environmental require-
ments, and testmethods are includedwith emphasis on point-to-point lengthmeasurements. The specified testmethods
are appropriate for the performance evaluation of a majority of laser-based spherical coordinate measurement systems
and are not intended to replace more complete tests that may be required for special applications.
This Standard establishes requirements andmethods for specifying and testing the performance of a class of spherical

coordinate measurement systems called laser trackers.1 A laser tracker is a system that directs the light from a range-
measuring device to a retroreflecting target (called a retroreflector) by means of a two-axis rotary steering mechanism
while monitoring the angular position of these rotary axes, thereby forming a spherical coordinate metrology system.
Such a system may measure a static target, track and measure a moving target, or measure (and perhaps track) some
combination of static and moving targets. This Standard can also be used to specify and verify the relevant performance
tests of other spherical coordinate measurement systems that use cooperative targets, such as laser radar systems.
This Standard focuses specifically on the use of laser trackers as industrial measurement tools rather than on their use

in surveyingorgeodesy. Specified tests aredesigned toevaluate the staticpoint-to-point lengthmeasurement capabilities
of these systems. The specified tests are not intended to evaluate the dynamic performance of the laser trackers. Addi-
tional tests are included thatevaluate therangemeasurementcapabilityof laser trackersequippedwithabsolutedistance
meters (ADMs). The tests donot evaluateworkpiece thermal compensation capability and arenot sensitive to spherically
mounted retroreflector (SMR) imperfections.

2 ð21ÞINTRODUCTION

In addition toproviding for theperformanceevaluationof laser trackers, this Standard facilitatesperformancecompar-
isons among different systems by unifying the terminology and the treatment of environmental factors. It defines test
methods appropriate for evaluating the performance of amajority of laser trackers, but it is not intended to replacemore
complete tests that may be required for special applications.
Systems that have passed the performance evaluation tests of this Standard are considered capable of producing

traceable point-to-point length measurements for the conditions required herein. Application of point-to-point
length measurements to a specific workpiece or measurement task may require additional testing and analysis in
order to establish metrological traceability. This Standard provides technical guidance that may be useful in the cali-
bration of laser-based spherical coordinate systems for point-to-point length measurements.
The Appendices describe various factors that should be considered when using this Standard.
(a) Mandatory Appendix I discusses metrological traceability, with particular focus on demonstrating traceability of

reference lengths used in laser tracker performance evaluation. Requirements for demonstrating metrological trace-
ability are presented per ASME B89.7.5.
(b) Nonmandatory Appendix A discusses the traceability of laser tracker point-to-point length measurements

performed subsequent to a system passing the performance evaluation tests described in this Standard.
(c) NonmandatoryAppendix Bdescribes tests andprocedures for determining geometric errors in the construction of

SMRs so that the suitability of a particular SMR for laser tracker performance testing can be evaluated.
(d) NonmandatoryAppendixCdescribes environmental factors that influence the refractive index of light in air. These

factorsaffect thewavelengthof light andshouldbecarefullyunderstoodbeforeproceedingwith the testsdescribed in this
Standard.

1 For purposes of this Standard, the terms spherical coordinate measurement system and laser trackerwill be used interchangeably, notwithstanding
the ability or inability to track a target.
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(e) Nonmandatory Appendix D describes four methods that can be used to establish a calibrated reference length for
point-to-point length measurement system tests. Uncertainties in realization of such lengths are discussed.
Nonmandatory Appendix D also describes the measurement capability index and the simple 4:1 acceptance decision
rule used to accept or reject laser tracker performance evaluation test results.
(f) Nonmandatory Appendix E describes the effects of spatial temperature gradients on laser beam propagation.

Equations are derived for radial errors due to speed-of-light variations and angular (or transverse) errors due to
beam refraction. A numerical example illustrates the use of the formulas.
(g) Nonmandatory Appendix F describes a number of interim tests that can be used to quickly assess laser tracker

measurement performance in the interval between more complete performance evaluations.
This Standard prescribes performance evaluation tests that may be used by laser tracker manufacturers to generate

performance specifications. These specifications are stated as the maximum permissible error (MPE) allowed for each
test under specified environmental conditions.
Laser trackers may be tested against the manufacturer’s specifications by using the performance evaluation tests

described in section 6. A typical test involves measuring a known reference length and comparing the observed error
(laser-tracker-measured length minus reference length) with the specified MPE using a 4:1 simple acceptance decision
rule per ASME B89.7.3.1-2001 (R2019). The reference length orientations and laser tracker positions in the evaluation
have been chosen for their sensitivity to characteristic systematic errors known to occur in these systems.
Additional tests are included that characterize the consistency of the coordinates of a point when measured in both

frontsightandbacksightmodes.Both setsof testshavebeendesigned tobeeasy to implement, fast, andsimple toperform.
The reference lengths used in the testing shall satisfy the traceability requirements of Mandatory Appendix I. The
summary test results shall be evaluated using the performance evaluation test procedures of section 7 and reported
on Form 4-1.
While this Standard specifies the technical procedures for laser tracker specification and evaluation, it is the respon-

sibility of the manufacturer and the customer to negotiate whether a particular system will be evaluated, what the cost
will be, andwhere the evaluationwill occur. Laser trackers that have successfully passed theperformanceevaluation (i.e.,
the system’s measurement errors are not greater than the corresponding MPEs) are deemed capable of producing
traceable point-to-point length measurements; see Nonmandatory Appendix A.
While the tests described in this Standard characterize laser tracker point-to-point length measurement capability,

such tests do not determine system-specific compensation parameters, which depend on the system-specific pointing
mechanism. The performance evaluation tests emphasize the use of good metrology practice and simple fixtures. They
stress the importance of measurement procedure details and that the measurement data are the result of the complete
measuring system including the targets and probes.

3ð21Þ DEFINITIONS

This section defines technical termsused in this Standard. Definitions quoted from JCGM200:2012 include a parenthe-
tical citation of the source. Definitions that do not include a parenthetical citation are specific to this Standard.
absolute distance meter (ADM): a laser tracker subsystem that emits light as a means to measure the absolute distance
from a laser tracker to a remote target, usually a retroreflector.
NOTE: An ADM may also be referred to as an electronic distance meter (EDM).

calibration: operation that, under specified conditions, in a first step, establishes a relation between the quantity values
with measurement uncertainties provided by measurement standards and corresponding indications with associated
measurement uncertainties and, in a second step, uses this information to establish a relation for obtaining a measure-
ment result from an indication (JCGM 200:2012, definition 2.39).
cat’s-eye: a type of retroreflector constructed from a glass sphere, or two or more concentric hemispheres, typically
mounted in a spherical housing. See retroreflector.
compensation: the process of determining systematic errors of an instrument or systemand then applying these values in
an error model that seeks to eliminate or minimize measurement errors.
cube corner: also known as corner cube, a type of retroreflector constructed from three mutually orthogonal reflective
surfaces that form an internal “corner”; it may be constructed of three plane mirrors or a trihedral prism. See retro-
reflector.
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frontsight/backsight: these are modes of measurement. Frontsight is the normal measurement mode of the system.
Backsight is obtained by rotating the laser tracker head about the vertical axis by 180 deg and then rotating the
beam steering mechanism about the horizontal axis to again point at the target.
NOTE: Frontsight/backsight are sometimes referred to as direct/reverse or face 1/face 2.

home point: a location that is fixed relative to a laser tracker and accurately determined with respect to the origin of the
laser tracker’s coordinate system.
NOTES:
(1) The home point serves as a distance reference for the laser tracker’s ranging devices.
(2) The home point is also sometimes referred to as the birdbath.

IFM: a laser tracker subsystem that uses displacement interferometer technology.
influence quantity: quantity that, in a direct measurement, does not affect the quantity that is actually measured, but
affects the relation between the indication and the measurement result (JCGM 200:2012, definition 2.52).
limiting operating conditions: extreme operating condition that ameasuring instrument ormeasuring system is required
to withstand without damage, and without degradation of specified metrological properties, when it is subsequently
operated under its rated operating conditions (JCGM 200:2012, definition 4.10).
NOTE: Manufacturer’s performance specifications are not assured over the limiting operating conditions.

maximum permissible error (MPE): extreme value of measurement error, with respect to a known reference quantity
value, permitted by specifications or regulations for a given measurement, measuring instrument, or measuring system
(JCGM 200:2012, definition 4.26).
MPEADM: theMPE for a specified lengthmeasurementperformedusing theADMas the laser tracker ranging subsystem.
MPEIFM: the MPE for a specified lengthmeasurement performed using the IFM as the laser tracker ranging subsystem.

measurand: quantity intended to be measured (JCGM 200:2012, definition 2.3).
measurement capability index (Cm): the ratio of theMPE of a lengthmeasurement to the expanded test value uncertainty.
metrological traceability: property of a measurement result whereby the result can be related to a reference through a
documented unbroken chain of calibrations, each contributing to themeasurement uncertainty (JCGM 200:2012, defini-
tion 2.41).
rated operating conditions: operating condition that must be fulfilled during measurement in order that a measuring
instrument or measuring system perform [sic] as designed (JCGM 200:2012, definition 4.9).
NOTES:
(1) Rated operating conditions generally specify intervals of values for a quantity being measured and for any influence quantity.
(2) In this document, rated operating conditions are also referred to as rated conditions.
[This definition, including Note (1), is identical to JCGM 200:2012, definition 4.9. Note (2) is specific to this Standard.]

reference length: the calibrated value of the distance between twopoints in space at the time and conditionswhen a test is
performed.
refractive index, index of refraction (n): the ratio of the speed of light in a vacuum to the speed of light in a particular
medium.
NOTE: In air, the refractive index is a function of the temperature, barometric pressure, relative humidity, and chemical composition of
the air. Its effect must be compensated for when light is used to realize the meter (see Nonmandatory Appendix C).

refractivity (N): the ability of a substance to refract light expressed quantitatively as the value related to the refractive
index, n, by the following equation: N = (n − 1) × 106.
retroreflector: a passive device that reflects light parallel to the incident direction over a range of incident angles.
NOTE: Typical retroreflectors are the cat’s-eye and the cube corner.

spherically mounted retroreflector (SMR): a retroreflector that is mounted in a spherical housing.
NOTE: In the case of an open-air cube corner, the vertex is typically adjusted to be coincident with the sphere center.

test value: the measurement error associated with a single indicated value of a system under test. The test value for a
point-to-point lengthmeasurement test is the error in themeasured length, and the test value for a two-face system test is
the two-face error.
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test value uncertainty: the uncertainty associated with a test value obtained during system verification.
NOTE: Because this Standard does not involve corrections to the indicated value (since testing is performedwithin the rated operating
conditions and since there are no other corrections imposed by this test protocol), it is assumed that the uncertainty arising from the
reference length is the only component of the test value uncertainty (see ASME B89.7.6).

transverse error: an error in the indicated position of a laser tracker target that is orthogonal to the line of sight.
two-face system test: a test that is performed to characterize certain geometric errors of the laser tracker.
NOTE: Frontsight/backsight measurements are used in the two-face system test.

4ð21Þ SPECIFICATIONS AND RATED CONDITIONS

Manufacturer’s MPE specifications that conform to this Standard shall include completed Form 4-1. Additionally, the
manufacturer shall complete the relevant MPE specification columns in Form 4-2. The manufacturer shall provide a
formula or formulas for calculating the MPE that is applicable over the entire range of rated conditions as described in
Form4-1. Thismay be separate formulas for calculating theMPEs for the lengthmeasurement system tests, the two-face
system tests, and the ranging tests.

5ð21Þ TEST ENVIRONMENT

The manufacturer shall specify the rated conditions of section 4. If the user specifies that the performance evaluation
test be performed in their facility, it shall be the responsibility of the user to provide an environment for testing the laser
tracker that meets the manufacturer’s rated conditions.

6ð21Þ PERFORMANCE EVALUATION TESTS

This Standard specifies two types of performance evaluation procedures for laser trackers.
(a) SystemTests.Systemtests aredesigned toevaluate theperformanceof a laser tracker in themeasurementof a set of

point-to-point lengths. For each point-to-point length, the test consists of comparing the length measured by the laser
tracker with a known value called the reference length.
System tests are designed to exercise the laser tracker’s ranging and angle measuring subsystems. The test length

measurements are conducted at various locations and orientationswith respect to the laser tracker and are chosen to be
sensitive to known error sources of typical laser trackers. These measurements are augmented by two-face measure-
ments, also conducted at a variety of locations and orientations, since many of the laser tracker’s geometric errors are
highlighted by this type of measurement. Detailed system test procedures are described in paras. 6.2 and 6.3.
(b) Ranging Tests. Ranging tests are designed to evaluate a laser tracker’s displacement (IFM) and/or distance (ADM)

measuringdevices. Because a laser tracker is a coordinatemeasuring system, it is important to test its ability to realize the
unit of length (SI definition of the meter). Ranging tests are described in para. 6.4.

6.1 General Requirements

The supplier shall be responsible for providing a laser tracker that meets the performance specifications of section 4
when the system is installed and used according to the supplier’s recommendations. The laser tracker shall include all
necessary subsystems required tomeet the specifications, i.e., all subsystems are considered part of the laser tracker and
convey as part of the system under purchase. In particular, it is not permitted to employ special equipment (e.g., high
accuracy barometers, thermometers, or SMRs) in the testing of the laser tracker that do not conveywith the laser tracker.
In the special case where the supplier requires the user to provide one or more subsystems as part of the purchase
agreement, the supplier will state the subsystem specifications necessary to meet the laser tracker performance speci-
fications of section 4. The user shall accept a laser tracker that meets the performance specifications and any other
conditions mutually agreed upon with the supplier. The criteria for meeting the performance specifications shall be the
satisfactory completion of all required tests of section6, presentationof documentationof this result, and theappropriate
documentation traceability of the reference length or lengths used during the testing.
Tests may be omitted only by mutual agreement between the supplier and customer. The particular tests required

depend on the type of ranging subsystem incorporated in the laser tracker under evaluation. Specifically, laser trackers
with an IFM only, an ADM only, or both an IFM and ADM require different tests that are sensitive to the unique error
sources of these ranging subsystems.
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Form 4-1
ð21ÞSpecifications of Rated and Limiting Operating Conditions

RATED OPERATING CONDITIONS

Measurement Envelope

Distance Min. m Max. m

Range of horizontal angles    deg

Range of vertical angles    deg

a.  Temperature Range

Operating Min. 8C Max. 8C

Thermal gradient limits Max. 8C/m Max. 8C/h

b.  Humidity Range

Operating Min. % RH Max. % RH

c.   Barometric Pressure Range

Operating Min. mm Hg Max. mm Hg

d.   Ambient Light.  The manufacturer shall identify conditions, if any, under which ambient light degrades
 specifications.

e.   Electrical.  The electrical power supplied to a machine can affect its ability to perform accurate and repeatable
 measurements. This is particularly true when a machine uses some form of computer for any control or
 readout function.

Voltage V Current A

Frequency Hz Surge/Sag V

Max. transient voltages and duration V  s

f.   Probe Type.  The probe diameter and reflector type (e.g., cube corner, glass prism) used during performance
 testing shall be specified.

Diameter mm Reflector type 

g.   Sampling Strategy.  The manufacturer shall state the measurement acquisition time (averaging time) and
 sampling frequency (points per second) to meet specification.

Acquisition time s Frequency point/s 

LIMITING OPERATING CONDITIONS

h.   Temperature Range

i.   Humidity Range

j. Barometric Pressure Range

Min. 8C Max. 8C

Min. % RH Max. % RH

Min. mm Hg Max. mm Hg
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Form 4-2
ð21Þ Manufacturer’s Performance Specifications and Test Results

Test Performed by:    Date:   Instrument Serial Number:
Cm for IFM System Tests:  ; Cm for IFM Ranging Tests: if  1 # Cm , 2 Check     “Low_Cm”
Cm for ADM System Tests:  ; Cm for ADM Ranging Tests: if  1 # Cm , 2 Check     “Low_Cm”

Final Test Results (Pass/Fail):

GENERAL NOTES:
(a)  All units are in micrometers (µm).
(b)  The IFM columns must contain specifications and results for laser trackers with IFM only, the ADM columns
      must contain specifications and results for instruments with ADM only, and both pairs of columns must contain
      specifications and results for instruments with both an IFM and an ADM.
(c)  If an ADM result is used in place of an IFM result, the value should be placed in parentheses.

NOTES:
(1)      for length system results, D for two-face results; see paras. 7.1 and 7.2.
(2)  Two-face tests may be performed with either an IFM or an ADM.
(3)  These results can be results from long reference lengths, or computed from short reference lengths (see
 para. 7.3.1), or computed from the laser interferometer calibration certificate (see para. 7.3.1).
(4)  The manufacturer may specify separate MPE formulas for the system tests, ranging tests, and two-face tests.

IFM Specifications
and Test Results

ADM Specifications
and Test Results

MPEIFM Pass MPEADM Pass

Horizontal (1)

Horizontal (2, 3, 4, 5)

Horizontal (6, 7, 8, 9)

Vertical (1, 2, 3, 4)

Vertical (5, 6, 7, 8)

Right Diagonal (1, 2, 3, 4)

Right Diagonal (5, 6, 7, 8)

Left Diagonal (1, 2, 3, 4)

Left Diagonal (5, 6, 7, 8)

User Selected (1)

User Selected (2)

Two Face (1, 2, 3, 4)

Two Face (5, 6, 7, 8)

Two Face (9, 10, 11, 12)

IFM Ranging Ref L (1) =

IFM Ranging Ref L (2) =

IFM Ranging Ref L (3) =

IFM Ranging Ref L (4) = 

ADM Ranging Ref L (1) =

ADM Ranging Ref L (2) =

ADM Ranging Ref L (3) =

ADM Ranging Ref L (4) =

ADM Ranging Ref L User (1) =

ADM Ranging Ref L User (2) =

Formula for calculating the MPE
   or attach MPE specification sheet
   [Note (4)]

  max or
Dmax [Note (1)]

d   max or
Dmax [Note (1)]

d
Test (Positions)

[Note (2)]

[Note (2)]

[Note (2)]

[Note (3)]

[Note (3)]

[Note (3)]

[Note (3)]

[Note (2)]

[Note (2)]

[Note (2)]

d
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The specific tests that shall be performed for each laser tracker configuration are shown in Table 6.1-1. A systemmeets
themanufacturer’s performance specifications if themagnitude of the difference between eachmeasured length and the
corresponding reference length does not exceed the specified MPE. This acceptance criterion corresponds to a simple
acceptance and rejectiondecision rule2with a statedmeasurement capability index,Cm (seeNonmandatoryAppendixD).
The tests in this Standard evaluate the performance of a laser tracker relative to themanufacturer’sMPE specifications

for the measurement of point-to-point length under the stated rated conditions. The tests do not evaluate performance
relative to other measurands or measurement conditions outside of the specified rated conditions.

6.2 Length Measurement System Tests

Ina typicalpoint-to-point lengthmeasurement systemtest, a laser trackermeasures thedistancebetween twopoints in
space and the result is compared with a known value called the reference length. The reference length should be at least
2.3m,3 and the expanded test value uncertainty,U, should not exceed one-fourth theMPE for the performance evaluation
tests specified in para. 6.2 or one-half the MPE for the performance evaluation tests specified in para. 6.4. This corre-
sponds to ameasurement capability (Cm=MPE/U) equal to 4 and2, respectively. (SeeNonmandatoryAppendixD, section
D-2 for a discussion of Cm and its role in conformance decisions.)

6.2.1 Realization of the Reference Length. A traceable reference length (see Mandatory Appendix I) may be realized
in a number of ways, including the following:
(a) a calibrated artifact capable of holding retroreflectors near its ends (e.g., a scale bar)
(b) two SMR kinematic nests mounted on independent freestanding rigid structures, with the distance between the

nests calibrated by a distance or displacement measuring device
(c) a rail and carriage system used in combination with an integrally mounted distance or displacement measuring

device
Guidance for realizing a reference length by these methods, including a discussion of evaluating the test value uncer-

tainty, is given in Nonmandatory Appendix D. In this Standard, it is assumed that the uncertainty arising from the
reference length is the only component of the test value uncertainty.
Paragraphs 6.2.4 through 6.2.7 detail the location and orientation of the reference length in each of the system tests.

Paragraph 6.2.8 describes additional length measurement system tests that the user shall choose anywhere within the
laser tracker working volume. It should be noted that the setups shown in the illustrations to Tables 6.2.1-1 through
6.2.1-4 showareference length realizedusing twoSMRkinematic nests asdescribed in (b). If usinga scalebaror laser rail,
the setups will be different, although the location and orientation shall be the same.

6.2.2 MeasurementPracticesandProcedures.The followingparagraphsdescribepracticesandprocedures that shall
be followed when performing the tests described in this section. Several nonmandatory appendices provide more
detailed information and supplemental guidance.

2 Refer to ASME B89.7.3.1-2001 (R2019), para. 4.1.

Table 6.1-1
Laser Tracker Performance Evaluation Requirements

Laser Tracker Configuration
System Tests

(Paras. 6.2 and 6.3) Ranging Tests (Para. 6.4)
IFM only All IFM ranging test (para. 6.4.2)
ADM only All ADM ranging test (para. 6.4.3)
IFM and ADM Default method: Default method:

All (using IFM ranging system) IFM ranging test (para. 6.4.2)
ADM ranging test (para. 6.4.3)All (using ADM ranging system)

Alternative method: Alternative method:
Horizontal length measurement system
test, position 1 (para. 6.2.4) (using IFM
and ADM ranging system)

IFM ranging test (para. 6.4.2)

All (using ADM ranging system) ADM ranging test (para. 6.4.3)

3 The length of the artifact is a compromise between a long length to achieve test sensitivity and short length for manageability. The 2.3-m length has
been shown to be a reasonable compromise that allows for practical utilization of the artifact.
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When measuring a reference length, test personnel should position the SMR or target in approximately the same
orientation relative to themeasurement beam. Thisminimizes the influenceof geometric errors in the constructionof the
SMRor target on the lengthmeasurement system tests. (For informationonSMR testing, seeNonmandatoryAppendixB.)
A single SMR or target should be used to perform the length measurement system and ranging tests described in this
Standard. SMR errors do not affect two-face system tests; therefore, multiple SMRs may be used for those tests. In the
interest of reducing test time when using an ADM, manufacturers may, at their discretion, use more than one SMR.
However, performing lengthmeasurements in thismannermay significantly increase the lengthmeasurement errors for
the tests performed.
When performing a point-to-point length test, test personnel shall measure both ends of the reference length in the

same face of the laser tracker, in either frontsight or backsightmode. Although it is not required that all reference lengths
be measured in the same face, it is desirable.
The test procedures are performed in prevailing laboratory temperature,which is likely not 20°C. The reference length

and its uncertainty shall be made available at the prevailing laboratory temperature during testing.
If a physical artifact such as a calibrated scale bar is used to establish the reference length, the temperature of the

artifact shall bemonitoredandrecorded. In the likelyevent that theartifact isused ina test at a temperaturedifferent from
the temperature atwhich itwas calibrated, these data shall be used to adjust the value of the reference length for thermal
expansion or contraction and its corresponding expanded uncertainty, as described in Nonmandatory Appendix D. In
otherwords, it is the reference length that is corrected for thermal influences during testing so that themeasured error in
the length may be compared against the MPE to determine conformance.
If the reference length is realized in situ (such aswhen employing freestanding structures or a rail and carriage system)

using interferometry, the reference length calibration is performed in the prevailing laboratory thermal conditions.
Therefore, no temperature correction for the reference length is required. However, the environmental conditions
shall be monitored in order to correct for changes in the refractive index of air. Details for performing this calculation

Table 6.2.1-1
Horizontal Length Measurement

Standing axis

Target stands

Ab

a

h
D

Position Number Distance, D (Approximate) Measured Horizontal Angle to Target Nest a, deg
1 0.1A Any
2 1.2A 0
3 1.2A 90
4 1.2A 180
5 1.2A 270
6 2.7A 0
7 2.7A 90
8 2.7A 180
9 2.7A 270
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are given in Nonmandatory Appendix C. Typically, the software provided with commercially available displacement
measuring interferometers has utility for performing this calculation and automatically compensating the laser wave-
length.

6.2.3 Failure to SatisfyMPERequirements.There are a total of 35 lengthmeasurement system test positions. At each
position, themeasurement shall be repeated three times. Amaximumof five of the 35 lengthmeasurement test positions
may have one, and only one, of the three values of the length measurement error outside of the conformance zone. If the
laser tracker fails to meet the specification at more than five positions or has any test position withmore than one of the
three values outside the conformance zone, the laser tracker shall be compensated, repaired, or replaced, and the perfor-
mance evaluation testing shall be repeated. If the laser tracker fails to meet the specification at one to five test positions,
the following actions shall be taken:
Step 1. Examine the reference length or lengths to assess stability and, if necessary, recalibrate the reference length or

lengths. This is particularly relevant to para. 6.2.1(b), where drift in the location of the target nests can degrade the
reference length.
Step2.Remeasure the failed test position five timesand select the largest absolute valueof the five lengtherrors (length

error is the measured length minus the reference length) to replace the failed position value.
Step 3. If the newvalue satisfies theMPE requirement, then the laser tracker satisfies the requirement for themeasure-

ment at the failed test position, and testing can continue. If thenewvalue fails to satisfy theMPErequirement, then Steps1
and 2 may be repeated a second time (but not more than twice), and if the laser tracker still exceeds the MPE, it fails the
performance evaluation test. The system shall be compensated, repaired, or replaced, and the performance evaluation
testing shall be repeated.

6.2.4 Horizontal Length Measurement System Tests. A horizontal reference length having target nests a and b is
shown in the illustration inTable 6.2.1-1. ThedistanceA should be at least 2.3m in length. Theheighthof the laser tracker
should be approximately the same as the height of nests a and b. D represents the distance between the reference length

Table 6.2.1-2
Vertical Length Measurement System Test

Standing axis

Target nests A

b

h
D

a

Position Number Distance, D (Approximate) Measured Horizontal Angle to Target Nests a and b, deg
1 1.2A 0
2 1.2A 90
3 1.2A 180
4 1.2A 270
5 2.7A 0
6 2.7A 90
7 2.7A 180
8 2.7A 270
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and the laser tracker. The laser tracker shall bepositionedso that it is approximately equidistant fromtargetnestsa andb.
Measurements shall be made with the laser tracker positioned and oriented as described in Table 6.2.1-1.
The specified horizontal angles represent physical rotations of the laser tracker about the standing (vertical) axis. The

full range of specified horizontal angles may not be possible for the laser tracker under test. In this case, measurements
shall be equally distributed and span the entire available angular range.
Three repeat measurements shall be performed in each position. The measurement results shall be reported as

described in section 7.

6.2.5 Vertical LengthMeasurement SystemTests.A vertical reference length having target nests a and b is shown in
the illustration inTable6.2.1-2. ThedistanceA shouldbeat least 2.3m in length. Theheighthof the laser tracker shouldbe
approximatelymidway between the heights of nests a and b.D represents the distance between the reference length and
the laser tracker. Measurements are made with the laser tracker positioned and oriented as described in Table 6.2.1-2.
The specified horizontal angles represent physical rotations of the laser tracker about the standing (vertical) axis. The

full range of specified horizontal angles may not be possible for the laser tracker under test. In this case, measurements
shall be equally distributed and span the entire available angular range.
Three repeat measurements shall be performed in each position. The measurement results shall be reported as

described in section 7.

6.2.6 Right Diagonal LengthMeasurement SystemTests.A right diagonal reference length having target nests a and
b is shown in the illustration to Table 6.2.1-3. The distance A should be at least 2.3 m in length. The height h of the laser
tracker should be approximately midway between the heights of nests a and b. D represents the distance between the
reference length and the laser tracker. The laser tracker shall be positioned so that it is approximately equidistant from
the targetsataandb.Measurementsaremadewith the laser trackerpositionedandorientedasdescribed inTable6.2.1-3.

Table 6.2.1-3
Right Diagonal Length Measurement System Test

Standing axis

Target nests

A

b

h
D

a
45 deg

0.7A

0.7A

Position Number Distance, D (Approximate) Measured Horizontal Angle to Target Nest a, deg
1 1.2A 0
2 1.2A 90
3 1.2A 180
4 1.2A 270
5 2.7A 0
6 2.7A 90
7 2.7A 180
8 2.7A 270

GENERAL NOTE: The lengths and angles are approximate.
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The specified horizontal angles represent physical rotations of the laser tracker about the standing (vertical) axis. The
full range of specified horizontal angles may not be possible for the laser tracker under test. In this case, measurements
shall be equally distributed and span the entire available angular range.
Three repeat measurements shall be performed in each position. The measurement results shall be reported as

described in section 7.

6.2.7 LeftDiagonal LengthMeasurement SystemTests.A left diagonal reference length having target nestsa and b is
shown in the illustration toTable 6.2.1-4. ThedistanceA should be at least 2.3m in length. Theheighthof the laser tracker
should be approximately midway between the heights of nests a and b. D represents the distance between the reference
lengthand the laser tracker.The laser tracker shall bepositionedso that it is approximately equidistant fromthe targets at
a and b. Measurements are made with the laser tracker positioned and oriented as described in Table 6.2.1-4.
The specified horizontal angles represent physical rotations of the laser tracker about the standing (vertical) axis. The

full range of specified horizontal angles may not be possible for the laser tracker under test. In this case, measurements
shall be equally distributed and span the entire available angular range.
Three repeat measurements shall be performed in each position. The measurement results shall be reported as

described in section 7.

6.2.8 User-Selected LengthMeasurement System Tests. The user may specify two additional lengthmeasurements
anywhere in the laser tracker measurement envelope. The following two positions are the recommended default test
positions that shall be used in the event that the user does not explicitly specify additional positions. Each of the two
positions shall be measured three times and the measurement results shall be reported as described in section 7.

Table 6.2.1-4
Left Diagonal Length Measurement System Test

Target 
   nests

A

b
D

a

45 deg

0.7A

Standing axis

0.7A

Position Number Distance, D (Approximate) Measured Horizontal Angle to Target Nest a, deg
1 1.2A 0
2 1.2A 90
3 1.2A 180
4 1.2A 270
5 2.7A 0
6 2.7A 90
7 2.7A 180
8 2.7A 270

GENERAL NOTE: The lengths and angles are approximate.
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(a) The first default position is strongly recommended for users that measure extensively in the vertical direction, as
this position is sensitive to errors in thevertical angle encoderof the laser tracker. The test position is similar to that in the
illustration in Table 6.2.1-2, except that the reference length is shifted up vertically such that the lower target nest
(denoted as b in illustration in Table 6.2.1-2) is approximately at the laser tracker height. The laser tracker should
be as close as possible to the reference length (i.e., the distanceD in the illustration in Table 6.2.1-2 should beminimized)
while still allowing the upper target nest to bemeasured (i.e., target nest amust bewithin themeasurement range of the
vertical angle encoder of the laser tracker).
(b) The seconddefault position is similar to that in para. 6.2.6, except the reference length is positioned at a compound

angle that involves approximately the same displacement for all three laser tracker axes (radial and both angular axes).
The center of the reference length shall be approximately at the laser tracker’s height and 5 m away.
The user may specify positions other than the default ones. However, if the specified positions require a reference

length other than the length or lengths used for testing in paras. 6.2.4 through 6.2.7 and para. 6.4, then the user is
responsible for providing the traceable reference lengths for these measurements. Metrological traceability of the refer-
ence length shall be established as described in Mandatory Appendix I.

6.3 Two-Face System Tests

6.3.1 Two-FaceSystemTestProcedure.The two-facemeasurement setup is shown in the illustration inTable 6.3.1-1.
Three target nests are placed as shown: one below the laser tracker, one at approximately the laser tracker’s height, and
oneat twice the laser tracker’s height above the lower targetnest.D represents thedistancebetween the laser tracker and
the target nest on the floor. Measurements are made with the laser tracker positioned as described in Table 6.3.1-1.
The specified horizontal angles represent physical rotations of the laser tracker about the standing axis. The full range

of specified horizontal angles may not be possible for the system under test. In this case, measurements shall be equally
distributed and span the entire available angular range.
A two-face system test is performed bymeasuring a target first in the frontsight mode and then in the backsightmode.

Foreach testpositionnumber inTable6.3.1-1, a two-face systemtest isperformedoneachof the three targets innestsa, b,
and c. This test is repeated a total of three times for each target. The largest two-face error from the ninemeasurements is
reported for each test position number in Table 6.3.1-1. BecauseMPE specifications are generally the same for a group of
test positions that areonlydifferentbecauseof thephysical rotationof the tracker (e.g., test positions1, 2, 3, and4 inTable
6.3.1-1), the largest two-face error for each group of test positions is reported in Form4-2. In Form4-2, it is assumed that
theMPE specification for the three targets in nests a,b, and c are the same for any given test position. If that is not the case,
Form 4-2 shall be suitably modified to account for the varying MPEs for the three targets.
It is permissible to perform frontsight modemeasurements of the three targets and then perform the backsight mode

measurements of the three targets for any given test position number in Table 6.3.1-1. Thus, themeasurement sequence
may be aFbFcF–aBbBcB–aFbFcF–aBbBcB–aFbFcF–aBbBcB, aFaB–bFbB–cFcB–aFaB–bFbB–cFcB–aFaB–bFbB–cFcB, or aFaB–aFaB–
aFaB–bFbB–bFbB–bFbB–cFcB–cFcB–cFcB, where the subscripts F and B denote frontsight and backsight, respectively.
Measurement results are reported as described in section 7.

6.3.2 Failure to Satisfy MPE Requirements. There are a total of 12 two-face system test positions. Each position has
three targets, thus there are a total of 36 individual targetmeasurements. Each individual target ismeasured three times,
thus there are 108 two-facemeasurements in all. Amaximum of five of the 36 individual target measurementsmay have
two-face errors outside of the conformance zone. Nomore than one of the three repeatmeasurements for any individual
target may have two-face errors outside of the conformance zone. If the laser tracker fails to meet the specification for
more than fivemeasurements or hasmore thanone of the three repeatmeasurements for an individual target outside the
conformance zone, the laser tracker shall be compensated, repaired, or replaced, and the performance evaluation testing
shall be repeated. If the laser tracker fails tomeet the specificationat one to fivemeasurements, the following actions shall
be taken:
Step 1. Examine the target nest to assess its stability and, if necessary, clean and secure the nest and its stand.
Step 2. Repeat the two-face measurements of the failed target position five times.
Step3. If the repeatmeasurements satisfy theMPErequirement, then the laser tracker satisfies the requirements for the

measurement at the failed test position, and testing can continue. If the repeat measurements fail to satisfy the MPE
requirement, then Steps 1 and 2may be repeated a second time (but nomore than twice) and if the laser tracker still fails
the MPE for the measurement, it fails the performance evaluation test. The system shall be compensated, repaired, or
replaced, and the performance evaluation testing shall be repeated.
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6.4 Ranging Tests

In a typical ranging test, the laser trackermeasures the distance between twopoints in space that are nominally along a
radial (ranging) directionof the tracker, and the result is compared to the reference length. For IFMs, the ranging testmay
be performed with long reference lengths or short reference lengths. For ADMs, only long reference lengths are used.
Instead of performing a ranging test bymeasuring the distance between two points, IFMsmay be tested for conformance
by performing a wavelength calibration. Only one measurement of each position is required for the ADM and IFM long
reference length tests. Three repeated measurements of each position are required for IFM short reference length tests.

6.4.1 ReferenceLengthRequirements.Theexpanded test valueuncertainty (k=2)of a traceable reference length (see
Mandatory Appendix I) used in a ranging test should not exceed one-half of theMPE for themeasurement, i.e., Cm ≥ 2, and
the value of the measurement capability index, Cm, shall be stated on Form 4-2. There are several methods of imple-
menting the ranging test, and in each method

= =C L U LMPE( )/ ( ) 2m kref 2 ref

Table 6.3.1-1
ð21ÞTwo-Face System Test

Standing axis

Target 
   nests

a

b

c
h [Note (1)]

D

Position Number Distance, D (Approximate) Measured Horizontal Angle to Target b, deg
1 [Note (2)] 0
2 [Note (2)] 90
3 [Note (2)] 180
4 [Note (2)] 270
5 3 m 0
6 3 m 90
7 3 m 180
8 3 m 270
9 6 m 0
10 6 m 90
11 6 m 180
12 6 m 270

NOTES:
(1) The height h should be at least 1 m.
(2) Minimize D in order to maximize the vertical angular range of motion between nests a and c.
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where
Lref = one of the following:

(a) a long reference length [seeparas. 6.4.2(a), 6.4.3, 6.4.4(a), and6.4.4(b)] taken fromTable6.4.1-1 (see also
Nonmandatory Appendix D, section D-2)
(b) a short reference length taken from para. 6.4.2(b)
(c) a reference length for laser interferometer calibration [see para. 6.4.2(c)] taken from Table 6.4.1-1

and Uk=2(Lref) is evaluated as in Nonmandatory Appendix D, para. D-4.1. (Also see para. 7.3 and Mandatory Appendix I.)
Because of the high accuracy (lowMPE) of some laser tracker ranging subsystems, the measurement capability index

requirement may not be obtainable. In this case, the actual value of Cm for the ranging tests shall be clearly stated on
Form 4-2, and the “Low Cm” box checked. In no case shall Cm be less than 1.

6.4.1.1 Failure toSatisfyMPERequirements. In the case of IFM testing, there are a total of four long reference length
test positions (eachmeasuredonce) or a total of four short reference length test positions (eachmeasured three times). In
the case of ADM testing, there are a total of six long reference length test positions (each measured once). For IFM, a
maximumofoneoutof four testpositionsmayhave lengtherroroutsideof the conformancezone. ForADM,amaximumof
one out of six test positions may have length error outside of the conformance zone. If the laser tracker fails to meet the
specification for more than one test position, the laser tracker shall be compensated, repaired, or replaced, and the
performanceevaluation testing shall be repeated. If the laser tracker fails tomeet the specification at one test position, the
following actions shall be taken:
(a) In the case of a long reference length (ADM or IFM)

Table 6.4.1-1
Ranging Test

Target nests

h

Nest a [Note (1)]

Nest b

L4

L3

L2

L1

Position Number Reference Lengths [Note (2)]
Measured Zenith Angle to Target Nests

a and b, deg
1 L1 = 18%R 90
2 L2 = 36%R 90
3 L3 = 54%R 90
4 L4 = 72%R 90
5 User selected 90
6 User selected 90

NOTES:
(1) The target nest a should be 3 m from the laser tracker.
(2) R = maximum ranging distance.
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Step 1. Examine the reference length to assess its stability and, if necessary, recalibrate the reference length. This is
particularly relevant to paras. 6.4.2(a) and 6.4.4(b), where drift in the location of the target nests can degrade the
reference length.

Step 2. Remeasure the failed test position five times and select the largest absolute value of the five length errors
(length error is the measured length minus the reference length) to replace the failed position value.

Step 3. If the new value satisfies the MPE requirement, then the laser tracker satisfies the requirements for that
measurement and testing can continue. If the new value fails to satisfy the MPE requirement, then Steps 1 and 2 may be
repeateda second time (but nomore than twice), and if the laser tracker still fails theMPE for themeasurement, it fails the
performance evaluation test. The system shall be compensated, repaired, or replaced and the performance evaluation
testing shall be repeated.
(b) In the case of a short reference length (IFM only)
Step 1. Examine all four short reference lengths to assess their stability and, if necessary, recalibrate the reference

length(s). This is particularly relevant in situationswheredrift in the locationof the targetnests candegrade the reference
length, such as when using target nests mounted on stands.

Step 2. Remeasure all four short reference lengths three times, perform the least-squares fit as described in
para. 7.3.1, and determine the errors corresponding to the four long reference test positions in Table 6.4.1-1.
Repeat this process five times, and select the largest error from the five repeats for each test position in Table 6.4.1-1.

Step 3. If the newvalues for the four test positions all satisfy theMPE requirement, then the laser tracker satisfies the
requirements for that measurement and testing can continue. If at least one of the new values fails to satisfy the MPE
requirement, then Steps 1 and 2may be repeated a second time (but nomore than twice) and if the laser tracker still fails
the MPE for the measurement, it fails the performance evaluation test. The system shall be repaired or replaced and the
performance evaluation testing shall be repeated.
(c) In the case that a laser calibration [see para. 6.4.2(c)] is used to evaluate the IFM ranging performance, failure to

satisfy the MPE requirements indicates that the IFM is not operating correctly or the laser wavelength calibration is in
doubt. The manufacturer shall address the situation as appropriate.

6.4.2 IFM Ranging Tests. Laser displacement interferometry is a mature technology that is well understood. IFM
testing is focused on length-dependent errors, which typically scale linearly with increasing length, and on proper
counting of the interferometric fringes. There are three methods that are sufficient to ensure proper operation.
The IFM may be tested by any of the following methods, each of which is sufficient to ensure proper operation:
(a) LongReference Lengths.Themost directmethod of testing the IFM ranging capability involves themeasurement of

four long reference lengths aligned in a pure radial orientation that spans a significant portion of the maximum ranging
distance. The reference lengths are specified in Table 6.4.1-1, whereR is themaximum range of the IFM. No user-selected
positions are required for the IFM ranging test. Details regarding realizing the long reference lengths are given in para.
6.4.4. Measurement results are reported as described in section 7.
(b) Short Reference Lengths. In this method, the laser tracker is set up to perform a pure radial point-to-point length

measurement at approximately the laser tracker height. A set of four reference lengths are measured. By default, a set of
reference lengths approximately equal to 0.5m, 1.0m, 1.5m, and 2.3m can be used. In no case shall the longest length be
less than 1.5 m. For each of the four reference lengths, the close end of the reference length shall be located at the same
distance fromthe laser tracker. Eachof the four lengths ismeasured, and then themeasurement sequence is repeated two
more times for a total of twelve length measurements (i.e., each length is measured three times). A least-squares best-fit
line is fit to the errors as described in para. 7.3.1, and long reference length errors are computed. Measurement results
shall be reported as described in section 7.
(c) Laser Interferometer Calibration. The IFM in the laser tracker shall be calibrated according to ASME B89.1.8-2011

(R2021). From that calibration report, the length-dependent error (LDE) and the drift value, D, shall be reported as
described in section 7.

6.4.3 AbsoluteDistanceMeter (ADM)RangingTests.Theproceduresdescribed in this paragrapharedesigned to test
the measurement capability of the ADM ranging subsystem of a suitably equipped laser tracker. This is accomplished by
comparing a set of six point-to-point lengths asmeasured by the ADMwith a corresponding set of long reference lengths
aligned in a pure radial orientation that spans a significant portion of the maximum ranging distance. The reference
lengths, including two user-selected lengths, are specified in Table 6.4.1-1, where R is the maximum range of the ADM.
Details regarding realizing the reference lengths are given in para. 6.4.4. Measurement results are reported as described
in section 7.
NOTE: Themethods used to test the IFMandADMare not required to be the same. For example, the IFMmight be tested using the laser
calibration procedure [see para. 6.4.2(c)] while the ADMmight be tested using a laser rail calibrated with the IFM (assuming the IFM
met the requirements of para. 6.4.2 and the measurement capability index).
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6.4.4 Long Reference Lengths for Ranging Tests. Long reference lengths for IFM and ADM ranging tests may be
realized by either of the following methods:
(a) Lengths CreatedUsing Rail and Target Carriage. In the case of ADMranging tests, if the laser tracker has an IFM that

meets the ranging test requirements of para. 6.4.2 and themeasurement capability index requirements of para. 6.4.1, the
laser trackermaybeused to calibrate theADMreference lengthsalong the rail. If the laser trackerdoesnothavean IFM, or
for testing the laser tracker’s IFM, a displacement interferometer may be used.
(b) SMRTargetNestsMounted on Independent FreestandingRigid StructuresWithDistanceBetweenNests Calibrated by

Suitable Technique (e.g., Laser Displacement Interferometer). Again, for the ADM ranging tests, if the laser tracker has an
IFM that meets the requirements of para. 6.4.2, then that IFM may be used to calibrate the reference lengths.
The reference lengths are denoted L1 through L4 in the illustration in Table 6.4.1-1. As depicted in the illustration, a

reference length is the length between the target nest closest to the laser tracker (i.e., nest a) and each of the subsequent
target nests. Target nest a should be placed 3m from the laser tracker. The nests collinearwith those labeled a and b shall
be along the radial direction of and at approximately the height, h, of the laser tracker.
A single measurement consists of measuring the distance to each of the target nests in sequence. These distances are

then used to calculate the lengths depicted in the illustration in Table 6.4.1-1.
Care should be taken to provide a thermal environment for the laser beampath in compliancewith themanufacturer’s

specifications (see Nonmandatory Appendix E). Measurements are made with the laser tracker positioned and oriented
as described in Table 6.4.1-1.
For the case of ADM range testing, the user shall specify two additional length measurements by selecting two addi-

tional target locations along the radial line connecting nests a and b. The user-selected lengths are then the lengths
between target nest a and the two user-selected target positions.

6.4.4.1 CosineError.The laser trackerbeampathshouldbesufficiently alignedalong the reference length so that the
cosine error is negligible during the range testing. The magnitude of the cosine error can be calculated using eq. (1).
Lengths A and B in Figure 6.4.4.1-1 represent the laser tracker range measurements (i.e., distances from the laser

tracker origin) to points labeled a and b. The reference length is depicted by line segment L joining the measurement
points a and b. The length measurement is given by B − A. The magnitude of the cosine error is then

=L B A L( ) (1)

Themisalignment of the laser tracker canbedeterminedby eithermeasuring its physical offset from the reference line,
labeled C in Figure 6.4.4.1-1, or by recording the change in angle θ between the twomeasurement points that comprise a
measured length (see Figure 6.4.4.1-1). The angle θ may not lie solely in the horizontal or vertical plane. For the tests
described in this Standard, laser tracker pointing is nominally in a horizontal plane. In this case, θ can be estimated by

= +H V2 2 (2)

where ΔH and ΔV are the changes in the horizontal and vertical angles, in radians, between the two points that define a
reference length.
Once nominal values for the lengthsA andB are known, the cosine error ΔL can be calculated given either the offsetCor

the angle θ, using one of the following equations:

=L B A B C A C( ) ( )2 2 2 2 (3)

= +L B A A B A( ) ( sin ) ( cos )2 2 (4)

Figure 6.4.4.1-2 shows the cosine error versus offset C for A = 3m and B = 6m. These values are typically the shortest
thatmight beencountered in ranging tests. For larger valuesofA andB, the cosine error rapidlydecreases inmagnitude. It
can be seen, for example, that an offset C = 6mm results in a cosine error of about 3 μm. This is a small, but not negligible,
error when testing high-accuracy ranging subsystems. The cosine error calculation is important during the alignment of
the laser tracker with the points a and b shown in Figure 6.4.4.1-1. After the tracker is aligned, the distance between the
points a and b is determined using three-dimensional coordinates, not just the range measurement.

ASME B89.4.19-2021

16

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME B89
.4.

19
 20

21

https://asmenormdoc.com/api2/?name=ASME B89.4.19 2021.pdf


Figure 6.4.4.1-1
Laser Tracker and Reference Interferometer Alignment

Tracker measurement lines
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Reference interferometer

Laser tracker (top view)

b

GENERAL NOTE: Endpoints of reference length are points a and b.

Figure 6.4.4.1-2
Cosine Error Versus Offset C From Reference Line
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GENERAL NOTE: In this example, A = 3 m and B = 6 m (see Figure 6.4.4.1-1).
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7ð21Þ ANALYSIS OF PERFORMANCE EVALUATION TESTS

7.1 Evaluation of Length Measurement System Tests of Para. 6.2

The lengthmeasurement system tests are evaluatedby calculating thedifferencebetween themeasured length and the
reference length using eq. (5).

= L Lm ref (5)

where
Lm = length measured by the laser tracker
Lref = reference length

There are three values (δ1, δ2, and δ3) for each test position corresponding to the three repeated measurements. The
test of conformance for each measured point-to-point length error requires comparing the largest value, δmax =max (δ1,
δ2, δ3), with the corresponding MPE specification for that length, i.e., |δmax| ≤ MPE for all lengths (see the examples in
para. 7.4). Some test positionsdifferonly in theorientationof the laser tracker, e.g., horizontal systemtest positions2, 3, 4,
and5 (seeTable 6.2.1-1). For a groupof test positions, a singleMPE is specified and the largest value of δmax is reported on
Form 4-2 (see example in Figure 7.1-1).

7.2 Evaluation of Two-Face System Tests of Para. 6.3

The two-face system tests are evaluated by calculating the apparent separation of the measured frontsight and back-
sight target positions. For each sampled target nest location, themeasured target position in frontsightmode is a pointPF
with coordinates (xF, yF, and zF). In backsight mode, the measured position is a point PBwith coordinates (xB, yB, and zB).
The distance between these points is the apparent separation, Δ, as calculated by the laser tracker software. There are
three separations (Δ1a, Δ2a, and Δ3a) for target nest location a corresponding to the three repeated measurements.
Likewise, there are three separations for target nest locations b and c (Δ1b, Δ2b, Δ3b, Δ1c, Δ2c, and Δ3c). The test of confor-
mance for each test position in Table 6.3.1-1 requires comparing the largest value, Δmax =max (Δ1a, Δ2a, Δ3a, Δ1b, Δ2b, Δ3b,
Δ1c, Δ2c, Δ3c), with the corresponding MPE specification, i.e., Δmax ≤ MPE (see the examples in para. 7.4).
Form4-2 shows two-face system tests combined together in groupsdifferingonly in theorientation of the laser tracker

[e.g., two-face system test positions1, 2, 3, and4 (seeTable 6.3.1-1)].Whengrouped together in thatmanner, a singleMPE
is specified for a group, and the largest value of Δmax is reported on Form 4-2 (see example shown in Figure 7.1-1). As
mentioned in para. 6.3.1, this method of grouping two-face system tests is valid when theMPE specification for the three
targets, a, b, and c, are the same for a given test position. If that is not the case, Form 4-2 shall be suitably modified.

7.3 Evaluation of Ranging Tests of Para. 6.4

7.3.1 Evaluationof IFMRangingTests.For the case of long reference lengths, the ranging test results are evaluatedby
calculating the difference between the measured length and the reference length using eq. (6).

= L Lm ref (6)

where
Lm = length measured by the laser tracker
Lref = reference length

The test of conformance for each measured point-to-point length error requires comparing the value of δ with the
corresponding MPE specification for that length, i.e., |δ| ≤ MPE for all lengths δ (see the example in Figure 7.1-1).
For the caseof short reference lengths, thedifferencebetween themeasured lengthand the short reference length shall

be calculated using eq. (7) for each of the 12 measured short reference lengths.
= L Lm ref-short (7)

A least-squares line fit of the formA +BL shall be performed through all 12 values of ε and the corresponding slope and
intercept shall bedeterminedwhereAandB (not tobeconfusedwithAandB inpara. 6.4.4.1) arecomputed fromthe least-
squares fit (see Figure 7.3.1-1). Four values of δ are computed by using the following equation:

= + ×A B Lref
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Figure 7.1-1
ð21ÞForm 4-2 With Example Default Method Data

Form 4-2  Manufacturer’s Performance Specifications and Test Results

IFM Specifications
and Test Results

ADM Specifications
and Test Results

MPEIFM Pass MPEADM Pass

Horizontal (1)

Horizontal (2, 3, 4, 5)

Horizontal (6, 7, 8, 9)

Vertical (1, 2, 3, 4)

Vertical (5, 6, 7, 8)

Right Diagonal (1, 2, 3, 4)

Right Diagonal (5, 6, 7, 8)

Left Diagonal (1, 2, 3, 4)

Left Diagonal (5, 6, 7, 8)

User Selected (1)

User Selected (2)

Two Face (1, 2, 3, 4)

Two Face (5, 6, 7, 8)

Two Face (9, 10, 11, 12)

IFM Ranging Ref L (1) = 9 m

IFM Ranging Ref L (2) = 18 m

IFM Ranging Ref L (3) = 27 m

IFM Ranging Ref L (4) = 36 m 

ADM Ranging Ref L (1) = 9 m

ADM Ranging Ref L (2) = 18 m

ADM Ranging Ref L (3) = 27 m

ADM Ranging Ref L (4) = 36 m

ADM Ranging Ref L User (1) = 22 m

ADM Ranging Ref L User (2) = 30 m

Formula for calculating the MPE
   or attach MPE specification sheet
   [Note (4)]

  max or
Dmax [Note (1)]

d   max or
Dmax [Note (1)]

d
Test (Positions)

[Note (2)]

[Note (2)]

[Note (2)]

Test Performed by:    Date:   Instrument Serial Number:

Cm for IFM System Tests:  ; Cm for IFM Ranging Tests: if  1 # Cm , 2 Check     “Low_Cm”

Cm for ADM System Tests:  ; Cm for ADM Ranging Tests: if  1 # Cm , 2 Check     “Low_Cm”
Final Test Results (Pass/Fail):

GENERAL NOTES:
(a)  All units are in micrometers (µm).
(b)  The IFM columns must contain specifications and results for laser trackers with IFM only, the ADM columns
      must contain specifications and results for instruments with ADM only, and both pairs of columns must contain
      specifications and results for instruments with both an IFM and an ADM.
(c)  If an ADM result is used in place of an IFM result, the value should be placed in parentheses.

NOTES:
(1)      for length system results, D for two-face results; see paras. 7.1 and 7.2.
(2)  Two-face tests may be performed with either an IFM or an ADM.
(3)  These results can be results from long reference lengths, or computed from short reference lengths (see
 para. 7.3.1), or computed from the laser interferometer calibration certificate (see para. 7.3.1).
(4)  The manufacturer may specify separate MPE formulas for the system tests, ranging tests, and two-face tests.
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where the Lrefs are the four long reference lengths specified in Table 6.4.1-1. The test of conformance for each computed
length error requires comparing the value δwith the correspondingMPE specification for that length, i.e., |δ| ≤MPE for all
four long lengths given in Table 6.4.1-1 (see the examples in para. 7.4).
For the case of the laser IFM calibration method described in para 6.4.2(c), four values of δ are computed by the

following equation:
= + ×D LLDE ref

where the Lrefs are the four lengths specified in Table 6.4.1-1, andD and LDE are the drift value and the length-dependent
error as reported on the calibration certificate. The test of conformance for each computed length error requires
comparing the value δ with the corresponding MPE specification for that length, i.e., |δ| ≤ MPE for all four lengths
given in Table 6.4.1-1 (see the examples in para. 7.4).

7.3.2 Evaluation of ADM Ranging Tests. For the measured long reference lengths, the ranging test results are eval-
uated by calculating themagnitude of the difference between themeasured length and the reference length using eq. (8).

= L Lm ref (8)

where
Lm = length measured by the laser tracker
Lref = reference length

The test of conformance for each measured point-to-point length error requires comparing the value of δ with the
corresponding MPE specification for that length, i.e., |δ| ≤ MPE for all lengths δ (see the examples in para. 7.4).

7.4 Examples of Failure to Satisfy MPE Requirements

If the absolute value of any length difference, δ, or any apparent separation, Δ, is greater than the specifiedMPE for the
particular test, the laser tracker fails tomeet themanufacturer’s performance specification for thatmeasurement. In this
case, the procedure of para. 6.2.3, para. 6.3.2, or para. 6.4.1.1, as appropriate, shall be followed, and if the system still fails
to meet the manufacturer’s performance specifications, then it shall be repaired or replaced before the performance
evaluation testing is resumed.

7.4.1 Example of Default Test Method. Figure 7.1-1 shows the test data for a laser tracker tested using the default
method from Table 6.1-1. The laser tracker had both an ADM and an integrally mounted IFM.
In Figure 7.1-1, the maximum error in position 5, 6, 7, or 8 for the vertical length measurement system test and the

maximumerror inposition2, 3, 4, or5 for thehorizontal lengthmeasurement systemtest exceed theMPEs for the IFMand
ADM, respectively (these values are from the second retest, per para. 6.2.3). As a consequence, the laser tracker fails to
meet the manufacturer’s performance specifications.

7.4.2 Example of Alternative Test Method. Figure 7.4.2-1 shows the test data for a laser tracker tested using the
alternative method from Table 6.1-1. The laser tracker had both an ADM and an integrally mounted IFM. The manu-
facturer’sMPE(s) are shown togetherwith themeasurement results from the ADMand the required IFMmeasurements.

Figure 7.3.1-1
Least-Squares Line Fit to 12 Short Reference Lengths

«

0.5 m 1.0 m 1.5 m 2.3 m
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ADMmeasurements are used in place of the IFMmeasurements for all of the length measurements except for the first
horizontal position. That is, the ADM measurements are used as surrogates for the IFM measurements, except for the
horizontal position. This has the advantage of reducing the total number of measurements. The disadvantage is that the
ADMerrors are typically larger than the corresponding IFMerrors, and hence the alternative testmethodmay fail an IFM
that would otherwise pass using the default method. If this occurs, it is recommended to perform IFMmeasurements at
the failed positions to determine if the IFM can pass the test.
In Figure 7.4.2-1, the maximum error in position 5, 6, 7, or 8 for the vertical length measurement system test and the

maximumerror inposition2, 3, 4, or5 for thehorizontal lengthmeasurement systemtest exceed theMPEs for the IFMand
ADM, respectively. As a consequence, the system fails to meet the manufacturer’s performance specifications.
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Figure 7.4.2-1
ð21Þ Form 4-2 With Example Alternative Method Data

Form 4-2 Manufacturer’s Performance Specifications and Test Results

IFM Specifications
and Test Results

ADM Specifications
and Test Results

MPEIFM Pass MPEADM Pass

Horizontal (1)

Horizontal (2, 3, 4, 5)

Horizontal (6, 7, 8, 9)

Vertical (1, 2, 3, 4)

Vertical (5, 6, 7, 8)

Right Diagonal (1, 2, 3, 4)

Right Diagonal (5, 6, 7, 8)

Left Diagonal (1, 2, 3, 4)

Left Diagonal (5, 6, 7, 8)

User Selected (1)

User Selected (2)

Two Face (1, 2, 3, 4)

Two Face (5, 6, 7, 8)

Two Face (9, 10, 11, 12)

IFM Ranging Ref L (1) = 9 m

IFM Ranging Ref L (2) = 18 m

IFM Ranging Ref L (3) = 27 m

IFM Ranging Ref L (4) = 36 m 

ADM Ranging Ref L (1) = 9 m

ADM Ranging Ref L (2) = 18 m

ADM Ranging Ref L (3) = 27 m

ADM Ranging Ref L (4) = 36 m

ADM Ranging Ref L User (1) = 22 m

ADM Ranging Ref L User (2) = 30 m

Formula for calculating the MPE
   or attach MPE specification sheet
   [Note (4)]

  max or
Dmax [Note (1)]

d   max or
Dmax [Note (1)]

d
Test (Positions)

[Note (2)]

[Note (2)]

[Note (2)]

Test Performed by:    Date:   Instrument Serial Number:
Cm for IFM System Tests:  ; Cm for IFM Ranging Tests: if  1 # Cm , 2 Check     “Low_Cm”

Cm for ADM System Tests:  ; Cm for ADM Ranging Tests: if  1 # Cm , 2 Check     “Low_Cm”

Final Test Results (Pass/Fail):

GENERAL NOTES: 
(a)  All units are in micrometers (µm).
(b) The IFM columns must contain specifications and results for laser trackers with IFM only, the ADM columns must
 contain specifications and results for instruments with ADM only, and both pairs of columns must contain speci-
 fications and results for instruments with both an IFM and an ADM.
(c) If an ADM result is used in place of an IFM result, the value should be placed in parentheses.

NOTES:
(1)      for length system results, D for two-face results; see paras. 7.1 and 7.2.
(2)  Two-face tests may be performed with either an IFM or an ADM.
(3)  These results can be results from long reference lengths, or computed from short reference lengths (see
 para. 7.3.1), or computed from the laser interferometer calibration certificate (see para. 7.3.1).
(4)  The manufacturer may specify separate MPE formulas for the system tests, ranging tests, and two-face tests.
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MANDATORY APPENDIX I
ð21ÞREFERENCE LENGTH TRACEABILITY

I-1 GENERAL TRACEABILITY ISSUES

This Standard employs the interpretation of traceability described in ASME B89.7.5-2006. Two issues of traceability
arise in the testing and subsequent use of laser trackers. The first issue is that if a performance evaluation is conducted on
a particular laser tracker, then, in order to demonstrate that the system meets the manufacturer’s specifications, the
reference lengths must satisfy the traceability requirements of section I-2. This provides the connection to the SI defini-
tion of the meter and allows a comparison of the measured length errors with the specified maximum permissible error
(MPE) values.
One of the traceability requirements is for documentation traceability. This is a requirement to describe how the

connection to the SI definition of the meter is achieved. For example, if a scale bar is employed to realize the reference
length, then the documentation traceability is the calibration certificate of the scale bar to an appropriate metrological
terminus. If the reference length is realizedusing the laser interferometer internal to the laser tracker (IFM), then this IFM
must have metrological traceability to an appropriate metrological terminus (see section I-3).
The second issue of traceability is that if the laser tracker is to be used for subsequent point-to-point length measure-

ments (e.g., by a user in a factory), then the requirements of ASME B89.7.5 must be fulfilled for the measurements to be
considered traceable (see Nonmandatory Appendix A).

I-2 REFERENCE LENGTH TRACEABILITY

Each reference length required in this Standard must be traceable per ASME B89.7.5. Typically, it is not necessary to
document separately the traceability of each reference length on a test position by test position basis, unless a different
artifact is used togenerate the reference length. Forexample, a calibratedscalebarmightbeused for the reference lengths
of the system tests and a laser interferometer used for the reference lengths of the ranging tests. In such a case, the
traceability requirements must be met and documented for both the scale bar and the interferometer. Supplying the
following information for each artifact used will satisfy the traceability requirements for the reference lengths:
(a) State the measurand (e.g., the point-to-point length between two kinematic nests on a scale bar).

NOTE: The reference length always refers to the standard temperature of 20°C. However, it may be convenient, for measurement
uncertainty considerations, to perform the calibration at a temperature other than 20°C.

(b) Identify the measurement system or standard used (e.g., a scale bar, 2.3 m long, made of steel, serial number
12345).
(c) State the expanded (k = 2) uncertainty associated with the reference length as used at the time of measurement.

Information on evaluating the uncertainty of the reference length is given in Nonmandatory Appendix D.
(d) Provide an uncertainty budget describing the uncertainty components used to compute the statement of uncer-

tainty.
(e) Provide documentation traceability (e.g., a calibration certificate) back to an appropriate terminus of the standard

used for the reference length; see section I-3 for an appropriate metrological terminus.
(f) Show evidence of an internal quality assurance program so that the measurement uncertainty statement for the

reference length is assured. This may be a simple procedure to ensure that the reference length artifact is periodically
recalibrated, that other sensors (e.g., the weather station of a reference interferometer) are periodically recalibrated, or
that the artifact fixturing or other effects are in accordance with the artifact’s calibration requirements or otherwise
considered in the uncertainty budget.
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I-3 METROLOGICAL TERMINUS

Anappropriatemetrological terminus for the documentation traceability is anyoneof the following sources (seeASME
B89.7.5 for further details):
(a) calibration report1 froma nationalmeasurement institute for the reference length (artifact or instrument) used in

the testing.
(b) calibration report fromacompetent2 laboratory fulfilling ISO17025, section6.5 for the reference lengthused in the

testing.
(c) documentation describing an independent realization of the SI definition of the meter3 used to generate the

reference length. This documentation will include the measurement uncertainty of the calibration and evidence
that the stated uncertainty is achievable (e.g., evidence of participation in a round robin or comparison against
another independently calibrated length standard).

1 For some instruments, accuracy is often specified by grade or class. A document identifying compliance to ametrological grade or class is equivalent
to a calibration report.
2 A de facto means of demonstrating competence is through laboratory accreditation.
3 In this Standard, an independent realization of the SI definition of the meter is considered a reproducible physical phenomenon that has its
metrological characteristic (and reproducibility)measured anddocumentedby anationalmeasurement institute. Hence, reproduction of this phenom-
enonrepresentsanunbrokenchainof information, back to theSIunitof length; sucharealization is sometimes referred toasaquantum-basedstandard.
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NONMANDATORY APPENDIX A
ð21ÞTRACEABILITY OF SUBSEQUENT MEASUREMENTS

A-1 INTRODUCTION

This Appendix provides information on the traceability of subsequentmeasurements of the laser tracker after comple-
tion of a performance evaluation per this Standard. The example in section A-2 is intended to illustrate a typical scenario.
For more information on traceability, see ASME B89.7.5-2006 (R2016).

A-2 METROLOGICAL TRACEABILITY EXAMPLE

Auser has a laser tracker that has successfully passed an evaluation per this Standard, i.e., all measured errorswere no
greater than themanufacturer’s correspondingmaximumpermissible error (MPE) values. The user wishes to perform a
series of point-to-point measurements on long aluminum structures. The laser tracker is equipped with a workpiece
temperature sensor that is mounted to the workpiece. The measurements are performed in a factory environment that
varies from 20°C to 30°C.
Since there are many workpieces of various lengths to measure, the user will develop a single document that will

address all the anticipated measurements; the document will be kept on file in case measurement traceability must be
demonstrated. This document should include the following:
(a) identification of the measurand (e.g., the point-to-point length between two points on an aluminum workpiece

measured on a shop floor at a temperature between 20°C and 30°C).
NOTE: Workpiece dimensions always refer to 20°C, hence the workpiece temperature sensor measures the temperature in order to
correct for thermal expansion.

(b) identification of the measurement system or standard used (e.g., laser tracker #789).
(c) a statement of the expanded (k = 2) uncertainty associated with the result of the measurement [e.g., U = 11.6 μm

+ 29.0L μm, where L is in meters (the statement can be in any form, e.g., a table, a formula, produced by software)].
(d) anuncertaintybudgetdescribing theuncertaintycomponentsused tocompute thestatementofuncertainty. In this

example, theuncertaintycomponentswould include the laser trackererrorasquantifiedby itsMPE, theuncertainty in the
temperature measurement, and the uncertainty in the coefficient of thermal expansion; other effects might include
uncertainty components due to spherically mounted retroreflector (SMR) errors (see Nonmandatory Appendix B).
EXAMPLE: Themanufacturer of a laser tracker states that the largest point-to-point length error, i.e., theMPE (regardless of direction)
is 10μm±10Lμm,whereL is the nominal length inmeters. Suppose that the temperature ismeasuredwith amaximumerror of ±0.5°C,
the coefficient of thermal expansion (CTE) is (22 ± 2) × 10−6°C−1, and other uncertainty components are negligible.
If uniform probability distributions are assigned to all input quantities (uncertainty components), then the required standard

uncertainties are just the maximum errors multiplied by 1/ 3 ( 0.58) . The uncertainty budget for this example is illustrated in
Table A-2-1.
(e) documentary evidence of the traceability of the length standard(s) used in the measurement. There are several

ways of doing this, depending on the circumstances of the manufacturer; two examples are listed below.
EXAMPLES:
(1) If the laser trackermanufacturer is ISO 17025 accredited to perform theASMEB89.4.19 testing procedure, then the certificate of a
successful performance evaluation, bearing the logo of the accreditation agency, is sufficient evidence of documentation trace-
ability.

(2) If the laser tracker manufacturer is ISO 17025 accredited to perform the ASME B89.1.8 laser interferometer calibration, and the
IFM of the laser tracker is so calibrated and used to generate the reference lengths for the performance evaluation, then the
completion of a successful performance evaluation and the calibration report of the laser tracker’s IFM, bearing the logo of the
accreditation agency, is sufficient evidence of documentation traceability.
(f) a description of an internal quality assurance program that is used to ensure the laser tracker is periodically

recalibrated, that the users are trained to operate the laser tracker in amanner that can realize its specified performance,
and that the measurements are performed within the stated conditions, e.g., from 20°C to 30°C.
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Table A-2-1
ð21Þ Example Uncertainty Budget

Input Quantity Standard Uncertainty
Laser tracker (10 μm + 10L μm) × 0.58 = 5.8 μm + 5.8L μm
Temperature 0.5°C ×

°
(22 )m

m C
× L × 0.58 = 0 μm + 6.4L μm

CTE
°

(2 )m
m C

× L × 10°C × 0.58 = 0 μm + 11.6L μm

Combined standard uncertainty 5.8 μm + 14.5L μm
Expanded (k = 2) uncertainty 11.6 μm + 29.0L μm

GENERAL NOTE: L is the numerical value of length in meters.
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NONMANDATORY APPENDIX B
SPHERICALLY MOUNTED RETROREFLECTOR (SMR) TESTS

B-1 ð21ÞINTRODUCTION

Three types of laser tracker measurement errors are attributable to spherically mounted retroreflectors (SMRs) that
are cube-corner retroreflectors constructed of three mirrors. SMRs containing glass cube corners (rather than three
mirrors) are subject to these same errors as well as additional errors, due to refraction, that are not discussed here. The
three types of errors are
(a) vertex-centering error (radial or lateral)
(b) dihedral-angle error
(c) polarization error
The degradation in laser tracker measurements resulting from the vertex-centering error is solely dependent on the

properties of the SMR and can be evaluated with the methods described in section B-2. The other two errors (dihedral-
angle error and polarization error) depend not only on the properties of the SMR but also on the properties of the laser
tracker. Dihedral-angle errors are discussed in section B-3; polarization errors are discussed in section B-4.

B-2 DETERMINING CENTERING ERROR OF VERTEX OF SMR

B-2.1 ð21ÞLateral Centering

As shown in Figure B-2.1-1, the operator places the SMR in a nest on a microscope stand and uses a light source to
illuminate the frame of the microscope. The operator turns the focus adjustment to view a speck of dust (or other small
object) sittingon themicroscope frame, thenrotates theSMRwithin thenest andnotes thediameterof the runoutpattern.
The lateral error in the centering of the SMR vertex is found by dividing the observed runout diameter by four.
To understand this result, consider Figure B-2.1-1. The lateral offset error, b, is equal to the distance from the axis of

rotation to the axis of the vertex. As the SMR is rotated within the nest, the vertex undergoes a mechanical runout of 2b.
Because the tip of the virtual object is found by projecting the tip of the object through the vertex, the virtual speckmoves
twice as far as the vertex. In other words, the microscope sees an optical runout (determined by the movement of the
virtual object) of 4b.
This procedure requires a separate calibration of the microscope graticule. The calibration procedure may consist of

placing a calibrated reference scale on the base of themicroscope. Thedivisions on the reference scale are then compared
directly to the divisions of the graticule.

B-2.2 ð21ÞRadial Centering

As shown in Figure B-2.2-1, a reference ball of diameter d is gently placed on the cube-corner retroreflector of the SMR.
A gage with an uncertainty (k = 1) of less than 2.5 μm [e.g., a linear variable differential transformer (LVDT)] is used to
measure the combinedheight,h,of theSMRand the referenceball. This gage is alsoused tomeasure thediameter,D,of the
SMR. The error in the depth of the SMR vertex with respect to the center of the sphere is

+ =h
D d

h D d
2

(1 3 )
2

0.5 1.3660 (B-1)

The following is anexplanationofeq. (B-1): inan ideal SMR, thedistance fromthebottomof theSMRto thevertex isD/2.
The sidesof the reference sphere touch the cube-cornermirrors adistanceofd/2 fromthevertex, so thedistance fromthe
vertex to the center of the reference sphere is d( 3 /2). The distance from the center of the reference ball to the top of the
reference ball is d/2. The height of a reference ball within an ideal SMR is then the sum of these three quantities or

+ +D d/2 (1 3 )/2.

ASME B89.4.19-2021

27

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME B89
.4.

19
 20

21

https://asmenormdoc.com/api2/?name=ASME B89.4.19 2021.pdf


Figure B-2.1-1
Microscope Schematic for Measuring Lateral Centering Error
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Figure B-2.2-1
ð21Þ Setup for Measuring Radial Centering Error
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GENERAL NOTE: This figure represents a two-dimensional cross section of a three-dimensional scenario.
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B-3 ð21ÞDIHEDRAL-ANGLE ERRORS

In an ideal cube corner, the angle between each of the three pairs ofmirror faces is exactly 90 deg. In a real cube corner,
these angles may differ from the ideal by a few arcseconds. This difference, called the dihedral-angle error, can degrade
laser tracker performance if the SMR is used with a system that does not maintain perfect laser-beam retrace.
To understand laser-beam retrace, first consider the perfect retrace condition shown in Figure B-3-1. A laser beam

passes through a beam splitter inside the laser tracker, then passes out of the laser tracker and travels to the cube-corner
retroreflector of the SMR. The laser beam reflects backward, exactly retracing the path of the incident laser beam. Once
inside the laser tracker, some of the laser light reflects off the beam splitter and travels to a position-sensitive detector
(PSD). A point on the surface of the PSD is designated as the control point. The laser tracker’s servo subsystem drives the
beamsteeringmirror subsystem so as to keep the beam centered on the control point. As long as the correct control point
has been chosen, the laser beam is kept centered on the cube corner of the SMR, thereby causing the laser beam to exactly
retrace itself.
If the position of the control point on the surface of the PSD is set incorrectly, as shown in Figure B-3-2, the reflected

laser beam will not retrace the path of the incident laser beam.
Now consider a ray of light reflected off the three mutually perpendicular surfaces of a cube-corner retroreflector, as

shown in Figure B-3-3. The three mirrors lie in the XY plane, the YZ plane, and the ZX plane, respectively. The ray first
strikes theYZplane at point 1, then theXYplane at point 2, and finally theZXplane at point 3. The rayof light emerges from
point 3 parallel to the ray incident on point 1.
Figure B-3-4 shows these same three points as viewed in a plane perpendicular to the axis of symmetry of the cube

corner. Note that if the ray reverses its direction and begins at point 3, it will travel to point 2 and then point 1. Also note
that the origin (vertex) of the cube corner bisects the line segment connecting points 1 and 3.
The surfaceof the cube corner canbedivided into six segments, A throughF, by extending the linesof intersectionof the

three mirrors, as shown in Figure B-3-5. For the direction of the incoming laser beam considered here, any ray striking
segment B will strike segment C and then segment E. The reverse is also true; any ray striking segment E will strike
segment C and then segment B.
If the dihedral-angle errors are not zero, the reflected rayswill not be exactly parallel to the incident rays. Suppose that

the incident rays of laser light are parallel to the axis of symmetry of the cube corner in Figure B-3-5. Then, as a specific
example, such rays incident on segment Bmay bend outward (leftward) by 1 arcsecondwhen they emerge from segment
E. In this case, rays incident on segment E bend outward (rightward) by the same angle (1 arcsecond) when they emerge
from segment B.
In general, collimated laser light incident on all six segments separates into six distinct segments after reflection. Each

segment travels in a slightly different direction. Opposing segments (i.e., segments A–D, B–E, and C–F) bend in equal and
opposite directions. Because of this symmetry, if the incoming laser beam is centered on the vertex of the cube corner, the
optical-power centroid of the reflected laser beam will coincide with the optical-power centroid of the incident laser
beam. In this sense, the beamretraces its path back into the laser tracker and the perfect retrace condition of FigureB-3-1
prevails.
Now suppose that the wrong control point has been chosen for the PSD. As shown in Figure B-3-2, the incoming and

outgoing laser beams do not coincide. For the case shown in Figure B-3-6, the center of the incident laser beam is right of
the vertex, and the center of the reflected laser beam is an equal distance left of the vertex. It follows that more of the
optical power impinges on segment B and reflects off segment E than impinges on E and reflects off B. If the rays from E
bend left by 1 arcsecond and the rays from B bend right by 1 arcsecond, then the left-bending rays will dominate. The
reflected beam then strikes the PSD off the control point, causing the servo subsystem of the laser tracker to redirect the
beam. The result is a change in the angles measured by the device’s angular encoders.
This potential error in the measured angle is ordinarily removed by the laser tracker’s compensation procedures.

However, in two particular situations the compensation is not sufficient to remove these errors. In the first situation, the
laser tracker operator usesmore than one SMR in a particularmeasurement. In the second situation, the operator fails to
hold the roll angle of the SMR fixed. Roll angle is defined as the angle of the SMR about the cube corner’s axis of symmetry.
Usually, SMRs are shipped with a particular mark along their rims, which the operator holds at a fixed roll angle. For
example, the mark may be consistently held in the uppermost position. Failure to hold the roll angle of the SMR at a
consistent position may introduce a measurement error.
This error can be seen by rotating the SMR about its axis of symmetry. This produces a runout pattern in themeasured

azimuth and zenith angles or, equivalently, in the transverse coordinates (i.e., side-to-side distance coordinates). When
the SMR has a dihedral-angle error and the laser tracker has a control-point error, the runout pattern takes the form of a
loop that repeats itself twice in each 360-deg rotation of the SMR. In contrast, the runout pattern caused by a lateral SMR
centering error repeats itself once in each360-deg rotation. For thegeneral case inwhichboth typesof errors arepresent,
the runout pattern forms a double loop in each 360-deg rotation. An example of such a pattern is shown in Figure B-3-7.
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To see the runout pattern, lock a laser tracker onto an SMR that has been placed in a kinematic nest. Rotate the SMR in
thenestwhilewatching the readingsof theangular encoders.Themaximumallowabledihedral anglesof the cube corners
are set by each laser tracker manufacturer according to the accuracy of the PSD control point and the stringency of the
laser tracker specifications.

B-4 POLARIZATION EFFECTS

The manufacturer of a laser tracker should state whether the ranging subsystem using the interferometer (IFM) or
absolute distancemeter (ADM)within the laser tracker is sensitive to thepolarization state of the laser light reflected into
the laser tracker. If the laser tracker is sensitive to polarization, then the reflective properties of the SMRmirror coatings
become important. Mirror coatings may comprise a reflective metal such as silver, a multilayer stack of thin dielectric
films, or a reflective metal topped with a protective dielectric stack. Regardless of the type of coating, the laser light
undergoes a change in polarization state as it successively reflects off the three SMRmirrors. Generally, the polarization
effects are increased as the axis of symmetry of the cube corner is tilted away from the laser beam. It is important,
therefore, to select SMR cube corners having polarization properties appropriate for the laser trackers with which they
are used. The laser tracker manufacturer can recommend SMR manufacturers as well as tests to quantify SMR polar-
ization performance.

Figure B-3-1
Beam Orientations That Minimize Effects of Dihedral Angle Errors
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Figure B-3-2
Laser Path With Unintended Offset Between Incoming and Outgoing Beams
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Figure B-3-3
Path of Laser Beam in Cube-Corner Retroreflector
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Figure B-3-4
Top View of Laser Beam Path in Cube-Corner Retroreflector
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Figure B-3-5
Top View of Cube Corner With Extended Lines of Intersection
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Figure B-3-6
Laser Beams Superimposed on Top View of Dihedral Prism
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NONMANDATORY APPENDIX C
REFRACTIVE INDEX OF AIR

C-1 INTRODUCTION

This Appendix describes environmental phenomena that may affect the results of measurements performed using a
displacement interferometer ranging system (IFM). Themanufacturer should have accounted for the effects described in
this Appendix in establishing the rated conditions of section 4.

C-2 PHASE REFRACTIVE INDEX

The phase refractive index1 is defined by eq. (C-1).

=n
c
c
0 (C-1)

where
c = velocity of light in a medium (i.e., phase velocity)
c0 = velocity of light in vacuum
n = phase refractive index

Thephase refractive index is used for displacementmeasurements that are basedon interferometric fringe counting of
a fixed wavelength of laser light.
The length scale of a laser tracker with an IFM operating in air, λair, is

=
nair
0 (C-2)

where
n = phase refractive index of the air
λ0 = vacuum wavelength

NOTE: In this Appendix, the term “refractive index,” used without a modifier, is taken to mean the “phase refractive index.”

C-3 GROUP REFRACTIVE INDEX

The group refractive index, ng, is defined by

=n n
dn
dg (C-3)

where
λ = the wavelength of the light source

The group refractive index is used for absolute distance measurements where the amplitude or polarization of a light
source is modulated. At optical and near-infrared wavelengths, the group refractive index is larger than the phase
refractive index by a few parts in 106.

1 From Rüeger (1996).
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C-4ð21Þ EQUATIONS FOR REFRACTIVE INDEX OF AIR

In addition to itsdependenceonwavelength, the refractive indexof air dependsprimarilyonairpressure, temperature,
humidity, andcarbondioxideconcentration. Several equationshavebeenproposed tocalculate therefractive index, given
values ofwavelength andenvironmental parameters. Theequations fromCiddor2 andCiddor andHill3 are recommended
for use with this Standard. These equations are valid over a wide range of wavelengths (300 nm to 1690 nm), tempera-
tures (−20°C to 100°C), pressures (800 hPa to 1200 hPa), and humidities (0% to 100%).
The National Institute of Standards and Technology (NIST) maintains a web-based tool for calculating the refractive

index of air andwavelength of light in air using the Ciddor equation, given values of various input parameters.4 For exact
values of the input parameters, the uncertainties in calculated values of the refractive index are a few parts in 108, only
required for the highest level of length metrology.
The Ciddor equation yields the phase refractive index, n, directly. By varying the input wavelength and noting the

corresponding change inn, the dispersion,dn/dλ, canbe evaluatednumerically and the group refractive index can thenbe
calculated using eq. (C-3).
The remainder of this Appendix discusses the uncertainty of displacement measurements made with a laser tracker

IFM subsystem. Corresponding results for absolute distance meter (ADM) measurements can be derived using group
refractive index values appropriate for the wavelength of the ADM light source.

C-4.1ð21Þ Simplified Equation for HeNe Laser Displacement Interferometers

Most commercial laser trackersuseHeNedisplacement interferometers, operating atwavelength λ≈633nm, to realize
their IFM ranging subsystems. For such IFMs, and for levels of uncertainty required in laser tracker performance evalua-
tion, a simplified equation4 can be used to calculate the refractive index of air.

= + × × +
+

n RH T1 7.86 10 1.5 10 ( 160)P
T

4
273

11 2 (C-4)

where
P = air pressure, kPa (101.325 kPa = 760 mmHg)

RH = relative humidity, % (0% ≤ RH ≤ 100%)
T = air temperature, °C

The expanded uncertainty of the refractive index evaluated using eq. (C-4) is Uk = 2 (n) ≈ 1.5 × 10−7 for a perfectly
homogeneous beam path and exact values of the environmental parameters. In practice, the uncertainty will always be
greater than this because of sensor errors and refractive index variations (due to temperature gradients, for example; see
Nonmandatory Appendix E) along the IFM beam path.

C-5ð21Þ REFRACTIVE INDEX UNCERTAINTY AND DISPLACEMENT MEASUREMENTS

At the levels of uncertainty required for the performance evaluation tests prescribed in this Standard, the components
of uncertainty in refractive index due to the laser vacuumwavelength, relative humidity along the beampath, and carbon
dioxide concentration are generally negligible. In such a case, the uncertainty of the refractive indexwill be dominated by
components associated with possible temperature and pressure contributions.
Denoting the nominal refractive index in a displacement measurement by n(P,T), the standard uncertainty is then

= +u n c u P c u T( ) ( ) ( )p T
2 2 2 2 (C-5)

where u(P) and u(T) are the standard uncertainties in average air pressure and temperature, respectively, along the path
of themeasureddisplacement. For standarddry air andwavelength λ=633nm, the sensitivity coefficients in eq. (C-5) are

= = × °c n
T

C1.0 10T
6 1 (C-6)

2 From Ciddor (1996).
3 From Ciddor and Hill (1999).
4 From Stone and Zimmerman, “Refractive Index of Air Calculator.”
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= = ×c n
P

Pa2.7 10P
9 1

(C-7)

Consider an IFM system that measures a displacement, Lm, in an environment at temperature, T, and pressure, P, as
measured by the system weather station sensors. The measured displacement is then

=L
L

nm
vac (C-8)

whereLvac is thedisplacement thatwouldbemeasured inavacuumandn=n(P,T) is theaverage refractive indexalong the
beam path. Assuming a negligible uncertainty in Lvac (i.e., a perfect fringe counting system and a known vacuum wave-
length), the standard uncertainty of the measured displacement is

=u L
L
n

u n( ) ( )m
m (C-9)

and since n ≈ 1,

= +u L L c u P c u T( ) ( ) ( )m m p T
2 2 2 2 (C-10)

using the uncertainty given by eq. (C-5).
If one’s knowledge of possible sensor errors is such that P =P0 ± ΔP andT =T0 ± ΔT, where P0 andT0 are best estimates,

then assigning uniform probability distributions to these parameters yields =u P P( ) / 3 and =u T T( ) / 3 . Then
eq. (C-10) becomes

= +u L L c
P

c( )
( )

3
( T)

3m m p T
2

2
2

2
(C-11)

Figure C-5-1 shows the change in phase refractivity (n − 1) and group refractivity (ng − 1), for standard dry air, versus
wavelength. Standard dry air is defined by Ciddor2 to be air at 15°C, 1013.25 hPa, and 0.045% CO2 content with 0%
humidity.
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Figure C-5-1
Refractivity for Standard Dry Air
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GENERAL NOTE: Phase refractivity = n − 1 and group refractivity = ng − 1.
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NONMANDATORY APPENDIX D
ð21ÞREFERENCE LENGTHS FOR LASER TRACKER SYSTEM TESTS

AND TEST VALUE UNCERTAINTY

D-1 INTRODUCTION

The laser tracker systemperformance evaluation tests in this Standard includemeasuring several reference lengths at
a prescribed set of locations and orientations within the system’s working volume (see para. 6.2).
This Appendix describes four forms of realization for a reference length as follows:
(a) section D-3: a calibrated scale bar
(b) sectionD-4: two sphericallymounted retroreflectors (SMRs) in kinematic nests calibratedusing an interferometer

(IFM)
(c) section D-5: two SMRs in kinematic nests calibrated using an absolute distance meter (ADM)
(d) section D-6: a laser rail system
The test value for a point-to-point lengthmeasurement test is the error in themeasured length, given as the difference

between the lengthdeterminedby the laser trackerand thecalibratedvalueof that length. The test value is thencompared
against themaximum permissible error (MPE) specification provided by themanufacturer. The laser tracker has passed
the test if
– the test value is smaller than the MPE.
– the test conditions meet the rated operating conditions specified as part of the MPE.
– the k = 2 expanded uncertainty in the test value is at least four times smaller than theMPE,which is a requirement of

the 4:1 simple acceptance decision rule (see ASMEB89.7.3.1). Note that this 4:1 rule applies to point-to-point length tests
(see para. 6.2).
Note that the test value is the observed error in themeasured value of the reference length at the instant in time the test

is performed. If the calibration of the reference length is performed prior to or after the test, drift in the reference length
will contribute to the test value uncertainty.
ThisAppendixdiscusses fourmethods to realize the reference lengthwithparticular emphasisplacedonevaluating the

uncertainty in the test value. If that uncertainty is too large, conformance or nonconformance cannot be decidedusing the
default decision rules of this Standard. In the examples herein, it is assumed that the uncertainty arising from the
reference length is the only component of the test value uncertainty. This is because this Standard does not
involve corrections to the indicated value (i.e., testing is performed within the rated operating conditions and
there are no other corrections imposed by this test protocol). See ASME B89.7.6 for more information on test
value uncertainty.

D-2 DECISION RULE FOR DECIDING CONFORMANCE WITH MPE SPECIFICATION

For any particular point-to-point length measurement, the measurand, δ, is the difference between the measured
length, Lm, as indicated by the laser tracker display, and the reference length, Lref:

= L Lm ref (D-1)

The value of δ is compared with the manufacturer’s MPE specification in order to make a pass/fail decision.
In this Standard, a 4:1 simple acceptance and rejection decision rule is used. With that, a test result is accepted if

|δ| ≤ MPE, and rejected otherwise, provided that =U ( )k 2 ≤MPE/4, or equivalently, provided that Cm ≥ 4, where Cm is the
measurement capability index, defined by

= =C
u U

MPE
2 ( )

MPE
m (D-2)

Here u(δ) is the standard uncertainty associated with the result of the measurement, referred to as the test value
uncertainty, and U = 2u(δ) is the k = 2 expanded uncertainty.
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With no correction being made to the measured length, Lm, and with the laser tracker providing the measured length
digitally, the value of Lm is considered exact, and there is no uncertainty associated with it. Since
u(Lm) = 0, and since, according to eq. (D-1), the only other term affecting the test value is Lref, then

=u u L( ) ( )ref (D-3)

From eq. (D-2) it then follows that the 4:1 decision rule requirement is met when the uncertainty in the value of the
reference length is small enough so that

=C
u L
MPE

2 ( )
4m

ref
(D-4)

Different ways of realizing the reference length, along with influence factors that contribute to the uncertainty u(Lref),
are discussed in sections D-3 through D-6.

D-3 REFERENCE LENGTH REALIZED USING A CALIBRATED SCALE BAR

In this method of realizing a reference length, a scale bar with kinematic SMR nests, which has been independently
calibrated (i.e., not calibrated by the tracker under test), is used.

D-3.1 Uncertainty in the Calibration

Consider a scale bar that has been calibrated at a temperature, T0. The reference length realized at temperature T0 is
Lref

0 , with a standard uncertainty of u L( )cal ref
0 . This calibration uncertainty is evaluated based on the details of the cali-

bration process and includes a component due to uncertainty in the nominal temperature, T0.

D-3.2 Temperature Dependence of Reference Length

If the scale bar is used to realize a reference length at a different temperature, T ≠ T0, then a correctionmust be applied
for thermal expansion or contraction. The reference length Lref at temperature T is given by the correction

= [ + ]L L T T1 ( )ref ref
0

0 (D-5)

where α is the coefficient of thermal expansion (CTE) of the scale bar.1
Because the temperature, T, and the CTE, α, are not known exactly, the correction cannot be performed exactly. The

standard uncertainty arising from uncertainty in the CTE, α, is

=u L L T T u( ) ( )CTE ref ref
0

0 (D-6)

and the standard uncertainty arising from uncertainty in the temperature, T, is

=u L L u T( ) ( ) ( )T ref ref
0 (D-7)

Equations (D-5) through (D-7) provide the necessary formulas for calculating the corrected reference length and the
associated standard uncertainties when using the scale bar at a temperature other than T0.

D-3.3 Effect of Drift

While para. D-3.2 addresses the uncertainty in the length of the scale bar due to temperature effects, other factors (e.g.,
humidity) may also contribute to drift in the length of the scale bar, especially if it is made of carbon fiber. The standard
uncertainty, udrift(Lref), may be determined experimentally.

D-3.4 Orientation of the Scale Bar

The lengthof the scalebar is likely to changedue togravitational effects fordifferent orientationsof thebar. If the length
of the scale bar is calibrated for each orientation, and that value is used in the determination of the error in themeasured
length, the contribution of this term is negligible. However, if the scale bar is only calibrated in one orientation, and that
value is used as the reference length for all orientations, the contribution from this error source must be included in the

1 Strictly speaking, the CTE is a function of temperature. Following commonengineering practice, the quantity α in eq. (D-5) is the average value of the
expansion coefficient over the temperature range T − T0, and it is assumed that α(T − T0) ≪ 1 for any temperatures encountered during laser tracker
performance evaluation testing.
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test valueuncertainty. The standarduncertainty,uor(Lref),maybedeterminedexperimentally or frommodeling the effect
of gravity on the length of the scale bar. The subscript “or” indicates that this term arises from the orientation of the scale
bar.

D-3.5 Effect of Mounting

The length of the scale bar is dependent on the location of its support and mounting mechanism. If the scale bar is
calibrated on the same support and mounting mechanism that will later be used, the scale bar’s length does not change
because of themountingmechanism between calibration and use, and therefore there is no uncertainty in the scale bar’s
length due tomounting. However, if the scale bar is removed from its mount after calibration and refixtured prior to use,
the change in the length of the scale bar has to be accounted for in the calculation of the uncertainty. The standard
uncertainty, ufixt(Lref), may be determined experimentally or frommodeling the effect of fixturing on length of the scale
bar. Details on effect of mounting can be found in “A Model for Geometry-Dependent Errors in Length Artifacts.”2

D-3.6 Spherically Mounted Retroreflector (SMR)

As described in para 6.1, it is generally not permitted to employ special equipment, such as high-accuracy SMRs that do
not conveywith the laser tracker, during testing.Asaresult, theperformancespecificationsprovidedby themanufacturer
include any errors resulting from the eccentricity between the optical and mechanical centering of the SMRs, and this
error source is therefore not accounted for in the test value uncertainty. However, if SMRs are provided by the user based
on mutual agreement between the user and the manufacturer, SMR errors are accounted for as follows:
(a) If it is the responsibility of the user to provide the SMR for the testing procedure, and themanufacturer’s specifica-

tionsarevalidover certaindefined tolerances foroptical andmechanical centeringerrorsof theSMR, then, if thecentering
errors are smaller than the stated tolerances, there is no additional contribution to the test value uncertainty.
(b) If it is the responsibility of the user to provide the SMR for the testing procedure, but themanufacturer’s specifica-

tions are valid only for high-accuracy or perfect SMRs, then the errors resulting from the eccentricity between the optical
and mechanical centering of a lower-accuracy SMR should be accounted for in the test value uncertainty. The standard
uncertainty, uSMR(Lref), may be determined experimentally or from specifications provided by the manufacturer of the
SMR.

D-3.7 Combined Standard Uncertainty

The combined standard uncertainty in the reference length is calculated as the root sum of squares of the terms
described in paras. D-3.1 through D-3.6. Thus

= + + + + + +u L u L u L u L u L u L u L u L( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )Tref cal
2

ref
0 2

ref CTE
2

ref drift
2

ref or
2

ref fixt
2

ref SMR
2

ref
(D-8)

This set of uncertainty sources is sufficient for most reference lengths. Should there be other factors that cause a
difference in the reference length between when calibrated and when presented to the laser tracker for testing, these
additional factors would also need to be considered.

D-3.8 Example

An aircraft manufacturer wishes to use a laser tracker tomeasure large aluminum parts. The performance of the laser
tracker is evaluated using a set of point-to-point length measurements as described in para. 6.2.
The reference length for the performance evaluation tests is realizedusing an Invar scale bar of nominal length 3mand

a CTE of (2.0 ± 0.5) × 10−6°C−1. The scale bar has been calibrated in a temperature-controlled metrology laboratory.
The calibration certificate supplied by the laboratory states the calibrated reference length at temperatureT0 = 20°C as

L0ref = 3.010125mwith a k = 2 expanded uncertainty ofU = 10 μm. The uncertainty in the calibrated length, Lref
0 , already

includes a component due to uncertainty in the nominal 20°C calibration temperature.
When the performance evaluation test is performed on the shop floor, the average temperature of the scale bar is

estimated to be 25°C ± 0.5°C based on a single temperaturemeasurement using a thermocouple attached to the center of
thebar. Themaximumdistance from the laser tracker to the scale barduring this test is approximately 5m.The shop floor
environment conforms to the rated operating conditions of the laser tracker. Other sources of uncertainty discussed in
paras. D.3.3 through D.3.6 are considered to be negligible in this example.

2 D. Sawyer et al., “A Model for Geometry-Dependent Errors in Length Artifacts,” Journal of Research of the National Institute of Standards and
Technology, 117 (2012).
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Themanufacturer’s performance specification for the laser tracker states anMPEof 60μmwhenmeasuring apoint-to-
point nominal length of 3 m at a range of 5 m. The result of the test is a measured length of Lm = 3.010190 m.
Question: Does the laser tracker meet its MPE performance specification for this point-to-point length measurement?
Solution: Before an acceptancedecision canbemade, themeasurement capability index,Cm,must be evaluated in order

to ensure that it satisfies the 4:1 simple acceptance requirement that Cm = MPE/[2u(Lref)] ≥ 4, with MPE = 60 μm.
The required uncertainty components are evaluated as follows:
(a) The expanded uncertainty in the calibration certificate is given as = ==U u L2 ( ) 10 mk 2 ref

0 . Thus, the standard
uncertainty, u L( )cal ref

0 , is given by =u L( ) 5 mcal ref
0 .

(b) The uncertainty of the scale bar temperature, u(T), during the test assumes a uniform distribution of width ±0.5°C
about the best estimate of 25°C. It is knownmathematically that the standard deviation of an interval of uniformdistribu-
tion is half the width of the interval divided by 3 . Thus

= °u T( ) (0.5 C)/ 3

The uncertainty component due to temperature uncertainty [from eq. (D-7)] is then

=

= i
k
jjj y

{
zzz

u L L u T( ) ( ) ( )

(2.0)(3.0) m

1.7 m

T ref ref
0

0.5
3

(c) The uncertainty u(α) in the coefficient of thermal expansion, assuming a uniform distribution of width
± 0.5 × 10−6°C−1 about the estimate of 2 × 10−6°C−1, is

= × °u( ) (0.5 10 C )/ 36 1

The uncertainty component due to CTE uncertainty [from (eq. D-6)] is then

=

=

u L L T T u( ) ( )

(3.0)(5.0) m

4.3 m

CTE ref ref
0

0
0.5

3

Then, from using eq. (D-8) with negligible terms eliminated, we have

= + +

= + +

u L u L u L u L( ) ( ) ( ) ( )

(5.0) (1.7) (4.3)
6.8 m

Tref cal
2

ref
0 2

ref CTE
2

ref

2 2 2

Thus the measurement capability index is

=
×

C
60

2 6.8
4.4m

which satisfies the requirement of eq. (D-4) for a simple 4:1 acceptance decision rule.
The reference length, Lref, in the shop floor environment is calculated using eq. (D-5), with =L 3.010125 mref

0 ,
α = 2 × 10−6°C−1, and T − T0 = 5°C.

= [ + × × ]
=

L 3.010125 1 (2 10 ) 5
3.010155 m

ref
6
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From eq. (D-1), the observed error is
=
=
=

L L
(3.010190 3.010155)
35 m

m ref

Since |δ| is less than the statedMPE of 60 μm, and since Cm > 4, the decision rule outcome is “acceptance” that the laser
tracker meets the manufacturer’s MPE specification for this test.
Note that in this example the thermally related uncertainty sources were significant. An in situ calibration of the scale

bar at the temperature of the test environment could significantly reduce these uncertainty sources, which could be
helpful for meeting the 4:1 requirement when testing laser trackers that have smaller MPEs.

D-4 REFERENCE LENGTH REALIZED USING TARGET NESTS CALIBRATED USING AN IFM

In this method of realizing a reference length, kinematic nests for SMRs are mounted on each of two stable structures,
such as commercially available tripod stands used formounting optical tooling. The kinematic nestsmay also be near the
ends of a scale bar. The distance between the kinematic nests is measured using a displacement interferometer. The
interferometer laser beam is aligned parallel to the line joining the twokinematic nests, and the interferometermeasures
the displacement of an SMR as it ismoved fromone nest to the other. Thismeasured displacement is the reference length
realized by the two SMR positions.
For laser trackers that include an IFM that has passed one of the test procedures of para. 6.4.2, the IFMmay be used to

establish the reference length. The laser tracker should be aligned relative to the two nests so that the distance between
them can be measured using the IFM only (i.e., a purely radial measurement).
In this case, the uncertainty in the reference length is calculated using the same general equation as given in eq. (D-8)

with the individual components handled per paras. D-4.1 through D-4.3.

D-4.1 Reference Length Calibration Uncertainty

There are several ways to evaluate the calibration uncertainty of point-to-point reference lengths, u L( )cal ref
0 (notation

described in para. D-3.1), using an integral IFM subsystem that has passed one of the tests of para. 6.4.2.
(a) Based on the IFMUncertainty Calibrated per ASMEB89.1.8. If the IFM is calibrated per ASMEB89.1.8, themaximum

error, emax, of a radial measurement of a reference length of nominal value, Lref, is emax = D + LDE(Lref), where D is a drift
component and LDE(Lref) is a length-dependent term. The standard uncertainty u(Lref) is then evaluated by assigning a
uniform distribution of width to the possible measurement error, so that =u L e( ) / 3cal ref

0
max .

(b) Based on the IFM Uncertainty Tested by a Set of Reference Lengths. If the IFM is tested using a set of separately
calibrated reference lengths, the uncertainty of ameasured reference length, Lref, can be assigned based on the observed
distribution of errors in the IFM test. A suggested way of doing this is as follows:
Assume thatmeasurement of a set of calibrated lengths,L1,…,LN (providedN is not small), yields a corresponding set of

observederrors,E1,…,EN. The relativeerrors (i.e., fractional errors), regardlessof sign, for these results are r1,…, rNwhere
rk =|Ek|/Lk, k = 1, …, N. The largest relative error, rmax = max(rk), is a reasonable estimate of the maximum relative error
thatmightoccurwhenmeasuringanunknownreference length,Lref. Thismaximumerror is thenestimatedbyeref = (rmax)
(Lref), and assigning a uniform distribution of width, 2(rref)(Lref), yields a standard uncertainty of

=u L r L( ) ( )( )/ 3cal ref
0

max ref .

NOTE: If the IFMis testedusingasetof short calibrated lengthsand thenon-length-dependent componentof the IFMerror is significant,
themaximumobserved relative error could be unreasonably largewhen extrapolated to a nominal 2.3m reference length. In this case,
it would be better to test the IFM subsystem using calibrated lengths within 20% of the nominal length of 2.3 m.

(c) Using the Laser Tracker MPE. If the IFM of a laser tracker has passed the ranging tests described in para. 6.4.2, the
standard uncertainty, u L( )cal ref

0 , is then evaluated by assigning a uniform distribution of width equal to the maximum
permissible error for the length Lref

0 so that =u L MPE( ) / 3cal ref
0 . In this case, it is desirable that one of the user-selected

positions in Table 6.4.1-1 be nominally equal to the value of the reference length, Lref, that is being calibrated.
(d) EvaluationofLaserUncertaintyBasedonFirstPrinciples.Theuncertaintyof a radialdisplacementmeasurementof a

reference length can be evaluated from first principles using known properties of laser beams propagating in air.
From the basic physics of displacement interferometry, the connection to the SI definition of the meter using an IFM

subsystem is via the vacuum wavelength, λvac, of the laser source. Most commercial laser trackers use a frequency
stabilized helium-neon laser whose λvac is known and controlled to a relative uncertainty of 1 part in 107 or
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better. Operating in air, the component ofmeasurement uncertainty due to uncertainty in λvac is thus generally negligible,
being dominated by components due to air temperature and pressure uncertainties along the beam path. In such a case,
the uncertainty in a realized reference length is evaluated as follows.
The laser tracker IFM reports ameasured length, Lm, that has been compensated for the effects of ambient air tempera-

ture, pressure, and humidity on the laser wavelength (see Nonmandatory Appendix C). The compensation is based on
sensor data from the laser tracker’s weather station. The reference length, Lref

0 , is then given by

=L L c P c T(1 )m P Tref
0 (D-9)

In eq. (D-9), cPΔP and cTΔT are corrections for possible differences ΔP = P − P* and ΔT = T − T* between the average air
pressure, P, and temperature, T, along the IFM beam path and the sensor values P* and T* used in the calculation of the
wavelength compensation.3 For example, theremight be a temperature gradient along the beam path, while theweather
station sensormeasures temperature only at a single point. FromNonmandatory Appendix C, for awavelength ≈ 633nm,
the coefficients cP and cT are given by

= ×c Pa2.7 10P
9 1

= × °c C1.0 10T
6 1

In the casewhere the signsof thedifferencesΔP andΔT areunknown, thebest estimates of thesequantities are taken to
be zero, so that, from eq. (D-9), the best estimate of the reference value is

=( )L Lref
0

est m (D-10)

The standard uncertainty u L( )cal ref
0 associated with the best estimate is computed using the law of propagation of

uncertainty (see eq. D-11).

= + [ + ]u L u L L c u P c u T( ) ( ) ( ) ( )m m P Tcal ref
0 2 2 2 2 2 2 (D-11)

Because the vacuum wavelength is known and controlled to a relative uncertainty of 1 part in 107 or better, the
uncertainty in the length Lm is considered negligible. That is, the effect of deviations in actual air temperature and
pressure are the dominant terms. Hence,

= +u L L c u P c u T( ) ( ) ( )m P Tcal ref
0 2 2 2 2 (D-12)

Maximum absolute values for the pressure and temperature deviations, |ΔP|max and |ΔT|max, are estimated, given the
particular environment in which the testing is being performed. These deviations are then assigned uniform probability
distributions, with

=u P P( ) / 3max (D-13)

and
=u T T( ) / 3max (D-14)

The standard calibration uncertainty of the reference length is then

= +u L L
c P c T

( )
3 3m

P T
cal ref

0
2

max
2 2

max
2

(D-15)

3 The effect of a possible humidity error is assumed to be negligible.
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D-4.2 Uncertainty of the Reference Length Due to a Temperature Difference From the Calibration
Temperature

This section applies to the specific case of an IFM used to calibrate the distance between kinematic nests located near
the ends of a scale bar. If the temperature at the time of IFM calibrationwas recorded as T0, then the reference length at a
different temperature,T, couldbe computedusing eq. (D-5). In this case, theuncertaintiesuCTE anduTwouldbe computed
as in eqs. (D-6) and (D-7).
However, oneadvantageofusing the laser tracker IFM is that it allows in situ calibrations that areusedwitha short time

elapsing between calibration and testmeasurement. In this case, onemay simply assume that the temperature at the time
of test,T, is equal toT0, towithin somemaximumdeviation, |δT|max. In this case, there is no correctionmade to obtain Lref,
and uCTE is evaluated by the following second-order formula:

=
=

u L L u T u

L T u

( ) ( ) ( )

( )/ 3
CTE ref ref

0

ref
0

max
(D-16)

and uT is evaluated using eq. (D-17),

=
=

u L L u T

L T

( ) ( ) ( )

( ) / 3
T ref ref

0

ref
0

max
(D-17)

If the duration of testing is sufficiently small that |δT|max is small, the terms uCTE(Lref) and uT(Lref) could even be
negligible. The reference length can be recalibrated using the IFM as necessary throughout the test to help ensure
that these terms are small in order to meet the Cm ≥ 4 requirement.

D-4.3 Other Contributors to Uncertainty in the Reference Length

The uncertainty sources described in paras. D-3.3 through D-3.6 may also contribute to uncertainty in the reference
length. When the calibration is performed near the time of testing, the effects of humidity variations on the reference
length will likely be negligible.
The orientation and mounting variations between reference length calibration and testing should be considered.

However, it may be possible to eliminate the fixturing component of uncertainty, and possibly even the orientation
component, if these are not different between the IFM calibration and the test measurement.
Usually, the SMRs themselves will have to be oriented differently during IFM calibration than during testing. This

difference should be accounted for in the uSMR(Lref) unless the level of quality of the SMRmakes this uncertainty compo-
nent negligible compared to other terms.

D-4.4 Example

The IFM of a laser tracker is aligned to perform a radial measurement (constant IFM beam direction) of the distance
between a pair of kinematic target nests. The result of the measurement is Lm = 3.215 m, which is taken to be the best
estimateof a reference length,Lref, tobeused in subsequentperformanceevaluation tests. Themanufacturer’s statedMPE
specification for a nominal length of 3.2 m is 50 μm.
Given the locations of the laser tracker environmental sensors and the particular test environment, maximum air

pressure and temperature deviations along the beam path are estimated to be |ΔP|max = 3 mmHg ≈ 400 Pa, and
|ΔT|max = 2°C. Using a first-principles approach [see para. D-4.1(d)], the standard uncertainty is then calculated
using eq. (D-15) as follows:

=
× + ×( )( )

u L( ) (3.215 m)

4.2 m

cal ref
0

2.7 10 (400) 1 10 (2)

3

9 2 2 6 2 2

By mutual agreement between the manufacturer and the user, the user provides the SMR for the calibration of the
reference length and subsequent performance testing. The MPE specifications for the laser tracker under test are only
valid for high-accuracy SMRs (centering errors smaller than 2 μm) whereas the SMR provided by the user has centering
errors as large as ±5 μm. Because the calibration of the reference length was performed with the SMR in the same
orientation with respect to the laser beam, the centering error is common mode at the two nests and cancels out.
However, because the SMR is oriented differently during the performance testing, the uncertainty due to the SMR
centering error is accounted for in the test value uncertainty. Assuming 5 μm as the bound for a rectangular distribution,
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the standarduncertainty in the reference lengthdue to centering error is = =u L( ) 2 4.1 mSMR ref
5
3

, where the factor

of 2 arises from the fact that the SMR centering error affects the length measurement at each of the two ends.
The uncertainty in the reference length is the root-sum-squared value of the two previously determined standard

uncertainty values, thus,

= + [ ]
=

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑu L u L u L( ) ( ) ( )

5.9 m
ref cal r

0 2
SMR ref

2

Then, per section D-2, the measurement capability index is

=

=

C

4.2

m u L
MPE

2 ( )
50 m
8.4 m

ref

Thus,Cm>4, and the realized reference lengthmaybeused for point-to-point lengthmeasurement systems tests. Other
sources of uncertainty discussed in paras. D-3.3 through D-3.5 are negligible in this example.

D-5 REFERENCE LENGTH REALIZED USING TARGET NESTS CALIBRATED USING AN ADM

In thismethod of realizing a reference length, a kinematic nest for an SMR ismounted on each of two stable structures,
such as the commercially available tripod stands used formounting optical tooling. The kinematic nestsmay also be near
the ends of a scale bar. For laser trackers that include anADM that has passed one of the test procedures of para. 6.4.3, the
ADMmaybe used to establish the reference length. TheADMbeam is alignedparallel to the line joining the two kinematic
nests so that the trackermeasures in a purely radial direction, and the ADMmeasures the displacement of an SMR as it is
moved fromone nest to the other. Thismeasured displacement is the reference length realized by the two SMRpositions.

D-5.1 Reference Length Uncertainty

If the laser trackerADMhaspassed the ranging tests described inpara. 6.4.3, the standarduncertainty,u L( )cal ref
0 , is then

evaluatedbyassigning auniformdistributionofwidth equal to themaximumpermissible error for the length,Lref
0 , so that

=u L( ) MPE/ 3cal ref
0 . In this case, it isdesirable thatoneof theuser-selectedpositions inTable6.4.1-1benominally equal

to the value of the reference length, Lref, that is being calibrated.

D-5.2 Other Contributors to Uncertainty in the Reference Length

Uncertainty contributors described in paras. D-4.2 and D-4.3 may also apply in this case.

D-6 REALIZATION OF REFERENCE LENGTHS USING A LASER RAIL SYSTEM

A laser rail system containing a separate displacement interferometer, external to the laser tracker, can be used to
establish reference lengths, which are typically established simultaneously to a laser tracker test measurement. A sche-
maticof sucha laser rail systemis showninFigureD-6-1.Typically, twoSMRtargetsaremountedon the laser rail carriage.
One is used by an external laser interferometer to measure the displacement of the carriage, and the second is the target
for the laser tracker under test.
Care shouldbe taken to ensureproper alignment of the laser rail system; incorrect alignment can result in the reference

interferometer and the laser tracker measuring different quantities. These differences are caused primarily by Abbé
errors due to offsets of the laser tracker SMR relative to the reference interferometer measurement beam. This error
source,which is specific to thereference lengthsproducedusinga laser rail system, isdescribed indetail inpara.D-6.2and
is combined with other sources of uncertainty used to evaluate the standard uncertainty associated with reference
lengths produced using a laser rail. Details of such laser rail systems can be found in “A Laser Tracker Calibration
System.”4

4D. Sawyer et al., “A Laser Tracker Calibration System,” published in the proceedings of the 2002 Measurement Science Conference.
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D-6.1 Cosine Error

By careful alignment of the external laser interferometer beam along the rail direction, the cosine error can be made
negligible. This requires that thedirectiondefinedby theexternal interferometer laserbeambe the samedirectionas that
of the carriage travel. This can be checked by observing the location of the external laser interferometer’s beam spot on a
target covering the SMR and ensuring that this beam spot location does not significantly shift as the carriagemoves along
the rail. For example, a 1-mmshift in the laser beam spot location for a carriagemotion of 1mproduces a relative error of
less than 1 × 10−6, and this error decreases rapidly (for a given beam spot shift) as the carriage travel length increases.

D-6.2 Abbé Error
Due to space limitations, the centers of the SMR for the external interferometer and the SMR for the laser tracker donot

coincide.5Abbéerrorsoccurwhen the laser tracker’s SMR isoffset orthogonal to the reference linedefinedby theexternal
interferometer laser beam, and the carriage changes its angular orientation between the initial and final positions of the
carriage that define the reference length. A change in angular orientation may be due to either a pitch or yaw of the
carriage.Whenmultipliedby theorthogonal offset distance (knownas theAbbéoffset), this change in angular orientation
results in an Abbé error.
The Abbé error can be estimated by resolving the Abbé offset into its vertical and horizontal components. The two

components of the Abbé error can then be calculated as follows. The first component is obtained by multiplying the
vertical component of the Abbé offset by the difference in pitch of the carriage in the two positions that define the
reference length. This error is depicted in Figure D-6.2-1, illustration (a). The second component is obtained by multi-
plying the horizontal component of the Abbé offset by the difference in yaw of the carriage in the two positions that
comprise the referencemeasured length. This length error is depicted in Figure D-6.2-1, illustration (b). To estimate the
magnitude of the Abbé error, εAbbé, these two components are added in quadrature, so that

= +éAbb 1
2

2
2 (D-18)

where
ε1 = vertical component of the Abbé error
ε2 = horizontal component of the Abbé error

Themagnitude of these errors can be estimated using the chart in FigureD-6.2-2, where the Abbé error is calculated as
the product of the Abbé offset and the changes in the pitch or yaw angle.
The standard uncertainty associated with the Abbé error can be evaluated by

=é
éu L( )

3Abb ref
Abb (D-19)

EXAMPLE: The change in pitch and yaw, without regard to sign, of the target carriage at the two points that define the reference length
are 60 arcseconds and 70 arcseconds, respectively. The Abbé offset in the vertical and horizontal directions are 5 mm and 4 mm,
respectively. Fromthis information, the componentsof theAbbéerror canbeestimated fromFigureD-6.2-2.Thechart gives ε1≈ ε2≈1.4

Figure D-6-1
Schematic of Laser Rail System

Rail 

Carriage

SMRs

Laser

Interferometer

5 The use of a glass sphere with a refractive index of two, a so-called n = 2 sphere, would be an exception. However, at the time of this writing such
spheres are not readily available.
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Figure D-6.2-1
Illustrating the Origin of Abbé Errors

Abbé 
   offset,  z

Carriage pitch, U

(a) Side View

Error

Reference 

Interferometer
beam 

(b) Top View

Error

pitch

d

Carriage yaw, U yaw

Abbé 
   offset,  yd

GENERALNOTE: Thesolidanddashed linesshowtheorientationof the carriage in the initial and finalpositions, respectively.The targetpositions
have been superimposed to illustrate the source of the Abbé error. All offsets and angular orientations have been exaggerated for clarity.
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μm. Then, using eqs. (D-18) and (D-19), the magnitude of the expected error is approximately 2.0 μm, and the associated standard
uncertainty is approximately 1.2 μm.

D-6.3 Uncertainty Due to Wavelength Compensation Errors

In addition to possible Abbé errors, a reference length realized using a laser rail system is subject to errors associated
with the correction for atmospheric conditions. Follow theproceduredescribed inpara.D-4.1(d) to evaluate the standard
uncertainty associated with errors in air temperature and pressure values used in compensating the measured dis-
placement for the refractive index of air.

D-6.4 Rail Stability

Care must be taken to ensure that the rail is physically stable when the carriage is displaced along the rail axis.
Otherwise, the external interferometer, which is attached to the rail, will not detect the physical motion of the
entire rail system during this carriage travel, whereas the laser tracker will detect the rail motion. This will result
in the laser tracker and reference length measurements not agreeing. An indicator referenced to the floor and indicating
the locationof the rail candetectmotionof the entire rail system.Typically, rail stability canbemadeanegligible sourceof
uncertainty.

D-6.5 Combined Standard Uncertainty of Reference Length

The combined standarduncertainty for a reference lengthproducedusing a laser rail system is evaluatedby combining
the componentsdue to imperfectwavelength compensation andAbbéerror. Since the laser trackermeasurement and the
calibration of the reference length happen simultaneously, there is no temperature difference to consider between
calibration and usage, thus =L Lref ref

0 . The other uncertainty sources identified in paras. D-3.2 through D-3.6 are

Figure D-6.2-2
Abbé Error Versus Carriage Angular Motion for Various Values of Abbé Offset

0

2

4

6

8

10

12

14

10 100 1000

Pitch or Yaw, arcseconds

A
b

b
é 

E
rr

o
r,

  m
m

5 mm 

4 mm 

3 mm 

2 mm 

1 mm 

ASME B89.4.19-2021

47

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME B89
.4.

19
 20

21

https://asmenormdoc.com/api2/?name=ASME B89.4.19 2021.pdf


alsozeroornegligible.Thus, assumingnegligible cosineandrail stabilityuncertaintycomponents, thecombinedstandard
uncertainty, u(Lref), is given by

=

= + + é
i
k
jjjjj

y
{
zzzzz

u L u L

L u L

( ) ( )

( )m
c P c T

ref cal ref
0

2
3 3 Abb

2
ref

P T
2

max
2 2

max
2 (D-20)

where cP and cT are described in para. D-4.1 and in Nonmandatory Appendix C, and uAbbé(Lref) is described by eq. (D-19).
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